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Abstract 
This thesis examines the effect of well-defined, highly-ordered molecular conformations on conjugated 
polymer optoelectronic properties. Understanding the links between chemical and physical structure 
and optoelectronic properties is critical for the continued development of conjugated polymer electronic 
devices and applications. This is achieved using a variety of spectroscopic techniques, including time-
resolved and temperature-dependent absorption and photoluminescence spectroscopies.  
The first results chapter uses ultrafast transient absorption spectroscopy to resolve exciton dissociation 
dynamics in the polyfluorene poly(9,9-dioctylfluorene), PFO, as the amount of chain segments adopting 
the highly-ordered β-phase conformation is systematically varied. Increased polaron generation yield 
when β-phase chains are present is assigned to more efficient exciton dissociation at the interface 
between disordered glassy and ordered β-phase conformational phases, attributed to significant local 
energetic offsets, the higher electronic delocalisation of the β-phase and mismatches in charge carrier 
mobilities.   
The second results chapter examines a second, recently reported β-phase forming polyfluorene, PODPF. 
Formation of β-phase is characterised by absorption and photoluminescence spectroscopy following a 
series of thermal annealing steps. In addition to β-phase, formation of crystalline regions is observed at 
higher annealing temperatures, from which a second variant of β-phase can also form. Generation of 
higher-ordered molecular conformations is found to be sensitive to heating rate.  
The third results chapter compares photophysical and structural properties of PODPF and PFO. The 
means by which backbone planarisation is achieved, key to β-phase formation, appears to be very 
different. The β-phase in PODPF is reliant upon interchain interactions and so is inherently 3-
dimensional, rather than a solely intrachain phenomenon as for PFO. This leads to lower efficiency 
energy transfer in PODPF than PFO due to larger PODPF β-phase domains.  
Finally, the optical properties of the homoconjugated polymer, PPM, and methyl-substituted 
derivatives, are characterised to probe the conformational origins of homoconjugation. The 
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concentration of the two distinct homoconjugated chromophores in PPM is found to be very low. Chain 
length-dependent absorption suggests that formation of one homoconjugated species is confined to 
chain ends, while the second species requires a certain substitution pattern between polymer repeat 
units.  
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1.1. Motivation 
Currently, the Earth is in the midst of an environmental crisis, the seriousness of which cannot be 
understated. The global average temperature is rising at an unprecedented rate never before observed, 
with degrees Celsius increases observed on a timescale of decades, rather than millennia.1,2 Climate 
change is caused by the emission of ‘greenhouse gas’ pollutants into the Earth’s atmosphere. The fact 
that climate change is a result of human activities is undeniable;3 atmospheric levels of greenhouse 
gases, primarily carbon dioxide, as well as methane and nitrous oxide, have risen drastically since the 
start of the industrial revolution. Global temperatures have tracked with CO2 concentration. The 
majority of the rise in greenhouse gas emissions stems from a global reliance on non-renewable fossil 
fuels (oil, natural gas and coal) as a source of energy, currently the source for approximately 80% of 
the total energy consumption of the planet.4 
The repercussions of climate change are already clear: the frequency of extreme weather events such as 
flooding, drought and wildfires is increasing; sea levels are increasing; water and food security is 
decreasing.1,5,6 Altogether, these disastrous consequences will displace hundreds of millions of humans 
worldwide within the next 30 years,7 in the form of environmental and economic migrants, and affect 
many more, as a changing climate affects quality of life and opportunity.  
Clearly, drastic and immediate action must be taken to reduce carbon emissions and avoid the 
irreversible effects of climate change that will result from continued warming. The most significant 
political action towards this cause, and arguably one of the most important international agreements of 
all time, was made in December 2015 at the 21st Conference of the Parties (COP21) of the United 
Nations Framework Convention on Climate Change (UNFCCC). The result of the conference is the 
legally binding ‘Paris agreement’, made by 196 countries, which agrees to limit the average global 
temperature rise to ‘well below’ 2 degrees with respect to pre-industrial levels, pursuing a maximum 
rise of 1.5 °C.8,9  
In order to stay within these climate change limits, one of the several necessary courses of action is the 
elimination of fossil fuels from the global energy mix, as part of a paradigm shift towards renewable 
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energy sources such as solar energy. While silicon-based solar cells are a well-developed commercial 
technology, solar photovoltaics only account for 1% of electricity generation worldwide.10 Therefore, 
there are significant opportunities to diversify beyond silicon, with new and developing technologies 
able to contribute to the growth in renewable energy. More generally, the development of higher 
efficiency electronic devices with lower energy consumption is also required.  
One such avenue being pursued is the development of electronic devices made from a special class of 
semiconducting, conjugated polymers. Conjugated polymers combine the desirable materials properties 
of plastics (high strength-to-weight ratio, low temperature processing, transparency, flexibility, to name 
but a few) with the useful electronic properties of semiconductors (photovoltaic effect, light emission, 
energy storage, electrical switching). By virtue of the strong optical absorption and flexibility of 
conjugated polymers, the active layers of a conjugated polymer electronic device can be on the 
nanometre scale and sit on flexible substrates. In comparison, silicon devices have active layer 
thicknesses on the 100s micron scale and are made with inflexible substrates due to the brittleness of 
silicon. Consequently, polymer devices have the potential to be thin, lightweight and flexible.11,12 The 
solubility of polymers in organic solvents also allows processing by printing techniques, and so polymer 
devices can be made on large areas, at low temperatures with high throughput. Resultantly, printed 
polymer electronic devices have the potential to be manufactured at lower cost than silicon devices. 
Although organic solar cell and transistor device efficiencies currently are not (and may never be) able 
to match existing silicon based technologies, the unique characteristics of polymer electronic devices 
may be more appropriate for niche applications. For example, devices that can be made to be flexible, 
lightweight and thus portable may be able to provide affordable energy and lighting solutions in remote, 
rural, off-grid areas, or used in disaster relief situations where relatively heavy silicon devices are not 
suitable. In this way, there is much potential for so-called printed electronics to do social good, in line 
with the United Nations Sustainable Development Goal 7 to ‘ensure access to affordable, reliable, 
sustainable and modern energy for all’.13 Printed electronics could also be integrated directly into the 
structure of ‘smart buildings’ to harvest and deliver electricity.  
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Polymer electronic devices have come a long way in a relatively short amount of time. Since the initial 
significant reporting of conjugated polymer semiconducting properties in the 1970s,14 many electronic 
devices using conjugated polymers as the active material have been developed. The 1980s saw the first 
reports of a conjugated polymer-based photodiode,15 field-effect transistor,16,17 and light-emitting diode 
(LED).18,19 In recent years the applications for conjugated polymers have diversified beyond solar cells, 
LEDs and field-effect transistors, with the development of polymers for electrochemical transistors,20 
ion sensing,21 energy storage,22,23 photocatalytic water splitting,24 optical detection of explosive 
compounds,25 and thermoelectric device applications.26,27 Arguably the most successful application to 
date are polymer solar cells, improving from initial power conversion efficiencies of < 1% to 
independently certified efficiencies on the laboratory scale of over 11%,28 and several companies selling 
polymer solar cell modules commercially.29–32 Polymer cells are improving rapidly, doubling in 
efficiency in 8 years, with recent highs of 14% in May then 17% in August reported in 2018 (though 
these most recent results are awaiting independent certification).33–35  
These improvements are very encouraging, however further development is needed to reach full 
commercial viability of solar cell and other polymer electronic devices. In these inherently complex 
polymer materials systems, optoelectronic properties are highly sensitive to changes in chemical and 
physical structure. Therefore, to improve device efficiencies, a greater understanding of the 
fundamental interactions of conjugated polymers with light, or photophysics, is required. The link 
between polymer physical and chemical structure and optoelectronic properties is probed through 
fundamental characterisation studies of a series of polymer materials. 
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This thesis primarily concerns the influence of chemical and physical structure on the material and 
optical properties of semiconducting conjugated polymer materials.  Therefore, the pre-requisite theory 
and context required to understand and discuss the findings contained herein are first introduced.  

1.2. Semiconducting conjugated polymers 
The word polymer originates from the ancient Greek ‘polús’ meaning many and ‘méros’ meaning part. 

Polymers are thus, by definition, large molecules made of many parts, with multiple repeating subunits 
connected in sequence. The repeating chemical motif of a polymer is known as the repeat unit (RU). 
The main sequence of covalently bonded atoms that runs along the repeat unit, and thus along the entire 
length of the polymer chain, is the backbone. Pendant groups not involved in the connection of repeat 
units are known as side groups or chains.  
Organic polymers are comprised predominantly of carbon and hydrogen atoms, typically derived from 
the products of crude oil. Polymers are synthesised via a polymerisation reaction, which connects so-
called monomer reactant molecules into a continuous chain (linear) or 3-dimensional network of repeat 
units. Here, only linear polymers are considered. The chemical structure of polymers are most 
commonly written in terms of the repeating unit structure, as shown in Figure 1.  

 
Figure 1. Chemical structure for the repeat units of a homopolymer comprised of monomer residues A, and a 
statistical copolymer comprised of A and B, where x and y are the mole fractions of residues A and B, and y = 
1−x. An example chain segment is also given.  
Polymers formed from a single monomer are known as homopolymers, while those formed from 
multiple monomers, with repeat units consisting of two or more connecting monomer residues, are 
referred to as copolymers. The only copolymer variant considered in this thesis is the statistical 
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(random) copolymer. A statistical copolymer, e.g. formed from monomer residues A and B, forms a 
random sequence with the probability of finding A or B described by the mole fractions (x and y in 
Figure 1) of A and B within the sample. 
Oligomers (ancient Greek: ‘of few parts’) are short polymer chains, typically synthesised such that the 
chain length is fixed to a particular number of repeat units. Oligomers samples are non-disperse (there 
is no variation in chain length between chains within a sample), while polymers are disperse.  Synthesis 
of oligomers of varying defined lengths generally allows chain length-dependent properties of polymers 
to be extrapolated more easily than by probing disperse polymer samples directly. The length at which 
an oligomer becomes a polymer is not well-defined, but can be thought of as the point where a sample’s 

properties no longer show a sharp dependence upon chain length, typically 10–100 repeat units.  
1.2.1. π-conjugation 

Some organic materials act as electrical semiconductors as a result of conjugation, which is the extended 
delocalisation of electron wavefunctions via the overlap of atomic pz-orbitals. Electron delocalisation 
leads to electronic transitions between occupied and unoccupied molecular orbitals (MOs) that are 
accessible to low energy ultraviolet and visible electromagnetic radiation, giving rise to semiconducting 
rather than insulating behaviour.   

 
Figure 2. Illustration of π-conjugation in benzene, with pz-orbitals forming a π-bonding network.  
Conjugation refers most commonly to π-conjugation, where a continuous network of alternating single 
and multiple carbon-carbon bonds creates a network of overlapping pz-orbitals, creating ‘π-bonds’. Such 

pz-orbitals lie perpendicular to the plane of the hybridised sp2-hybridised orbitals which form σ-bonds. 
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In such systems, a network of so-called π-electrons is formed. A prototypical conjugated molecule is 
benzene, whose π-conjugation is illustrated in Figure 2.  
As the size of the π-conjugated molecule increases, so too does the number of molecular orbitals formed 
from various in- and out-of-phase combinations of atomic orbitals, as illustrated in Figure 3 for the 
simplest conjugated molecules, ethene and 1,3-butadiene. Extension of π-conjugation also leads to a 
narrowing of the energy gap between the highest occupied and lowest unoccupied molecular orbitals 
(HOMO and LUMO respectively). As a consequence, the optical band gap narrows, giving rise to 
absorption of light in the UV-Visible region, and semiconducting properties.  
 

 
Figure 3. Molecular orbital energy diagram for ethene and 1,3-butadiene, showing the atomic orbital 
combinations that comprise the molecular orbitals, and the decreasing HOMO–LUMO energy gap with 
increasing conjugation. Adapted from ChemTube3D,36 adapted under a creative commons licence. 
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Conjugated polymers have a backbone that is mostly or entirely formed from π-conjugated units, 
leading to extended systems of delocalised π-electrons. The extended π-electron sequence leads to 
significant changes in polymer optoelectronic properties in comparison with non-conjugated polymers. 
The electrical semiconducting properties of π-conjugated polymers was first widely discovered in the 
1970s for polyacetylene doped with arsenic pentafluoride, tuning conductivity between insulating and 
metallic levels.14 For this work, Heeger, MacDiarmid and Shirakawa were later awarded the Nobel Prize 
in Chemistry in 2000 ‘for the discovery and development of conductive polymers’. 
The optoelectronic and materials properties of conjugated polymers also depend profoundly upon the 
chemical structure of the conjugated backbone. Organic materials are highly versatile chemically, with 
a wide range of conjugated sub-units that can be fused and combined in countless ways. This versatility 
in combination with advantageous plastic-like materials properties generates huge potential for the 
bespoke tailoring of polymer structures, to yield properties suited to the needs of a given application. 
The evolution in the chemical structure of π-conjugated polymers is illustrated in Figure 4, showing a 
selection of the most widely studied and highest performing polymers across various optoelectronic 
applications. Clearly, conjugated polymers (and their acronyms) have increased in complexity over 
time, reflective of over 40 years of intensive research and development, and a growing understanding 
of how chemical structure affects optoelectronic and physical properties.    

 
Figure 4. Evolution of conjugated polymer structures over time, showing the most widely studied and highest 
performing materials across the last five decades. Full chemical names are not all given for brevity. Key reports 
for materials shown are: polyacetylene,14 PPV,19 P3HT,37,38 PFO,39 F8BT,40 PBTTT,41 IDTBT,42 PffBT4T-2OD,28 
NDI-T2 (shown with glycol side chains),43–45 and PDTB-EF-T.33  
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The conjugated polymers most commonly studied today are predominantly constructed of ‘aromatic’ 

cyclic 5 and 6-membered ring systems, which are often fused together, further increasing the relative 
density of π-electrons. Heteroatoms (not C or H) can be introduced to vary electronic properties,46–48 
while side groups are also employed to vary polymer properties. For example, addition of alkyl chains 
primarily increases solubility and also influences optoelectronic properties,49,50 and introduction of 
electron-donating or withdrawing and polar groups can alter electronic properties such as mobility of 
charges.44 Electronic interactions along (intra-) and between (inter-) chains can also be highly sensitive 
to the size of solubilising side groups. These interactions can control the physical arrangement of 
polymer chains, which in turn affects optical and electronic properties.50–52 These results highlight the 
importance of groups not directly participating in the π-system, as well as those that form the backbone.  

1.2.2. Homoconjugation 
Another form of conjugation discussed in this thesis is homoconjugation. Homoconjugated materials 
are non-π-conjugated, with orbital overlap of π-systems instead achieved via through-space interaction 
of pz-orbitals across insulating groups (e.g. Figure 5).53 Homoconjugation is therefore very sensitive to 
the physical arrangement of the molecule, referred to as the conformation. As a result, homoconjugated 
interactions are expected to be weaker than conventional π-conjugation.   

 
Figure 5. Illustration of homoconjugated interaction between pz orbitals across a non-π-conjugated bridge in 
diphenylmethane. 
The existence of homoconjugation in small organic molecules such as diphenylmethane (Figure 5) was 
first reported in the 1950s,54 but has been reported in relatively few systems in comparison to π-
conjugation, owing to the unconventional nature of the interaction.55–58 However in recent years, there 
has been a swell of materials exhibiting homoconjugation.59–67 Most recently, the first observation of 
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homoconjugation within a non-π-conjugated polymer (rather than a small molecule) was reported for 
poly(phenylene methylene) (PPM, Figure 6) leading to unexpected blue fluorescence.68,69 These 
surprising optical properties afforded by homoconjugation are of fundamental interest in the context of 
structure-property relationships in polymers, and may be useful for optoelectronics. As a consequence, 
PPM is examined in detail in Chapter 6, attempting to elucidate the physical origins of the multiple 
distinct homoconjugated optical species that are observed experimentally. 

 
Figure 6. Chemical structure of poly(phenylene methylene) (PPM), alongside an illustration of a para-substituted 
PPM segment exhibiting homoconjugated interactions between pz-orbitals. The left-hand side interunit bond is 
drawn from the centre of the phenylene group to represent the non-specific nature of the connection between 
repeat units, with ortho, meta or para substitution possible.  Illustration courtesy of Andreas Braendle.  

1.2.3. Molar mass distribution 
Polymer samples are disperse, meaning they are comprised of a multitude of individual chains of 
varying length. The degree of polymerisation (DP) describes the chain length in terms of the number of 
repeat units. Since many physical, electronic and optical properties are dependent upon polymer chain 
length, polymer samples are a complex mixture of molecules with varying properties. Therefore, when 
characterising and describing the properties of a polymer sample, knowledge of the distribution of chain 
lengths – termed the molar mass distribution – within the sample is vital. An example of a polymer 
molar mass distribution is given in Figure 7. 
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Figure 7. Example molar mass distribution, describing the amount of polymer (polymer concentration/mass 
fraction) as a function of the molar mass and degree of polymerisation of polymer chains. Ni is the number of 
polymer chains of molar mass Mi. 
The figures of merit universally used to describe the molar mass distribution of a polymer are the 
number-average molar mass, Mn, mass-average (or weight-average) molar mass, Mw, and the dispersity, 
Đ (PDI), which are defined below. As their names suggest, Mn and Mw are weighted means, weighted 
by the mole fraction (number of chains) and mass fraction (mass of chains) respectively. 

 
Equation 1. Number-average molar mass. Ni is the number of polymer chains of molar mass Mi. 

 
Equation 2. Mass-average molar mass. 

 
Equation 3. Polymer dispersity. 
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1.2.4. Conformation 
One of the most important concepts recurring throughout this thesis is polymer conformation. 
Conformation refers to the physical arrangement of atoms within a polymer chain, in terms of bending 
and rotation of bond and dihedral angles. The conformations adopted along a polymer backbone 
segment follow the Boltzmann distribution, with lower energy conformations having a higher adoption 
probability. The potential energy of a given conformation may vary significantly with the 
conformational variable (e.g. dihedral angle), influenced by steric interactions (especially in the case of 
bulky side groups where hindrance is high), electrostatic interactions (e.g. hydrogen bonding and van 
der Waal interactions) and conjugated interactions between π-electrons.  
In non-conjugated polymers, the majority of bonds along the backbone are sp3-hybridised single carbon-
carbon bonds. Each of these bonds has relatively high torsional freedom. Consequently, non-conjugated 
polymers are said to form ‘random-coil’ conformations, where the orientation of monomer units is 

random along the chain. For example, PET, shown in Figure 8 (a), which has several freely rotating 
bonds along the backbone. In comparison, π-conjugated polymers, such as poly(9,9-dioctylfluorene) 
(PFO) (Figure 8 (b)), contain several sp2-hybridised carbon-carbon double bonds within the repeat unit, 
whose rotation is restricted, enforcing planarity in parts of the chain. 

 
Figure 8. Chemical structures of (a) non-conjugated polyethylene terephthalate (PET and (b) π-conjugated 
poly(9,9-dioctylfluorene) (PFO), highlighting the positions of sp3-hybridised carbon-carbon bonds with 
unrestricted rotation along the backbone.  
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It is often the case in π-conjugated polymers, such as PFO, that the bond between repeat units is the 
only position where bond rotation is unrestricted. Thus, the dihedral angle across the single carbon-
carbon bond between repeat units, often referred to as the interunit torsion angle, becomes the most 
important variable controlling the conformation of π-conjugated polymers. For π-conjugated polymers, 
conformations with small torsion angles are found to be the most energetically favourable, as shown in 
Figure 9, for modelling of short chains of poly(3-hexylthiophene-2,5-diyl) (P3HT).70  

 
Figure 9. Potential energy as a function of the S-C-C-S dihedral angle across repeat units for P3HT chains of 
varying lengths. Chemical structure of P3HT is given, highlighting the interunit dihedral angles. Data is obtained 
by theoretical modelling using density functional theory. 0° corresponds to a planar all-trans conformation. 
Adapted with permission from Darling et al..70 © 2009 American Chemical Society. 
This is primarily because of energy stabilisation from enhanced π-orbital overlap with increased 
backbone planarity (cf. a torsion angle of 90° where pz orbitals of adjacent repeat units are orthogonal 
and thus non-interacting). Because of a tendency towards more planar conformations, where the 
backbone is extended more linearly than in non-conjugated polymers, π-conjugated polymers chains 
are said to be more ‘rigid-rod’-like, rather than ‘random-coil’. Depending upon conformation, 

continuous π-orbital overlap can extend over several repeat units (e.g. Böckmann et al. present 
calculated MOs of long P3HT chains with extended π-delocalisation).71 
The range of interunit torsion angles adopted within a polymer sample is often described in terms of the 
amount of ‘torsional disorder’, and more generally the range of conformations is described by the 
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‘conformational disorder’. Torsional disorder heavily influences the π-overlap and subsequently 
conjugation length along polymer chains, as detailed in section 1.3.5.  
 

1.3. Electronic states and transitions 
The useful optoelectronic properties of conjugated polymers originate from transitions between 
electronic states. Electronic states can be described as a combination of one or more electron 
configurations, which denote how electrons are distributed within molecular orbitals (configuration 
interaction method). The ‘ground state’ of a polymer describes the lowest energy configuration of 

electrons. In ‘excited states’, electrons are promoted from occupied to unoccupied molecular orbitals. 

Excited electronic states are composed of a superposition of multiple electron configurations, as 
illustrated in Figure 10.  
Electronic states can be visualised with either a molecular orbital diagram, with energy relative to the 
vacuum level, or a ‘Jablonski’ diagram, which gives the relative energies and transitions between 

electronic states, with respect to the energy of the ground state. As noted by Köhler and Bässler,72 there 
is no meaningful way to draw a diagram that describes both molecular orbitals (HOMO, LUMO etc.) 
and electronic states (S0, S1 etc.) on the same energy axis, and so care should be taken when illustrating 
orbitals, electron configurations and electronic states.   

 
Figure 10. Singlet electronic states, S0, S1 and S2, represented in (a) a molecular orbital diagram and (b) an 
electronic state diagram. Adapted with permission from Köhler and Bässler.72 © 2015 Wiley. 
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The first electronic excited singlet state, S1, is often dominated (> 80%) by the single electron 
configuration with one electron in the HOMO and one in the LUMO.72 Resultantly, the HOMO–LUMO 
orbital energy gap is often given as the optical band gap, when in fact the band gap is the energy between 
ground and excited electronic states, S0–S1. Again, this distinction means care must be taken when 
quoting such values.   

1.3.1. Absorption 
Transitions to higher energy electronic states are most commonly facilitated by absorption of photons 
of energy higher or equal to the energy difference between states (photoexcitation). Absorption is the 
initial step for many applications of conjugated polymers. Further to this, the absorption spectrum of a 
polymer contains a wealth of information about the nature of the ground and excited electronic states 
and reflects a polymer’s chemical and physical structure.   
Optical excitation from the ground to first singlet excited state (ground state absorption), S0–S1, in 
conjugated polymers generates Frenkel-type singlet excitons, where the promoted electron is 
electrostatically bound to the hole it leaves behind (binding energy typically 0.1–1 eV).73–75 Frenkel 
excitons are localised to small regions, either a single molecule or a small chain segment in the case of 
conjugated polymers. The ground state absorption transition in conjugated polymers is also referred to 
as a π–π* transition, since an electron is promoted from the occupied π to unoccupied π* molecular 

orbital band. 
The rate and intensity of an absorption transition is governed by the oscillator strength, f, of the 
absorbing species. This is directly proportional to the molar attenuation coefficient, ε, and absorption 
coefficient, α, obtained experimentally for solutions and thin film samples respectively. To the simplest 
approximation, the oscillator strength increases with the amount of electronic overlap between initial 
and final states. Consequently, the oscillator strength is larger in cases where the electron density of 
initial and final states are spread over similar areas, such as in π–π* transitions, compared to a charge 

transfer (CT) transition where there the initial and final state orbitals are located on different parts of 
the molecule.  
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1.3.2. Excited state species 
In addition to singlet excited states, triplet and polaron excited states can also be formed. In an excited 
electronic state with a pair of electrons in different molecular orbitals, there are four combinations of 
spin angular momentum: 1 with a total spin angular momentum of S = 0 giving a singlet state; and 3 
with S = 1 yielding triplet states. This quantum mechanical description is often simplified in molecular 
orbital diagrams with a singlet represented by a pair of antiparallel electrons, and a triplet state by a pair 
of parallel electrons, as shown in Figure 11 (a).  
A polaron is an unpaired electron and the associated change in geometry of the molecule (lattice 
relaxation) to accommodate the charge. Polarons can either be negatively or positively charged, referred 
to as electron or hole polarons, or simply electrons and holes, where hole refers to the absence of an 
electron. Polarons are key charge carriers in the operation of polymer solar cells and polymer light-
emitting diodes.76,77 

 
Figure 11. Molecular orbital (a) and electronic state (b) diagrams illustrating (a) the (dominant, one electron) 
electron configurations and (b) electronic state transitions of singlet, triplet and polaron states. The frontier 
orbital energies of excited states in (a) are shifted relative to the ground state to represent the energy change due 
to coulombic forces, exchange energy and lattice relaxation. In (b), ISC is intersystem crossing, CS is charge 
separation and P1 and Pn are polaron electronic states. Diagrams based on Köhler and Bässler.72 © 2015 Wiley. 
Figure 11 (b) shows the various transitions between electronic states. Electronic transitions are either 
radiative, such as fluorescence or phosphorescence, meaning a photon is emitted as a result of the 
transition, or non-radiative, such as absorption. The electronic transitions of excited states to higher 
energy states are termed photoinduced absorption, as initial ground state absorption is required to access 
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said transitions. Ground state absorption can be measured by steady-state UV-Visible absorption 
spectroscopy, while photoinduced absorption can be measured using time-resolved and electrochemical 
spectroscopic techniques, as described in the following chapter, section 2.3. 
Direct absorption transitions from the singlet ground state to triplet excited states have very low 
oscillator strengths because of the difference in total spin angular momentum and so are formally spin 
forbidden transitions. As a result, S0 to T1 transitions are not typically observed experimentally. Triplet 
states can instead form by either transition from an excited singlet state, known as intersystem crossing, 
or recombination of two polarons into a triplet exciton, occurring with ¾ probability from spin statistics.  
In order for phosphorescence (and non-radiative triplet relaxation) to occur, the triplet excited state is 
required to ‘borrow’ oscillator strength from singlet states through spin-orbit coupling.72 The rate of 
phosphorescence depends upon the strength of spin-orbit coupling, which is low in conjugated polymers 
compared with heavy atoms. Consequently, triplet excited states have a longer lifetime than singlets, 
on the order of µs–s, rather than ps–ns.78 
Polarons can form optically by separation of excited state singlet or triplet excitons into hole and 
electron polarons, commonly referred to as exciton dissociation or charge separation, or by injection of 
electrical charges or ions with an applied bias (doping). The effect of polymer microstructure on the 
photogeneration of polarons is the focus of Chapter 3.  

1.3.3. Photoluminescence 
Photoluminescence (PL) is the emission of light by a material following optical absorption. Emission 
of a photon accompanies the transition of the excited state back to the ground state, known as radiative 
decay or relaxation. PL from singlet and triplet states are termed fluorescence and phosphorescence 
respectively. Non-radiative decay of excited singlet states to the ground state is known as internal 
conversion. PL is measured by a variety of spectroscopies, as detailed in the next chapter, section 2.4. 
Knowing the PL properties of a material is clearly vital for applications which rely on luminescence, 
such as in light-emitting diodes,19,77 or biological and chemical sensing.78,79 As well as the obvious uses, 
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PL spectroscopy provides insight into a wide range of other optoelectronic and materials properties 
such as exciton diffusion length and exciton dissociation via PL quenching,76 coupling between 
electronic and vibrational levels,80 polymer thermal transitions,81 and polymer microstructure.39,82 
The photoluminescence quantum efficiency (PLQE) quantifies how ‘good’ an emitter a material is, 

valuable for PL-based applications. PLQE is given as the ratio of total emitted to total absorbed photons, 
and determined by the balance of radiative, krad, and non-radiative, knr, decay rates for the excited state, 
as given in Equation 4. There are several non-radiative decay pathways, including intersystem crossing, 
exciton dissociation, energy transfer and internal conversion, whose rates vary depending upon the 
chemical structure and environment of the material in question.   

 
Equation 4. Photoluminescence quantum efficiency, where krad and knr are radiative and non-radiative decay 

rates respectively. 
The PL lifetime – a measure of the average time spent in the excited state prior to radiative decay – can 
be described in terms of radiative and non-radiative decay rates, as in Equation 5.  

 
Equation 5. PL lifetime, where krad and knr are radiative and non-radiative decay rates respectively. 

The photoluminescence lifetime in the absence of non-radiative decay pathways (knr = 0) is known as 
the natural lifetime. The PL lifetime of singlet excited states is typically ps–ns, and µs–s for triplets.78  

1.3.4. Vibronic transitions 
Absorption and emission spectra of conjugated polymers also contain crucial information about 
molecular vibrations, which are in turn a product of molecular geometry. Understanding the interactions 
between electronic and vibrational states is therefore key when using optical spectroscopy as a means 
to study polymer conformation.  
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Within the manifold of electronic energy levels, each electronic state contains sub-levels associated 
with molecular vibrations and rotations. While the energy gap between electronic states is in the range 
of 1–4 eV, vibrational mode energies are on the order of 25–200 meV, and rotations are even smaller, 
0–25 meV. Here, only the higher energy vibrational levels are considered. Interaction between 
vibrational and electronic states – known as vibronic coupling – results in vibrational modes being 
coupled to electronic transitions in organic molecules.80,83 In other words, vibronic transitions are 
electronic transitions that also induce vibrational motion. The vibrational energy level to which an 
electronic transition couples to is a function of the strength of vibronic coupling, and varies between 
vibrational modes.  
The intensity of vibronic transitions to different vibrational energy levels can be explained by the 
Franck-Condon principle,84–87 which states that vibronic coupling is a function of the overlap between 
wavefunctions of initial and final vibrational energy levels. As illustrated in Figure 12 (a)–(b), 
absorption and emission transitions with the largest wavefunction overlap are the most intense. 
Coupling to different vibrational energy levels gives rise to a vibronic progression in the absorption and 
emission spectra.  
In many molecules, the vibrational states of the ground and excited electronic levels are similar. 
Furthermore, prior to emission, vibrational relaxation means that almost all of emission originates from 
the lowest vibrational level of the electronic excited state, known as Kasha’s rule.88 Hence, v’ = 0 to v’’ 
= n absorption transitions and v’’ = 0 to v’ = n emission transitions have similar vibronic coupling. 
This gives rise to the so-called ‘mirror-image’ rule, where the intensities of v’ = 0 to v’’ = n absorption 
transitions and v’’ = 0 to v’ = n emission transitions are equal, demonstrated for an ideal molecule with 
a single vibrational mode in Figure 12 (b).  
The strength of vibronic coupling, and thus the intensity distribution for a given vibronic progression, 
can be quantified by the Huang-Rhys parameter, SHR. This is a function of the displacement between 
ground and excited state potential energy curves, ΔQi in Figure 12, and is given experimentally by the 
ratio of 0–1 and 0–0 vibronic peaks. 
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Figure 12. (a) Potential energy curves for a single vibrational mode, showing vibrational wavefunctions and 
absorption (dashed grey lines) and PL (solid black lines) vibronic transitions. (b) Absorption (dashed grey line) 
and PL (solid black line) vibronic progressions resulting from (a) in the ideal, low broadening case. (c) Absorption 
(dashed grey line) and PL (solid black line) of a typical conjugated polymer, PFO, where inhomogeneous 
broadening is large, particularly in the absorption spectra. The PL vibronic peaks and Stokes’ shift, ΔES, are 
highlighted. (a) and (b) adapted with permission from Köhler and Bässler.72 © 2015 Wiley. 
In reality, conjugated polymers have many vibrational modes, and it follows that there are multiple 
vibronic progressions which make up the absorption and emission spectra, broadening peaks into 
vibronic ‘bands’ corresponding to 0–n transitions. Consequently, the ‘effective’ energetic spacing 
between vibronic bands observed in the PL spectra of conjugated polymers is often not reflective of any 
single real vibrational mode energy. Furthermore, for many conjugated polymers, vibronic transitions 
cannot be resolved in the absorption spectrum, as illustrated in Figure 12 (c) for PFO. Instead a broad, 
featureless spectrum is observed. This difference between absorption and emission linewidths is due to 
electronic energy transfer (see section 1.3.6 for details) to the lowest energy chromophores within a 
sample prior to photoluminescence. As a result of energy transfer,89 the majority of PL of conjugated 
polymers comes from a much smaller subset of emitting molecules than ground state absorption 
measurements which probe all molecules non-selectively. The smaller subset reduces inhomogeneous 
line broadening due to conformational disorder, and thus explains the narrower peaks and vibronic 
resolution in PL but not in absorption. 
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The energy difference between absorption and emission maxima of an electronic transition is known as 
the Stokes’ shift, ΔES.78  In the case where the 0–0 vibronic transition (i.e. when the electronic transition 
is not coupled to any molecular vibrations) is the most intense for both absorption and emission, the 
Stokes’ shift originates from geometry relaxation of the excited state to lower energy prior to emission.  

1.3.5. Chromophores and conjugation length 
The electronic energy varies along a conjugated polymer chain due to many factors, such as torsional 
disorder as well as electronic interactions with other (parts of) polymer chains or molecules in the local 
environment. Such variation in the electronic energy limits the extension of π-conjugation along 
polymer chains. As a result, rather than having a continuous π-system along the entire length of a 
polymer, chains are divided into many conjugated segments/sub-sections where electronic coupling is 
strong within segments, but weak between segments. The electronic states of these segments are 
independent, and are termed chromophores. Figure 13 illustrates how variation in electronic energy (a), 
and torsional disorder (b)-(c), leads to segmentation of π-conjugation into chromophores. Quantum 
chemical simulations using density functional theory (DFT) of P3HT 32mer chains have suggested that 
π-conjugation is fragmented above an interunit torsion angle of 70–80° (0° refers to a planar, all-trans 
conformation).71 
Due to the segmentation of π-conjugation, chromophores within polymer chains behave 
spectroscopically similarly to oligomers of the same length. The number of repeat units over which π-
electrons delocalise in a chromophore is known as the conjugation length. Consequently, although 
polymer chains may be 100s repeat units in length, they are actually composed of a distribution of 
chromophores with varying conjugation lengths, and behave as such spectroscopically. Attempts to 
determine the distribution of conjugation lengths within conjugated polymer samples have been made 
through empirical analysis and theoretical calculations of UV-Vis spectra of short chain oligomers and 
polymers, finding that conjugation lengths are in fact heavily weighted towards relatively short 
chromophores, < 5 repeat units (from studies of polyacetylene and P3HT).71,90  
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Figure 13. (a) Schematic of electronic energy variation along a polymer chain due to chain conformation and 
local polarisation, causing splitting of the chain into finite length conjugated segments (chromophores) with 
strong electronic coupling. Adapted with permission from Köhler and Bässler.72 © 2015 Wiley. (b) & (c) show a 
simulated 32mer thiophene chain within a thin film, whose conformation is obtained from DFT. The chain is split 
into chromophores of alternating colour in (b), with chromophores separated when an interunit torsion angle of 
70° is exceeded. (c) visualises the HOMO orbital. Adapted with permission from Böckmann et al..71 © 2015 Royal 
Society of Chemistry. 

1.3.6. Electronic energy transfer 
Following optical excitation and prior to decay to the ground state, electronic energy can be transferred 
non-radiatively between chromophores in a conjugated polymer by electronic energy transfer (EET). 
EET allows excitons to migrate along or between chains, transferring from ‘donor’ to ‘acceptor’ 

chromophores. By EET, excitons tend towards the lowest energy sites. Tracking EET allows the 
interactions between polymer chromophores to be explored, providing information on the presence and 
spatial distribution of distinct electronic species.  
In this thesis, only the Förster resonance energy transfer mechanism (FRET) is considered. In FRET, 
excitons in a conjugated polymer are transferred from one chromophore to another by electronic 
coupling between donor and acceptor dipoles.91 In Förster's original formulation, electronic coupling is 
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approximated as the interaction between two fixed point dipoles. The strength of the dipole-dipole 
interaction has an RDA−3 dependence, where RDA is the distance between donor and acceptor. This results 
in an energy transfer rate equation of the form shown in Equation 6, where the exponent, n = 6. The 
validity of the point dipole approximation for long, rigid-rod conjugated polymer chains has been 
questioned, with point-to-plane (giving n = 4), point-to-slab (n = 3) and line-to-line (n = 2) dipole 
approximations found to be more appropriate depending upon morphological conditions.92–97  

 
Equation 6. FRET energy transfer rate, kFRET, described in terms of the donor fluorescence lifetime (in the 

absence of the acceptor), τD, Förster radius, R0, and distance between donor and acceptor, RDA. 

 
Equation 7. FRET efficiency described in terms of the Förster radius, R0, and donor-acceptor distance, RDA. 

In all cases, the rate (Equation 6) and efficiency (Equation 7) of FRET are both strongly dependent 
upon the distance between donor and acceptor chromophores, RDA, and the so-called Förster radius, R0, 
which is fixed and dependent upon the properties of the donor and acceptor (Equation 8 and Equation 
9). A larger R0 value is reflective of more efficient and faster FRET, as acceptors are able to ‘capture’ 

donor excitation at larger distances. For efficient FRET, large overlap between donor emission and 
acceptor absorption spectra is required. R0 values are typically on the order of 1–10 nm for conjugated 
polymers.93,95,96,98–100 

 
Equation 8. Förster radius, R0, where κ is the dipole orientation factor, ΦD is the PLQE of the donor in the 

absence of the acceptor, η is refractive index, J is the spectral overlap between donor fluorescence and acceptor 

absorption and NA is the Avogadro constant.  
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Equation 9. Spectral overlap, J, expressed as the integral of the donor fluorescence, FD, (where the integrated 

area of FD = 1), molar attenuation coefficient of the acceptor, εA, and wavelength, λ, with respect to wavelength. 
FRET is most clearly evidenced in PL spectra, where the acceptor:donor emission ratio increases with 
concentration of the acceptor following selective excitation of the donor (due to decreasing RDA), as 
illustrated in Figure 14. The presence and extent of FRET can also be detected by tracking the lifetime 
of the donor species as a function of acceptor concentration. FRET acts as a non-radiative pathway, 
contributing to knr in Equation 5 (section 1.3.3), which has the effect of reducing the donor PL lifetime. 

 
Figure 14. (a) Schematic of donor and acceptor absorption (A) and emission (PL) spectra, showing spectral 
overlap (J, shaded region) between donor emission and acceptor absorption required for FRET. (b) With 
increasing acceptor concentration, the rate and efficiency of FRET is increased, leading to a higher proportion 
of emission from acceptors than donors following selective excitation of donors.  
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1.4. Chain length dependence of optoelectronic properties 
Because conjugated polymers can be treated as a collection of (relatively short) chromophores of 
varying length, it is crucial to understand how chain length, and thus average molar mass, dictates 
optoelectronic properties. This is often done by studying series of conjugated oligomers or polymers of 
varying average molar mass.101–107 Since the electronic structure of a chromophore is intrinsically 
dependent upon the extent of its conjugation, almost all optoelectronic properties and resulting device 
performances exhibit strong dependences on polymer chain length.  
The most relevant chain length dependence discussed within this thesis is that of the ground state 
absorption, and so is covered here. As described in section 1.2.1, as the number of electrons participating 
in a π-conjugated system is extended, the energy gap between HOMO and LUMO decreases. According 
to Hückel molecular orbital theory,108,109 the S0–S1 electronic transition energy of a conjugated polymer 
(given as the HOMO–LUMO energy difference, technically incorrect as mentioned in 1.2.4, but a 
reasonable first approximation) depends linearly on the inverse of the chain length (or number of π-
electrons), N, tending to 0 as N tends to infinity. In reality, the electronic transition energy, ES0–S1(N), of 
oligomers and polymers instead follows the empirically-derived exponential relationship101,110 

 
Equation 10. The effect of chain length on the electronic S0–S1 absorption transition energy. 

where E1 is the experimentally determined transition energy of the monomer and E∞ is the saturation 
transition energy reached at large N. The parameter, a, defines how quickly the transition energy 
saturates with increasing chain length.  
The saturation of the electronic transition energy at long N can be rationalised theoretically as an 
intrinsic property.110 However, the effect of conjugation on the transition energy due to chain extension, 
as characterised by ΔE = E∞ −E1,101 and the rate at which ES0–S1 converges with N is certainly also 
affected by conformational effects such as torsional disorder. As mentioned in section 1.3.5, torsional 
disorder can inhibit propagation of π-conjugation, breaking chains into a series of smaller 
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chromophores. Hence, polymers with a higher degree of torsional disorder will see a smaller reduction 
in transition energy than more ordered materials.  
An example of the change in electronic transition energy with chain length is shown in Figure 15 (a)–
(b) for a series of (3HT)n oligothiophenes.103 The absorption maximum red-shifts with chain length, 
following an exponential relationship which converges at N > 36. As well as the transition energy, the 
molar attenuation coefficient and thus oscillator strength of oligomers is also dependent upon chain 
length. As shown in Figure 15 (c), both molar and mass attenuation coefficients increase with 
oligothiophene chain length, as a result of increased electronic overlap in the more delocalised 
molecular orbitals found in longer chains.  

 
Figure 15. (a) Normalised absorption spectra of (3HT)n oligomers of varying chain length (n = 1–36) and P3HT 
polymer (Mw = 10,000 g mol−1) in chloroform. (b) Absorption maximum vs. chain length, n, for (3HT)n oligomers, 
with P3HT chemical structure. The solid line gives the P3HT polymer absorption maximum. (c) Molar (ε) and 

mass (µ) attenuation coefficients of (3HT)n oligomers at the absorption maximum as a function of chain length. 
Adapted from the PhD thesis of Dr. Felix Koch.103 
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1.5. Microstructure 
While conformation tends to describe the physical arrangement of atoms within individual chains, 
microstructure refers to the range of chain conformations adopted within a polymer film, and interchain 
ordering. As with conformation, the optoelectronic properties of a polymer sample are heavily 
influenced by microstructure. The majority of conjugated polymer optoelectronic applications utilise 
thin films as the active material, making a good understanding of microstructure crucial.   
As is well known, polymer chains can exhibit varying degrees of alignment and long-range translational 
order. Solid samples with no preferential periodic alignment of chains, and subsequently no long-range 
order, are known as amorphous. Amorphous samples obtained by rapid cooling are said to form a glass. 
Thus, amorphous samples are often described to have a ‘glassy’ microstructure. Amorphous polymers 
undergo a transition from a hard, brittle, glassy state to a soft, rubbery state when heated above the glass 
transition temperature, Tg. Above the glass transition temperature, chains are no longer immobile and 
are able to slide past one another. Subsequently, chain reorientation into more energetically preferable 
microstructures is possible. Some polymers can form crystalline regions where chains arrange into 
defined, periodic structures with long-range order. Crystalline regions form upon heating above the 
crystallisation temperature, Tc, and melt above the melting temperature, Tm. The geometry of a polymer 
crystal is defined by the unit cell, which gives the dimensions of the simplest repeating structure. 
Polymer crystallites are anisotropic because chains are orientated preferentially along the axes of the 
unit cell. 
Polymers with a mixture of amorphous and crystalline regions, or domains, are said to have a 
semicrystalline microstructure, illustrated in Figure 16. The degree of crystallinity within a solid 
polymer sample varies depending upon sample-dependent factors such as thickness and the presence of 
nucleating agents, as well as the polymer’s intrinsic propensity to spontaneously order itself upon 

thermal activation. The ‘domain size’ and separation of crystalline and amorphous regions is also a 

function of the degree of crystallinity and will affect optoelectronic properties such as the energy and 
charge transfer between phases.104,111  
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Figure 16. Two-dimensional cartoon of a semicrystalline polymer microstructure, highlighting disordered 
amorphous and ordered crystalline regions. Adapted with permission from Reid et al..104 © 2011 Wiley. 
The conformation of polymer chains in crystalline regions differ to those of the amorphous phase, as a 
consequence of forming ordered structures. Crystalline polymer chains tend to adopt more planarised 
interunit torsion angles, to augment interchain π-stacking interactions, and have lower conformational 
disorder due to the ordered nature of the crystal structure.50,112 As a result of the change in chain 
conformation and enhanced interchain electronic interactions in the crystalline phase, the optoelectronic 
properties of amorphous and crystalline regions within conjugated polymers also differ significantly. 
For example, crystalline regions (and the somewhat analogous ordered aggregates that form in solution) 
tend to have lower energy optical transitions than amorphous or relatively disordered regions, due to 
increased π-orbital interactions.45,50,113–116 For a clear demonstration of the relationship between 
crystallinity and optical properties, see the in-situ monitoring of fluorescence in the polymer PFO as a 
function of annealing temperature by Sims et al..81 For a demonstration of the effect of crystallinity on 
the performance of organic solar cell devices, see Liu et al..28 It is clear that microstructure has a 
profound effect on the properties and device performance of conjugated polymers.  
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1.6. Exploring distinct, highly-ordered conformations 
In this thesis, a strong focus is made on the interplay between conformationally and optically distinct 
electronic species (also referred to throughout as phases or states) within conjugated polymers. In 
particular, the effect of introducing small amounts of highly-ordered conformations on polymer 
optoelectronic properties is explored.  

1.6.1. β-phase molecular conformation 
Of particular focus in this thesis is the so-called ‘β-phase’ conformational isomer, or ‘conformer’, 

exhibited by selected polyfluorenes. Here, the β-phase forming, wide-bandgap, emissive polymers 
poly(9,9-dioctylfluorene), PFO, and poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-[5-(octyloxy)-
9,9-diphenylfluoren-2,7-diyl], PODPF, are studied.117–119 The β-phase of PFO has been well studied for 
over 20 years, while PODPF has only been reported within the last 5 years and so is less understood. 
The β-phase conformations of PFO and PODPF are characterised by a planarised polymer backbone 
with very low conformational disorder, giving a set of distinct, very well-defined electronic transitions 
lower in energy than those of the majority, more torsionally twisted glassy-phase conformation 
(example absorption spectra are given in Figure 17).39,118 The β-phase conformations are said to be 
metastable, having a higher potential energy than the glassy-phase.  

 
Figure 17. Absorption spectra (expressed as the linear absorption coefficient, α) of thin films of (a) PFO and (b) 

PODPF, for samples containing chains in disordered glassy-phase conformations only (black lines) and samples 
where a fraction of chains segments are in highly-ordered β-phase conformations (red lines). 
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Prior to the reporting of PODPF, the β-phase conformation was unique to polydialkylfluorene polymers 
with octyl (PFO/F8/PF8), and also heptyl (PF7), nonyl (PF9) and decyl (PF10) side chains.52,120 More 
recently, formation of β-phase has also been shown in copolymers containing F8 and PODPF units,121–

125 as well as the analogue of PODPF with heptyloxy rather than octyloxy side chains, P7DPF.51 
The minority of polymer chains adopting a β-phase conformation exhibit a planarised interunit torsion 
angle of ≈ 160‒180°, in comparison to the majority in-plane isotropic, ‘glassy-phase’, chains which 
adopt a much wider range of more twisted torsion angles of ≈ 120‒140°.112,118,126 The higher planarity 
of the β-phase conformation leads to more linearly extended and higher polarizability chains, with π-
interactions delocalised over a longer conjugation length.39,118 This results in lower energy electronic 
transitions and optoelectronic properties that are distinct to the more disordered glassy-phase.39,117,119,127 
As well as being highly-ordered, the β-phase conformation is also very well-defined. This is evidenced 
by electronic transitions that are ~ fixed in energy, independent of the amount of β-phase,126,128 as well 
as from optical linewidths that are narrower than those of the glassy-phase and unusually low for a 
polymer, signalling much lower conformational disorder.112 Further to this, although β-phase chain 
segments are in a small minority, their lower energy transitions dominate the photophysics of PFO and 
PODPF, exemplifying the sensitivity of polymer photophysical properties to molecular conformation. 
As a result of the well-defined nature of the β-phase, the transition from a glassy to β-phase 
conformation is abrupt, in contrast to the more gradual order-disorder transitions observed for other 
conjugated polymers such as P3HT. In such polymers the optoelectronic properties of ordered phases 
vary with the degree of crystallinity, giving a more continuous transition.116 In effect, the distinctness 
of the β-phase reduces the physical and electronic complexity of polymer thin film microstructure, 
giving a relatively simple, well-defined two-state system, unique to β-phase forming polymers. 
Furthermore, being able to use a single material to investigate the effect of distinct electronic states 
eliminates ambiguities due to chemical differences. This relative chemical and physical simplicity, in 
conjunction with the ability to carefully and reproducibly control the amount of β-phase in thin films 
by a variety of methods (PFO see:39,93,118,128–131, PODPF see:126 and Chapter 4 herein), makes β-phase 
forming materials model systems to explore structure-property relationships, testing the effect of 
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highly-ordered conformations with lower energy electronic states. As well as being useful for 
fundamental structure-property studies, introducing the β-phase conformation is relevant to practical 
applications, being found to increase performance and electrical stability in polymer LED 
devices.122,126,128,129 
In PFO, the β-phase is thought to be facilitated by octyl side chains lying in the plane of the backbone, 
surrounding the fluorene core, with van der Waals interactions between side chains and core stabilising 
the planarised conformation (Figure 18).112  

 
Figure 18. (a) Relative potential energies of simulated conformers of PFO, grouped into families. The inset shows 
a space-filling model for a section of the β-phase conformer. (b) Illustrations of PFO segments adopting glassy 
and β-phase conformations, highlighting differences in interunit torsion angle, φ (alkyl side chains removed for 

clarity). (a) is adapted with permission from Chunwaschirasiri et al..112 © 2005 The American Physical Society. 

Because the β-phase conformation of PFO has a higher potential energy than glassy-phase 
conformations, it is adopted by a minority of chains in as-cast films. However the amount of β-phase 
that is formed in PFO films is found to be very sensitive to film processing conditions and post-casting 
treatments, with a multitude of methods by which β-phase chain segments can be formed.39,118,128,130,131 
Unlike other conjugated polymers which form complex crystalline domains of variable size and 
connection to disordered, amorphous regions, the ordered β-phase chains in PFO appear to be dispersed 
homogeneously within the matrix of glassy chains.118,132 As such, the β-phase chains in PFO are 
sometimes thought of as isolated, intra-chain ‘1-dimensional crystals’, although 3-dimensional crystal 
structure lattice parameters have been obtained for β-phase films by X-ray diffraction measurements.133 
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Like PFO, the β-phase conformation in PODPF is adopted by a minority of chains in as-cast films and 
is said to also be a higher potential energy configuration. In contrast to PFO, which forms primarily by 
interaction with solvents or thermal cycling at low temperatures, β-phase formation in PODPF is 
induced by thermal annealing above ~ 200 °C.  
Grazing incidence X-ray diffraction (GIXD) measurements of PODPF indicate that annealed films 
containing β-phase chains exhibit a degree of crystallinity in 3 dimensions.51,126 From these results, it is 
thought that the planarised backbone of the β-phase in PODPF is stabilised through a combination of 
steric repulsion between bulky phenyl side groups and attractive van der Waals interchain interactions 
between the side chains and backbone of adjacent polymer chains, as illustrated in Figure 19.51,126 

 
Figure 19. (a) Chemical structure of PODPF. (b) Illustration of backbone planarisation of PODPF polymer 
chains upon thermal annealing. (c) Schematic of PODPF β-phase chain segments. (b) and (c) adapted with 
permission from Liu et al.,126 © 2016 American Chemical Society and Liu et al.,51, © 2017 American Chemical 
Society respectively. 
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1.7. In this thesis  
In recent years great strides have been made in the fundamental understanding of conjugated polymers, 
leading to large improvements in device performance and the development of new applications for 
conjugated polymers. Yet, there is still much that can be learned of the relationships between physical 
structure and photophysical properties from studying the influence of molecular conformation in 
comparatively simple, single-material polymer systems, where links can be extracted relatively 
unambiguously. This thesis aims to investigate the effect of highly-ordered conformations on the optical 
and electronic properties of conjugated polymers. Such knowledge is useful for development of new 
materials, processing techniques and device architectures to improve device performance, as well as 
realising new applications.  
The aims of this thesis can be summarised as follows: 

1. Understanding the link between molecular conformation and photoinduced exciton 
dissociation into polarons. The influence of molecular conformation on the ability of excitons 
to spontaneously dissociate within single polymer thin films is not well understood. To monitor 
polaron generation as a function of microstructure, the transient absorption of PFO polymer 
films with systematically varying amounts of highly-ordered β-phase conformation is probed.  

2. Characterisation of the formation of β-phase chain conformation in the novel polymer, 
PODPF. In PODPF, the highly-ordered β-phase molecular conformation is generated by 
thermal annealing at elevated temperatures, unique for a β-phase forming material. Therefore, 
an aim is to characterise the formation mechanism of β-phase chromophores, here done so 
through optical measurements.  

3. Comparison of chemically distinct polymers which form highly-ordered β-phase 
conformations. In-depth characterisation of new (PODPF) and well-examined (PFO) β-phase 
forming polymers is performed. The aim is to understand how differences in chemical structure 
and physical microstructure of the two polymers affect their photophysical and electrochemical 
behaviours.  
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4. Characterisation of the optical properties and determination of the origins of 
homoconjugation in non-π-conjugated polymers. The physical origins of the two distinct, 
optical species observed in the homoconjugated polymer, PPM, are not yet well known. Hence, 
a series of spectroscopic measurements and theoretical calculations are performed to 
characterise the polymers. These results are used to elucidate the location, size and nature of 
homoconjugated segments.    
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Here, the experimental methods and materials used throughout this thesis are outlined. Further details 
are given in each results chapter where necessary.  

2.1. Materials 
Poly(9,9-dioctylfluorene), PFO, was supplied by Cambridge Display Technology (Mn = 18,000 g mol−1, 
Mw = 48,600 g mol−1, Đ = 2.7) and Sumitomo Chemical Company Ltd (Mn = 97,000 g mol−1, Mw = 
287,000 g mol−1, Đ = 3.0) and used as received.  
Poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-[5-(octyloxy)-9,9-diphenylfluoren-2,7-diyl], 
PODPF, was supplied from Dr. Jinyi Lin (Nanjing Tech & NUPT, China) and used as received. Two 
batches of material were used during the studies detailed in this thesis: low average molar mass (Mn = 
27,400 g mol−1, Mw = 50,100 g mol−1, Đ = 1.83), and high average molar mass (Mn = 257,000 g mol−1, 
Mw = 406,000 g mol−1, Đ = 1.58).  
Poly(phenylene methylene) (PPM) and methyl-substituted derivatives were synthesised predominantly 
by Andreas Braendle (Laboratory for Multifunctional Materials, ETH Zürich), as well as Christos 
Glaros and Pascal Schwendimann, and used as received. Several samples of varying average molar 
mass and dispersity were studied, details given in Chapter 6.  
Average molar mass and dispersity values were obtained from polystyrene-calibrated gel permeation 
chromatography measurements.  
Non-disperse hexamer oligomers of 3-hexylthiophene, (3HT)6, were used as received, courtesy of Dr. 
Felix Koch (ETH Zürich), with synthesis described in detail elsewhere.103 
Chloroform (CF, anhydrous ≥ 99%, Sigma-Aldrich) toluene (anhydrous 99.8%, Sigma-Aldrich and > 
99.7% HPLC grade, VWR), p-xylene (anhydrous ≥ 99%, Sigma-Aldrich), chlorobenzene (reagent 
grade, VWR), 1,8-diiodooctane (DIO, 98% with copper as stabiliser, Sigma-Aldrich), dichloromethane 
(DCM, reagent grade, VWR) and decahydronaphthalene (“decalin”, mixture of cis and trans isomers, 
reagent grade, Sigma-Aldrich) were used as received.  
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2.2. Sample preparation 
Solution and thin film preparation was almost exclusively performed in an atmosphere controlled 
environment (cleanroom, class 1000), with UV and blue visible light filtered out in order to reduce 
exposure to high energy light.  

2.2.1. Solution 
Polymer solutions were prepared either for characterisation experiments, or used to fabricate thin 
polymer films. Solutions are made by dissolving pure solid polymer in organic solvents, in sealable 
vials. Polymers are weighed using high precision balances (± 0.05 mg), and solvent measured and 
dispensed using precision pipettes (± 0.5 µL). Solution concentrations varied, typically on the order of 
0.1–100 mg mL−1. In cases of low solubility for a particular material or polymer/solvent combination, 
the polymer solution was heated on a hotplate, typically to ~ 60 °C, and stirred continuously with a 
magnetic stirrer bar for several hours, in order to fully dissolve the polymer. 
Polymer solutions used to fabricate thin films were typically prepared on the same or preceding day to 
film deposition, to minimise aging of polymer due to adverse reactions with solvent molecules 
(particularly for chlorinated solvents). When stored, solutions were sealed with paraffin plastic film 
(Parafilm M) to minimise solvent evaporation, and kept in dark, ambient conditions.  
During characterisation measurements, solutions were placed in 10 x 10 mm quartz cuvettes for 
absorption, and 10 x 1 mm (1 mm path length) or 10 x 2 mm (2 mm path length) quartz cuvettes for 
photoluminescence and photoluminescence quantum efficiency measurements.  

2.2.2. Thin films 
Thin films (nanometre scale thicknesses), were fabricated by spin coating polymer solutions onto fused 
silica (12 x 12 mm, UQG Optics Ltd), sapphire (12 mm diameter, c-axis cut, UQG Optics Ltd) or FTO-
coated glass (hand cut, varying size) substrates.  
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Immediately prior to spin coating, polymer solution is deposited onto the planar substrate held 
horizontally in place using a vacuum seal. The substrate holder is then accelerated rapidly up to a 
specified rate of rotation. Rotation at constant angular velocity (typically 2000 rpm) continues for a 
fixed period (typically 60 seconds), followed by rapid deceleration. During the coating process, 
molecules from the polymer solution flows outwards radially, with hydrodynamic forces flattening the 
liquid into a planar film. As rotation continues, film thinning continues due to evaporation of solvent 
molecules, eventually leaving a solid film of polymer (solute) molecules on the substrate.134–136 The rate 
of film drying is found to profoundly affect polymer microstructure.135,137,138 
Following the coating procedure, the underside of the substrate is cleaned with a good solvent for the 
polymer, in order to remove any deposited polymer, leaving a thin polymer coating on the desired plane 
only. Further details on the specific film fabrication conditions, such as solution concentrations and spin 
coating parameters, are given in Appendix A.  
  

2.2.3. β-phase formation 
Throughout this thesis, the planarised β-phase conformational isomers of the polymers PFO and PODPF 
are discussed. The fraction of β-phase chains within as-cast films of the two polymers is low, 0–1%, 
depending upon the casting solvent used. Various techniques are used to induce and control the extent 
of β-phase formation. In PFO: 

1. β-phase fraction can be varied by pre-heating solution and substrate temperatures prior to 
casting, affecting the film drying rate.130,138 Casting from higher temperatures reduces the β-
phase fraction to ~ 0 at 100 °C.  

2. PFO thin films are exposed to solvent vapours by suspending above toluene in a sealed beaker 
annealed at 50 °C, typically for 2 hr. Solvent vapour annealing (SVA) induces β-phase 
formation,118 typically giving a β-phase absorption fraction of 6 (± 2)%.  
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3. 1,8-diiodooctane (DIO) is used as a solvent additive in solutions of PFO. The high boiling point 
of DIO slows solvent evaporation and promotes the formation of the β-phase, with β-phase 
fraction increasing with mass fraction (wt.%) of DIO.128,132  

4. Films are drop cast from solutions of PFO in decalin, and allowed to dry in ambient conditions 
for several hours.130 The high boiling point and poor solvent properties of decalin lead to 
significant β-phase formation, giving films with β-phase absorption fractions of ~ 25–30%. 
Slow solvent evaporation leads to uneven thickness films, thinner in the centre than at film 
edges, due to the ‘coffee-staining’ effect.139  

In PODPF, β-phase formation is induced by thermal annealing. The fraction of β-phase within a 
PODPF thin film can be well-controlled by varying the annealing temperature and time, as is described 
in detail in Chapter 4.  
 

2.3. UV-Visible absorption spectroscopy 
One of the most powerful experimental techniques used to characterise the optoelectronic properties of 
a polymer material is UV-Visible absorption spectroscopy. Absorption spectroscopy measures the 
intensity of light transmitted through (and reflected by) a material, as a function of wavelength, to 
determine a material’s absorption spectrum. In this work, several variants of absorption spectroscopy 
are employed to reveal various information.  

2.3.1. Steady-state absorption spectroscopy 
Steady-state absorption spectra are recorded by two methods. In the first method, the transmission of 
light through a polymer thin film or solution is measured, relative to transmission through air. 
Transmission is recorded across a wide wavelength region, typically between 190 and 800 nm. The 
transmission spectrum of a blank substrate for thin films, or a cuvette containing solvent only for 
solutions, are also measured as references.  
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Following the Beer-Lambert-Bouguer law,140–142 the attenuation of light through a solid sample or 
solution is proportional to the strength of absorption by chemical species present within the sample,  

 
Equation 11. Absorbance described in terms of transmitted intensity and attenuation. 

where Tsample and Treference are the transmitted light intensity through the polymer sample and reference, 
ε [L mol−1 cm−1] and µ [L g−1 cm−1] are the molar attenuation and mass attenuation coefficients of 
absorbing species, cmolar [mol L−1] and cmass [g L−1] are the molar and mass concentrations of absorbing 
species, l [cm] is the solution path length, α [cm−1] is the film (linear) absorption coefficient and d [cm] 
is film thickness. Attenuation coefficients are also commonly referred to as extinction coefficients, 
however this terminology is discouraged by the International Union of Pure and Applied Chemistry 
(IUPAC).143 Dividing the sample transmitted intensity by the reference transmitted intensity corrects 
for the absorbance of the blank substrate for thin films, or cuvette and solvent for solutions. In practice, 
as the concentration of absorbing species within polymer chains is unknown, polymer concentration is 
used to determine absorption coefficients.  
In the second method for determining the absorption spectra of polymer thin films, both transmission 
and reflection of polymer films are measured. Although the Beer-Lambert-Bouguer law is most 
commonly used, because of the relative ease in determining absorption coefficients, the law does not 
account for sample reflection. Reflection leads to decreased transmission, which may then be falsely 
misinterpreted as absorption signals according to Beer-Lambert-Bouguer. This is particularly the case 
in highly reflecting samples, such as aggregated solutions or highly crystalline films. Therefore, 
correcting for reflection gives the absolute absorption of a sample, 

 
Equation 12. Absorption as related to transmission and reflection.  

where T and R are the transmission and reflection of the thin film. 
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Figure 20. Example transmission, reflection, absorption and absorbance spectra obtained from UV-Vis 
spectroscopy of a ~ 100 nm PODPF thin film on a fused silica substrate. (a) Shows the measurements obtained 
using the Shimadzu UV‐2600 to find sample absorption, while (b) shows the measurements recorded using the 
Shimadzu UV‐2550 or Jasco V-660 spectrometers to find sample absorbance.  
UV-Vis spectra displaying absorbance and absorption can be differentiated by their units: absorbance 
is a unitless quantity, while absorption is given as a percentage. As such, absorption spectra plotting 
absorbance give absolute absorbance values (i.e. not normalised or scaled in any way), unless explicitly 
stated otherwise. Absorbance and optical density (OD) are sometimes used interchangeably, however 
the use of OD has been discouraged by IUPAC.143 
Absorbance spectra of thin films presented herein were recorded using a Shimadzu UV‐2550 
spectrophotometer, and absorption (%) spectra were recorded with a dual‐beam Shimadzu UV‐2600 
spectrophotometer equipped with a diffusely reflecting (barium sulfate, BaSO4, inner coating) 
integrating sphere attachment, unless otherwise stated. For reflection measurements, samples are 
mounted to give a 4° angle between excitation beam and the normal to the film, and another 4° between 
the film normal and detector, which allows the collection of specular reflection. The diffusely reflecting 
coating of the integrated sphere allows diffuse reflection to also be collected. Absorbance spectra of 
solutions were recorded by Shimadzu UV‐2550 (Imperial College London) and Jasco V-660 (ETH 
Zürich) spectrophotometers. 
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Transmission and reflection are measured incrementally, in 0.5 nm or 1 nm steps, by passing the 
excitation beam through a monochromator prior to transmission through the sample. The spectral 
resolution of the measurements is determined by the ‘slit width’, which controls the intensity and 

spectral linewidth of the optical excitation beam. A slit width corresponding to a linewidth of 1 nm was 
used throughout to ensure fine resolution of sharp absorption features.  

2.3.2. Transient absorption spectroscopy 
Transient absorption spectroscopy (TA or TAS) is a two-pulse ‘pump-probe’ measurement, using 

ultrafast (~ 100 femtosecond) laser pulses to first excite, ‘pump’, a sample into an electronic excited 
state, then ‘probe’ the excited state absorption after a certain time delay with a second broadband beam. 
The time delay between pump and probe pulses is also varied, on the fs–ns timescale, so that excited 
state absorption can be measured as a function of time, known as the excited state kinetics or dynamics. 
TA spectroscopy captures a ‘snapshot’ of short-lived excited state species that are undetectable with 
conventional steady-state absorption spectroscopy. TA spectra are principally composed of three 
components: the reduction of absorption by molecules in the ground state (ground state bleach, GSB), 
increased absorption by excited states (photoinduced absorption, PIA) and stimulated emission (SE). 
Measuring the excited state absorption spectra as a function of time allows excited state lifetimes and 
energy and charge transfer rates to be determined, revealing the generation and relaxation pathways of 
excited state species. Therefore, from TAS a deeper understanding can be gained of the photophysical 
processes in conjugated polymers, critical to their application in optoelectronic devices.  
Measuring the transmission of the probe pulse through the sample before and after excitation allows the 
change in absorption to be determined. So-called transient absorption spectra are presented here in terms 
of the fractional change in transmission, ΔT/T, 

 
Equation 13. Fractional change in transmission obtained during TAS measurements.  
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where Tpump+probe is the probe beam transmission through a sample at the ‘delay time’ Δt between the 
pump and probe pulses, and Tprobe is the sample transmission due to the probe pulse only, in the absence 
of the pump pulse. TA spectra are also often presented as the change in absorbance due to the pump 
pulse, ΔA (commonly ΔOD in the literature).  
Prior to data analysis, TA data were corrected for the chirp of the probe pulses, adjusting the zero time 
across the spectra to 10% of the maximum integrated spectral area. 

2.3.2.1. Experimental setup 
The TA measurements presented in Chapter 3 were performed using the ULTRA instrument at the 
STFC Rutherford Appleton Laboratory. The ULTRA setup has previously been described in detail 
elsewhere by Greetham et al..144 To summarise, ~ 50 fs pulses are first produced by an amplified 
titanium sapphire laser (Thales Optronique) at a repetition rate of 10 kHz. Then the laser output at 800 
nm is split into two parts. The first part generates the pump pulse through an optical parametric amplifier 
(TOPAS OPA), at either 385 or 437 nm. The temporal FWHM of the pump pulses were observed 
experimentally to be ~ 150 fs, giving Δλ = ± 4 nm, assuming pulses are transform-limited. The second 
part of the laser output is used to create a broadband white light pulse, λ = 520–1090 nm, by focusing 
the laser fundamental into a 2 mm calcium fluoride plate. The probe pulse was also split into two parts. 
The first part focused onto the sample, and the second was used as a reference beam to monitor 
variations in the laser spectrum and intensity. The transmission of probe pulses (sample and reference) 
were measured using 512-pixel silicon single-diode arrays.  
The diameters of pump and probe beams were approximately 160 and 80 μm respectively, and were 

overlapped spatially on the sample. Pump and probe pulses were modulated at 5 and 10 kHz 
respectively, allowing the difference spectra between ‘probe-only’ and ‘pump+probe’ transmission to 

be obtained in real time. The time delay between pump and probe pulses was controlled by an optical 
delay line. Distortions in the white light probe beam intensity were present due to the probe being 
coincident with the laser fundamental at ~ 1.55 eV. As a result this region of the TA spectra was 
removed for all data sets.   
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During TA measurements, thin films were held in a helium-cooled cryostat at 290 K and 15 K, regulated 
with a temperature controller (ΔT = ± 2 K). The cryostat was rastered continuously in the x and y planes 
throughout measurements to minimise sample degradation. PL emission spectra of samples measured 
before and after TA measurements showed no observable changes, indicating negligible degradation.  
 

2.3.3. Photoinduced absorption spectroscopy 
Photoinduced absorption spectroscopy (PIA) is another ‘pump-probe’ technique used to examine the 
absorption and lifetime of excited state species in conjugated polymers. Unlike TAS, PIA is referred to 
as a ‘quasi-steady-state’ technique, as samples are ‘pumped’ with a continuous wave laser, modulated 
at a given frequency using a mechanical chopper, and probed with a continuous broadband lamp, 
modulated at a second frequency. The effective timescale of pump-probe delay covered by PIA is much 
slower than TAS, on the order of µs–ms. Like TAS, PIA measures the fractional change in the probe 
transmission through the sample, ΔT/T, due to excitation by the pump beam.  

2.3.3.1. Experimental setup 
The double modulation technique used in PIA experiments is described in detail elsewhere.145 In brief, 
samples were excited with a 406 nm laser, modulated at 170 Hz, and probed with a 150 W tungsten-
halogen lamp modulated at 139 Hz. The probe beam passed through a monochromator prior to the 
sample, and so ΔT/T was measured incrementally in 2 nm steps between 550 and 1000 nm. Transmission 
was measured using a Si avalanche photodiode. Two lock-in amplifiers were used to measure ΔT, 
referenced to the sum frequency of the pump and probe (309 Hz) and T, referenced to the probe 
frequency.  
PIA measurements were performed with thin film samples mounted in a closed-cycle cryostat cooled 
and held at 12 K. Low temperature photoluminescence measurements were also measured in this setup, 
by blocking the probe beam and extracting PL from ΔT. 
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2.3.4. Spectroelectrochemical measurements 
In Chapter 5, spectroelectrochemical measurements are presented. Here, steady-state UV-Vis 
absorption spectra of a sample immersed in an electrolyte are recorded in situ while a potential bias is 
applied to the sample. This measurement reveals the ability of a sample to be electrochemically doped, 
as well as the absorption spectrum of the doped (polaron) state.  
Measurements were performed using an Autolab PGSTAT101 potentiostat with a 3-electrode setup. 
Polymer samples spin cast onto FTO-coated glass slides acted as the working electrode, the counter 
electrode was a platinum mesh and the reference electrode was Ag/AgCl calibrated against ferrocene 
(Fc/Fc+). The electrolyte was an anhydrous, degassed 0.1 mol dm−3 tetrabutylammonium 
hexafluorophosphate (TBAPF6) acetonitrile solution. The polymer sample working electrode was 
immersed into the electrolyte within a cuvette.  
Transmission measurements of the polymer/FTO/glass samples were performed using a Shimadzu UV-
1601 UV-VIS spectrometer, with the spectrometer beam passing through the cuvette containing the 
electrolyte and polymer/FTO/glass sample. Spectra were corrected against the transmission of a blank 
FTO-coated glass substrate prior to conversion to absorbance. Potentials were applied for at least 10 
seconds, in order to allow current levels to stabilise, prior to the recording of transmission spectra at the 
applied voltage. The sequence of applied potentials alternated between zero (vs. Ag/AgCl) and the 
positive voltages indicated in the figure legends. Returning to zero voltage between positive voltage 
steps allowed for de-doping to occur and allow continual assessment of the polymer ground state 
absorption. 
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2.3.5. GPC with in-situ absorption spectroscopy 
2.3.5.1. Gel permeation chromatography 

Gel permeation chromatography (GPC) is a size-exclusion chromatography, where molecules 
(analytes) in solution (eluent) are separated by size during passage through a column containing a 
microporous gel. GPC is the most common technique used to determine the molar mass distribution of 
polymer samples.  
The rate at which molecules pass through the GPC column depends on their size (hydrodynamic radius), 
with larger molecules (i.e. longer polymer chains) spending less time in the column pores than smaller 
molecules, and so exit the column earlier. The amount of material (polymer concentration/polymer mass 
fraction) exiting the column is measured as a function of time (retention time). The detector is a 
differential refractometer (referred to as a ‘refractive index detector’, or RID) that measures the 
deflection of light caused by differences in refractive index between a sample cell containing both 
polymer and solvent vs. a reference cell containing solvent-only (more detail is given in the attached 
reference).146 The concentration (relative rather than absolute) of polymer is determined from the degree 
of light deflection.  
Retention time is converted to molar mass by calibration using a series of non-disperse or low dispersity 
reference materials of known absolute molar mass. Non-conjugated polystyrene (PS) is the most 
commonly used reference standard. It is noted however that PS-calibrated GPC measurements are well-
known to overestimate the average molar mass of π-conjugated materials, due to the significantly 
smaller hydrodynamic radius of ‘random-coil’ PS chains vs. ‘rigid-rod’ π-conjugated polymers, with 
the degree of overestimation increasing with molar mass.39,147 

2.3.5.2. In situ UV-Vis absorption spectroscopy 
In GPC systems equipped with multiple detectors, steady-state absorption spectra of size-separated 
polymer chains exiting the GPC column can be recorded in situ with polymer concentration as a 
function of elution time, as illustrated in Figure 21.148  
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Figure 21. Illustration of a GPC system equipped with both RID and DAD detectors, allowing the in situ 
measurement of absorption as well as polymer concentration following size separation of chains in the GPC 
column. GPC column graphic courtesy of Joshua Taylor.  
This allows the optical properties of polymer chains of varying lengths to be probed within a single 
disperse polymer sample, from short chain oligomers to polymer chains with a high degree of 
polymerisation. Despite the commercial availability of the UV-Vis diode array detector (DAD)149 and 
consequent relative ease of measurement, very few reports using the technique have been made.150–153 
None (to the author’s knowledge) have used the technique to investigate the chain length-dependent 
optical properties of disperse polymer samples. This elegant technique offers different insights over 
other molar mass dependent studies which typically measure the ensemble-averaged optoelectronic 
properties of samples with varying average molar mass and dispersity, with average DP within the 
‘polymer regime’ (>~ 10–20 repeat units). Hence, there is much potential for the widespread use of the 
technique for characterising chain length-dependent properties of polymers.  
GPC with in situ absorption spectroscopy was performed using an Agilent Technologies 1260 Infinity 
GPC System with 1260 RID and DAD VL attachments. The DAD VL attachment measures absorbance 
(1 cm path length), while the RID detector measured polymer concentration following size separation 
in the GPC column, both as a function of elution time. Measurements were performed at 80 °C, using 
analytical grade chlorobenzene as eluent and two PLgel 10 µm MIXED B columns in series. Molar 
mass vs. elution time was calibrated using Agilent EasiVial low dispersity polystyrene standards of 
known absolute molar mass. Sample solutions for GPC were prepared in chlorobenzene with 
concentrations of ~ 1–2 mg mL−1 and filtered with VWR PES membrane 0.45 μm syringe filters. An 

injection volume of 50 μL and GPC flow rate of 1.00 mL min−1 was used. 



Experimental methods and materials 

 48  

In situ absorption spectra were first background corrected, based on spectra at short and long elution 
times where no polymer chains were detected. Raw absorbance spectra measured at each elution time 
point represent absorption by multiple chains of a given narrow molar mass and chain length range. 
Although DAD and RID detectors record absorbance spectra and polymer concentration at 0.4 second 
(0.007 min) intervals, the temporal resolution of the DAD and RID signals were found to have a FWHM 
of ~ 0.25 min for non-disperse (3HT)n oligomer samples of precisely defined chain length. From this 
result, molar mass, Mi, values (and UV-Vis spectra recorded at a given molar mass) are found to have 
a precision of ΔMi(x) ≈ ± x/6. The DAD and RID detectors are placed in series, with a given polymer 
chain passing through the DAD detector 0.2 (± 0.01) min before the RID detector for all samples tested. 
Thus, the time axis of the DAD signal was shifted to match that of the RID prior to analysis.   
Relative absorption coefficient (εrel) vs. molar mass was estimated from in situ GPC measurements by 
dividing the DAD detector absorbance signal by the polymer concentration from the RID detector at 
each elution time point. It is noted that the temporal FWHM of the DAD signal was found to be narrower 
by ~ 5–10% for non-disperse oligomers used to test the system, leading to instrumental variation in εrel 
with varying molar mass of up to ~ 25% (Figure 22). As a result, only the highest intensity 90% of the 
DAD and RID signals were used to estimate the relative absorption coefficient, in order to reduce the 
influence of instrumental variation at low signal-to-noise levels.  
The DAD detector is designed with a high dynamic range, to be able to detect very small concentrations 
of polymer exiting the GPC column. The working range for absorbance is determined to be ~ 10−4 up 
to 3. The spectral resolution of UV-Vis spectra collected by the DAD is 4 nm, larger than conventional 
UV-Vis, in order to improve signal-to-noise. 
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Figure 22. (a) RID and DAD detector signals for a (3HT)n hexamer vs. retention time from in situ GPC 
measurements, (b) Relative absorption coefficient obtained from dividing the DAD signal by the RI signal, 
normalised arbitrarily, showing the instrumental variation in the signal of ~ 25 % due to the small difference in 
peak widths of RI and DAD signals. DAD UV-Vis signal measured at the absorption peak of 408 nm.  
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2.4. Photoluminescence spectroscopy 
Photoluminescence emission spectroscopy (PL) measures the intensity of light emitted from a material 
following optical excitation, as a function of emission wavelength. Measuring the variation in the PL 
spectrum as a function of temperature and time reveals further information about the nature of the 
emitting species. 

2.4.1. Steady-state photoluminescence spectroscopy 
In steady-state photoluminescence measurements, samples are excited with monochromatic light from 
a broadband, continuous wave lamp source which passes through a monochromator before reaching the 
sample. The excitation beam is rectangular in shape and typically 2 x 5 mm in size. Cuvettes containing 
solutions, and thin film samples are held vertically in the plane of the horizontal excitation beam and 
emission detector, which is perpendicular to the excitation beam. Between the sample and the emission 
detector, there is a second monochromator, allowing PL intensity to be measured incrementally, in 0.5 
nm or 1 nm steps, typically between 250 and 800 nm, depending on the sample. The incident angle of 
excitation on the sample is fixed at approximately 65° to the normal, as this angle was found to minimise 
the degree of self-absorption. The sample chamber is sealed so no stray light is detected, and 
measurements are performed in air. 
In contrast to PL emission measurements, where the excitation wavelength is fixed and PL intensity is 
measured as a function of emission wavelength, in photoluminescence excitation (PLE) measurements, 
the emission wavelength is fixed and PL intensity is monitored as a function of the excitation 
wavelength. In PLE measurements, the power of the excitation lamp is measured and used to account 
for the variable light intensity across the spectrum. PLE effectively reveals the ground state absorption 
spectrum that leads to emission at a given wavelength. It follows that in systems with multiple 
absorption and emission species, PL and PLE can be used together in conjunction to resolve and reveal 
associations between absorption and emission components.  
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Photoluminescence measurements were performed using HORIBA Scientific FluoroMax-4 (Imperial 
College London) and Jasco FP-8500 (ETH Zürich) spectrophotometers. The instruments allowed the 
slit width of the excitation beam and emission detector to be varied. The slit widths were varied 
somewhat to obtain a high signal-to-noise ratio but avoid detector saturation, with spectral linewidths 
generally kept below 1.5 nm to ensure high spectral resolution.  
The photoluminescence quantum efficiency (PLQE) of a material is given as the ratio of the number of 
photons emitted to the number of photons absorbed.78 PLQE measurements were carried out with 
samples mounted in the diffusely reflecting Quanta-φ integrating sphere attachment of the FluoroMax-
4 spectrophotometer. PLQE was determined following the methodology described by Ahn et al..154 The 
setup was calibrated against fluorescence standards Rhodamine 6G and Fluorescein,155 to ensure 
accuracy and reliability of calculated PLQE values. 

2.4.2. Temperature-dependent photoluminescence spectroscopy 
Steady-state PL measurements are performed as a function of decreasing temperature in Chapter 5. Thin 
film samples were held inside a helium-filled gas-cooled closed-cycle cryostat and excited with 
monochromatic light (± 1 nm), produced from a monochromated supercontinuum light source (Fianium 
WhiteLase, NKT Photonics). Emitted light was collected perpendicular to the excitation beam and 
focused onto a 100 µm diameter optical fibre. Collected emission was then dispersed onto an Andor i-
Dus CCD using an Andor SR-163 spectrometer. Emission signal was averaged over several hundred 
accumulations to increase signal-to-noise (typically 500 accumulations, with an exposure time of 0.001 
s). A background spectra recorded in the absence of excitation was subtracted from all PL spectra. The 
detector response across the spectra was calibrated against a known broadband light source to ensure 
reliability in the PL intensity.   
The excitation wavelength was 405 nm, and PL spectra were recorded in 10 K increments, with sample 
temperature held constant for 5 minutes before each measurement, to allow thermal equilibrium to be 
reached. The incident angle of excitation on the sample was approximately 60° to the normal, where 
detection of the laser excitation beam was minimised. Laser power was fixed and monitored throughout 
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the measurement sequence, however small changes in the angle of incidence of samples were observed 
upon cooling, presumed to be due to thermal stress. As a result, samples were re-positioned during the 
measurement to ensure detection of the excitation beam was again minimised, making quantitative 
analysis of absolute PL intensity changes not reliable.  

2.4.3. Time-resolved photoluminescence spectroscopy 
In time-resolved PL spectroscopy (TRPL), photoluminescence is recorded as a function of time 
following initial optical excitation by a laser pulse, on the ps–ns timescale. TRPL can be used to 
determine the fluorescence lifetime of emissive species, and probe the evolution of emissive states over 
time, as well as electronic energy transfer between distinct emissive species within a sample.156 
TRPL measurements were performed at room temperature in air. Samples were excited with a pulsed 
379 nm laser, at a repetition rate of 10 MHz. The excitation beam was focused onto the sample with a 
20x microscope objective, giving a pump beam diameter of << 0.5 mm. The sample was held at close 
to normal incidence to the excitation beam. A small ~ 5–10° deviation from normal incidence reduced 
reflection of the excitation beam, as emission was collected in a backscattering geometry. Resulting 
photoluminescence was focused into a Chromex 250 IS imaging spectrograph, coupled to a Hamamatsu 
C4334 Streakscope detector.  
The streak-camera setup measures PL intensity as a function of both emission wavelength and time 
simultaneously. This allows full PL spectra to be recorded as a function of time, and PL kinetics are 
obtained by integrating spectra with respect to time. The wavelength range of the detector was 400–680 
nm, with a 3 nm spectral resolution. The time range and subsequent temporal resolution of the 
measurements varied depending upon the sample. The FWHM of the pump pulse was measured as 130 
(± 30) ps for 1–2 ns range measurements and 2 (± 1) ns for 50 ns measurements.  
As with TAS measurements, TRPL data was chirp-corrected, adjusting the zero time across the spectra 
to 10% of the maximum integrated signal at each wavelength. All spectral integration was performed 
with respect to emission energy, with PL intensities scaled according to the Jacobian correction in order 
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to convert from wavelength to energy.157 PL kinetics are fitted with a single exponential decay function 
convolved with a Gaussian peak to represent the pump pulse.  
 

2.5. Raman spectroscopy 
Raman spectroscopy probes the vibrational modes within a material through inelastic Raman scattering 
of photons. The majority of light scattering events are elastic, meaning there is no change in the energy 
between incident and scattered light, known as Rayleigh scattering. However a very small fraction of 
incident light, ~10−7, undergoes inelastic Raman scattering, where a small amount of energy is 
transferred to/from the vibrational modes of the material. Scattering processes are illustrated in Figure 
23.  

 
Figure 23. Jablonski energy level diagram, showing an electronic-vibrational level manifold within a molecule, 
indicating the different types of light scattering processes and the Raman shift energy.  
In Raman scattering, an incident photon excites a molecule from an initial vibrational level of the ground 
electronic state into a virtual excited state (in the non-resonant case). The virtual excited state relaxes 
back into a different vibrational level of the ground electronic state, and gives off a scattered photon. 
The scattering process is instantaneous, in contrast to photoluminescence. A Raman probe that is lower 
in energy than the electronic transition energy is termed ‘non-resonant’, while a probe that is higher 

energy than the optical band gap is ‘resonant’.  Critically, the instantaneous Raman scattering process 
induces a change in the vibrational energy level of the molecule. Raman scattering where the final state 
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is in a higher vibrational energy level than the initial state is termed Stokes’ scattering, and relaxation 
to a lower vibrational energy level is anti-Stokes’. Therefore, measuring the energy difference between 
incident and scattered photons reveals the vibrational energy levels of the molecule.  
Classically, in order for a vibrational mode to be Raman-active and cause significant Raman scattering, 
the vibration must cause a change in the polarizability (how easily electrons distort in response to an 
external electric field) of the molecule. The Raman scattering intensity increases with the change in 
polarizability. The polarizability of conjugated polymers is high due to their extended, delocalised 
system of π-electrons, and varies with properties such as the conjugation length. The frequency of 
vibrational modes is also sensitive to their electronic environment. Consequently, Raman spectroscopy 
is highly applicable for probing the molecular structure of conjugated polymers.158,159 Examples of 
vibrational modes that can be identified by Raman spectroscopy are shown in Figure 24 for the 
conjugated polymer PSBS.47  

 
Figure 24. Illustration of bond stretching vibrational modes in a dimer of the polymer PSBS, and their Raman 
shift values. Reproduced with permission from Wood et al.47 © 2016 Royal Society of Chemistry. 
Raman spectra are presented with the intensity of scattered light plotted as a function of the change in 
energy, or Raman shift, of the scattered light with respect to the Raman probe. Raman shifts are typically 
presented in wavenumbers, Δν [cm−1], with positive values for Stokes’ scattering.  
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The Raman spectra presented in Chapter 5 were obtained using a Renishaw inVia spectrometer. Thin 
film polymer samples were excited with non-resonant 633 nm and 785 nm continuous wave diode 
lasers. To minimise sample degradation and improve signal-to-noise, measurements were performed 
under a nitrogen atmosphere, with a large number of accumulations taken for a short exposure time 
(typically 30 exposures for 2 s each). Baseline signal due to background photoluminescence and 
substrate scattering was removed by point-to-point linear interpolation between points with no Raman 
signal.  
 

2.6. Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance spectroscopy (NMR) measures the change in resonant frequency of nuclei 
within a sample (most commonly 1H and 13C) with respect to a reference standard, under an applied 
magnetic field. The change in frequency, or chemical shift (δ) depends upon the surrounding chemical 
environment. As a result, every molecule has its own unique NMR spectrum, and so NMR is commonly 
used to identify molecules. 
1H and 13C NMR spectra were recorded with a Bruker AV300 MHz instrument (ETH Zürich) using 
CDCl3 as solvent.  
 

2.7. Density functional theory calculations 
Density functional theory (DFT) is a quantum mechanical theoretical modelling technique developed 
to model the electronic structure of molecules.160–162 DFT has many applications and is used in Chapter 
6 to estimate the absorption transition energies and potential energies of PPM molecules as 
conformation is varied. DFT calculations were performed using the Gaussian 09 software, using either 
B3LYP163,164 or ωb97-xd (based on the D2 functional of Grimme et al.165) functionals with the 6-31G 
basis set.166  
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2.8. Film characterisation 
In order to determine the thickness of polymer films, a Bruker Dektak XT profilometer was used. 
Narrow lines of material were removed using a blunt needle. The film topography was measured, with 
the height difference between the film and exposed substrate giving the film thickness. Thickness was 
measured in several locations across the film to estimate variability.  
Film roughness is determined by atomic force microscopy (AFM), using an Agilent 5500 AFM system 
to measure surface topography. Measurements were performed in tapping mode,167 probing 5 x 5 µm 
areas of the films. Root mean square (RMS) roughness values were obtained using the open-source 
Gwyddion 2.50 software. 
The physical anisotropy within films containing crystalline regions can be observed optically by 
polarised microscopy. Here, an Olympus BX51 microscope (50x magnification) was used to image 
polymer thin films under crossed-polarisers.  
 



   57  
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polaron generation in poly(9,9-dioctylfluorene) 
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3.1. Contributing authors 
PFO samples for TAS measurements were fabricated (and characterised with UV-Vis and PL 
spectroscopy) by Dr. Aleksandr Perevedentsev (ICL, now of Campoy-Quiles group, ICMAB). TAS 
measurements were performed with Prof. Sophia Hayes (University of Cyprus), Laura-Isabelle Dion-
Bertrand (University of Montreal, now of Photon etc.) and the ULTRA facility team, namely Prof. Tony 
Parker, Dr. Greg Greetham and Dr. Igor Sazanovich at the Rutherford Appleton Laboratory, Harwell. 
PIA measurements were performed by Manuel Ortiz with help from Dr. Claudia Bazan at the University 
of Montreal (Silva group, now relocated to Georgia Tech). 

3.2. Introduction 
The molecular arrangement, or microstructure, of semiconducting polymer chains in the solid-state 
fundamentally affects their photophysical properties. Solid-state microstructure, and the resulting 
energetic landscape, is one of the most important factors controlling exciton dissociation into polarons 
in conjugated polymers. In order for exciton dissociation into polaron states to occur in semiconductor 
conjugated polymers, large exciton binding energies much greater than thermal energy must be 
overcome.74,75 For the polyfluorene homopolymer poly(9,9-dioctylfluorene) (PFO), an exciton binding 
energy, Eb = 300 ± 100 meV (cf. kBT = 25 meV at room temperature), has previously been estimated 
(for an as-cast sample, implicitly assumed to be purely glassy-phase) from the difference between 
threshold energies for charge injection (and hence single polaron formation) and exciton generation, 
estimated from scanning tunnelling microscopy and optical spectroscopy measurements respectively.75 
Exciton binding energy can be reduced in more complex copolymers with electron donating and 
electron accepting moieties (donor-acceptor or D-A), where spatial separation of electron 
wavefunctions reduces Coulombic attraction.168 Likewise, in organic solar cells, blends of electron 
donor and acceptor materials are used to induce further spatial separation of charged electronic states.76  
Intriguingly, in relatively simple homopolymers where there is an absence of an obvious energetic 
driving force for exciton dissociation, ultrafast photogeneration of polarons has been observed in several 
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polymers.169–175 Therefore, questions which remain pertinent to the fundamental understanding of 
semiconducting polymers include: (i) How are the driving forces for exciton dissociation in conjugated 
homopolymers governed by microstructure? And: (ii) How general are these factors within the 
extensive family of conjugated polymers?  
Recent studies investigating the effect of microstructure on polaron photogeneration in regioregular 
poly(3-hexylthiophene) (P3HT) have shown that charge generation increases with mass-average molar 
mass (Mw).104,176–178 This observation is attributed to the transition in microstructure from a single-phase 
system of polycrystalline domains to a two-phase semicrystalline structure of crystalline regions 
separated by disordered (pseudo-amorphous) chains. Similarly, increased charge generation in 
regioregular vs. regiorandom P3HT is attributed to transition from an amorphous to semicrystalline 
microstructure,179 while studies also have found increased charge carrier mobility for better-connected 
two-phase systems of P3HT,111,180–182 further highlighting the profound influence of molecular 
arrangement on optoelectronic properties. Recent studies have also highlighted the importance of a high 
degree of electronic delocalisation for enhanced polaron generation.183–185 The width of the energetic 
density of states (DOS, also termed energetic disorder), resulting from conformational variation within 
populations of polymer chains, together with local effects such as proximity to polar groups and 
surfaces, has been identified as another important factor controlling charge generation in neat 
materials.104 Recent theoretical simulations and modelling of D-A heterojunctions further suggest that 
charge separation is facilitated by energetic disorder,186 with a broader density of states (higher degree 
of disorder) decreasing the energy barrier and increasing the probability of charge separation.187,188  
Gaining further insight into the relationship between microstructure and polaron generation requires the 
study of more conjugated polymers, particularly those for which the energetic DOS and microstructure 
can be systematically controlled.  Hence, in this chapter, a detailed study of polaron generation in PFO 
is presented. By careful variation of the fraction of low-energy, highly-ordered β-phase segments within 
otherwise disordered glassy films, both the microstructure and energetic landscape are systematically 
varied for a series of PFO thin films. An increase in polaron generation has previously been reported in 
PFO containing β-phase chains vs. purely glassy-phase films.189–191 Here, ultrafast transient absorption 
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(TA) and quasi-steady-state photoinduced absorption (PIA) spectroscopy measurements are used to 
reveal the formation and dynamics of polaron, triplet and singlet excited state species, and their 
dependence on β-phase fraction and selective excitation of glassy and/or β-phase chain segments.  

3.3. Experimental methods 
Film fabrication details are given in Appendix A. Transient absorption spectroscopy was performed at 
room and low temperatures, for pump wavelengths of 385 nm and 437 nm, selectively exciting glassy-
phase and β-phase chains respectively. Further details are given in Chapter 2, Section 2.3.2. 
Photoinduced absorption spectroscopy was performed at 12 K, for 406 nm excitation modulated at 170 
Hz. For full details see Chapter 2, Section 2.3.3. 

3.3.1. TA spectral fitting 
TA spectra (ΔT/T vs. energy) are separated into their various excited state absorption components to 
reveal the kinetics of individual species. TA spectra at each delay time were fitted with a linear 
superposition of spectral profiles: two Gaussian peaks represented glassy-phase polaron and triplet 
excited state absorption; two Lorentzian functions represented β-phase polaron and triplet excited state 
absorptions; and the excited state singlet absorption was represented by a linearly scaled ‘singlet-only’ 

TA spectrum. The ‘singlet-only’ spectrum for a given sample was the TA spectrum at the earliest delay 
time exhibiting a reliable signal, before the resolution of triplet and polaron signals at later times. This 
delay time was found to be at the peak of the integrated TA spectral area, at Δt = 200–300 fs. Spectra 
were fit between 1.38 eV and 2.17 eV, using a least squares fitting procedure to minimise the residual 
between measured and fitted values. Limits for peak positions and widths for the Gaussian and 
Lorentzian functions representing polarons and triplets were chosen based on the results of photo-
induced absorption spectroscopy measurements, to reasonably constrain fits. Subsequently, fitted TA 
spectral components (excited state singlet, polaron and triplet) were integrated between 1.38 and 2.17 
eV at each time delay point to yield excited state kinetics.  
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3.3.2. Estimation of polaron and triplet generation yields  
In order to estimate the photogenerated yield of polarons and triplets in PFO, the population of excited 
state species as a function of time must first be determined from integrated TA signals using equations 
derived from the Beer-Lambert-Bouguer law,140–142 

 
Equation 14. Excited state population determined from absorbance, absorption cross-section and film thickness.  

 
Equation 15. Relationship between the change in absorbance and the change in transmission in TA experiments. 
where NES [cm−3] is the population of a given excited state species, ΔA is the associated change in sample 
absorbance (a spectrally integrated area in this study rather than absorbance at a single wavelength), σES 
[cm2] is the absorption cross-section and d [cm] is film thickness.  
Absorption cross-sections are difficult to obtain experimentally from TA measurements,192 often 
requiring photophysical models. Although there are literature values for some excited state species of 
PFO (obtained from different measurement techniques in separate studies), there is no self-consistent 
source containing singlet, polaron and triplet cross-sections for all species for PFO. Nevertheless, 
absorption cross-sections can be estimated using the best available values for PFO and similar fluorene-
based polymers: glassy hole polaron, σglassy-pol = 8 x 10−16 cm2 and β-phase hole polaron, σβ-pol = 4 x 10−16 
cm2 from spectroelectrochemical measurements of PFO;193,194 a lower limit for triplets of σtriplet ≥ 2 x 

10−16 cm2 from photoinduced absorption spectroscopy of PFO,195 and excited state singlet and triplet 
cross-sections for the related step-ladder polyfluorene PIFTO (σS1Sn = 3 x 10−16 cm2 from TA)173 and 
fluorene copolymer F8BT (σtriplet = 3.1 x 10−16 cm2) respectively.196 Based on these literature values, the 
absorption cross-sections given in Table 1 were used to estimate excited state populations. The 
uncertainty in the values is projected to be ± 33%. 
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Table 1. Estimated absorption cross-sections, σ, for excited state species of PFO based on literature values.  
Excited state species σ (cm2) Singlet (Glassy and/or β-phase)  3 (± 1) x 10−16 Triplet (Glassy and/or β-phase) 3 (± 1) x 10−16 Polaron (Glassy-phase) 4 (± 1.3) x 10−16 Polaron (β-phase) 8 (± 2.7) x 10−16  

The yield of polarons and triplets from an initial excited state population dominated by singlet states 
was then obtained from the ratio of the maximum populations of polarons or triplets to singlets, i.e.:  

 
Equation 16. Photogenerated yield of polarons or triplets determined from excited state populations. 

The uncertainty in the yield estimation was obtained by propagation of errors, based on the uncertainties 
quoted in Table 1 for the absorption cross-sections, as well as estimated percentage errors of ± 20 % for 
the TA spectral areas obtained from fitting, and the variability in film thicknesses quoted in Appendix 
A of around ± 10 %. From this, the percentage error in the final yield estimates are found to be ± 60 %.   
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3.4. Results 
3.4.1. Controlling PFO microstructure 

Figure 25 shows the steady-state absorption spectra for PFO thin films with varying fractions of β-phase 
chains. Samples with varying amounts of β-phase are prepared using previously reported processing 
techniques – glassy-phase samples were made by spin-casting with solution and substrate pre-heated to  
high temperatures; 7–8% β-phase samples were generated by annealing films in toluene vapour; and 
23% β-phase films were generated by drop-casting solutions of PFO in decalin.118,130,197 The spectra 
comprise a superposition of the absorption profiles of glassy and β-phase chains. Full film fabrication 
details for all chapters are given in Appendix A.  

 
Figure 25. (a) UV-Vis absorption spectra for PFO thin films: (a) 100% glassy-phase and films containing (b) 8 
(± 2)% and (c) 23 (± 2)% absorption by β-phase chains. Spectra are shown resolved into their glassy-phase (G, 
blue shading) and β-phase (β, orange shading) components. Excitation wavelengths used in transient absorption 

spectroscopy of 385 nm (blue band) and 437 nm (orange band) are highlighted. (d) PFO chemical structure and 
schematics of chain segments in glassy and β conformational phases, highlighting the differences in torsion angle 

(alkyl side chains removed for clarity).  
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By subtracting the 100% glassy-phase spectrum and fitting the resulting difference spectra with a series 
of Gaussian peaks, an example of which is given in Figure 26, the glassy and β-phase contributions can 
be separated, as shown in Figure 25. Integration of the π‒π* absorption contributions up to 3.88 eV 
(320 nm), and correction for the calculated difference in oscillator strength of glassy and β-phase 
chains,198 allows the fraction of β-phase chains to be estimated from the absorption fraction, yielding 8 
± 2 %  and 23 ± 2 %.  
As expected,118 formation of β-phase chains gives rise to lower energy absorption peaks relative to the 
disordered glassy-phase, with clearly resolved vibronic peaks. The energy difference between 
absorption maxima of the glassy and β-phases is 380 meV. This offset represents a substantial and sharp 
energy step, both along and between polymer chains, at the interface between glassy and β-phase 
segments. The β-phase chains have also been previously shown to display a notable increase in 
polarizability,195 demonstrating enhanced delocalisation of the exciton wavefunction.  

 
Figure 26. Absorption difference spectrum (black line) between glassy-phase only and 23 (± 2) % β-phase sample, 
fitted with positive Gaussian peaks representing β-phase vibronics (orange lines), negative peak representing loss 
in glassy-phase absorption (blue line) and fit residual (green line).  
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3.4.2. Transient absorption spectroscopy 
After establishing the effect of introducing β-phase conformation chain segments on the microstructure 
of PFO from steady-state optical spectra, transient absorption spectroscopy is performed to examine the 
generation of excited state species. Figure 27 shows ultrafast low-temperature transient absorption 
spectra of 100% glassy-phase and 23% β-phase PFO samples excited at 385 nm with FWHM ≈ 150 fs 

pump pulses.  

 
Figure 27. Low temperature (T = 15 K) transient absorption spectra (385 nm excitation, 30 µJ cm−2 pump fluence, 
varying pump-probe delay times) for PFO thin films containing (a) 100% glassy-phase chains and (b) 23 (± 2) % 
β-phase chains. TA spectra at early pump-probe delays are dominated by singlet excited state transition (red 
lines). Lower panels show typical Gaussian and Lorentzian peaks used to represent glassy and β-phase triplet 
(green lines) and polaron (blue lines) transitions. Insets: Schematics illustrating chain ensembles without (a) and 
with (b) β-phase chain segments. 

For glassy-phase samples at Δt = 300 fs, a broad excited state band with a maximum at ~ 1.60 eV is 
observed, which is assigned to the S1  Sn singlet transition. A relatively narrow peak subsequently 
emerges at 2.10 eV, resolved within the first 500 fs following excitation, superimposed on the S1  Sn 
band. This peak is assigned to polaron absorption, in line with previous spectroelectrochemical studies 
of doped PFO and the closely related polyfluorene PF6.193,199 This result demonstrates the ultrafast 
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photogeneration of polarons in neat PFO, consistent with previous TA measurements.171,191,200 A second 
narrow peak/shoulder at around 1.5 eV becomes evident from Δt ~ 1 ps, assigned to T1  Tn triplet 
absorption, as previously reported on the basis of its long lifetime and sensitivity to oxygen.189–191,195  
In β-phase samples, additional peaks are observed at ~1.93 eV and 1.42 eV, red-shifted by ~ 0.2 eV and 
0.1 eV respectively, and further narrowed relative to glassy-phase polaron and triplet peaks. These peaks 
are assigned to absorption by polarons and triplets localised on β-phase chain segments, due to their 
lower energy and narrower linewidths, akin to the additional β-phase transitions in steady-state PFO 
absorption spectra. The S1  Sn band is also broadened on the low energy edge due to the presence of 
a red-shifted β-phase singlet absorption contribution. 
Similarly to steady-state absorption spectra, the various glassy and β-phase absorption species that 
comprise the TA spectra can be separated through spectral fitting. Typical spectral profiles of excited 
state species used in fitting are shown in Figure 27, with fitting details described in the experimental 
methods. The ability to spectrally resolve signals from different excited state species, and to also 
distinguish between signals originating from glassy and β-phase chains allows the influence of varying 
microstructure on polaron photogeneration in PFO to be elucidated and quantified.  
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Additional 15 K TA measurements were also performed for 8% and 23% β-phase films under selective 
excitation of β-phase chains at 437 nm (Figure 28). This allows comparison of polaron photogeneration 
originating from glassy-phase (and a small minority of β-phase) vs. β-phase only excited states for 385 
nm vs. 437 nm excitation, as discussed further on.   

 
Figure 28. Low temperature (T = 15 K) transient absorption spectra (varying pump-probe delay times, pump 
fluence = 30 µJ cm−2) of PFO thin films containing 8 (± 2) % β-phase chains following excitation at: (a) 385 nm 
and (b) 437 nm; and (c) a 23 (± 2) % β-phase film excited at 437 nm.  
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Focus is made on low temperature measurements since TA spectral features are more clearly resolved 
at 15 K than at room temperature (shown in Figure 29 for comparison), due to reduced thermal 
broadening. 

 
Figure 29. Room temperature TA spectra of PFO thin films containing (a) glassy-phase chains only and (b) 23 (± 
2) % β-phase chains, for a pump-probe delay of 800 fs following excitation at: (a) 385 nm (fluence = 40 µJ cm−2) 
and (b) 437 nm (fluence = 30 µJ cm−2). TA spectra (black lines) are fitted by a linear superposition of scaled 
early pump-probe delay (Δt = 300 fs) spectra representing the excited state singlet transition (red lines) and 
Gaussian and Lorentzian peaks representing triplet (green lines) and polaron (blue lines) transitions for both 
glassy (G) and β-phase (β) species 
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The majority of the TA results discussed in this chapter are for a pump fluence of 30 µJ cm−2. In this 
fluence region the intensity–fluence response across the PIA band is linear, as shown in Figure 30. At 
higher fluence, the intensity–fluence response becomes sub-linear with an inflection point at ~ 100 µJ 
cm−2, consistent with previous TA studies of PFO.171 The non-linearity is more severe when exciting 
the β-phase selectively (Figure 30 (c)), due to more rapid depletion of the smaller ground state 
population of the minority β-phase. Therefore, to minimise the effects of second order processes such 
as singlet-singlet annihilation and best represent a solar-level fluence, the effect of microstructure on 
polaron generation is primarily discussed based on the lowest fluence results.   

 
Figure 30. Spectrally integrated TA signal area (T = 15 K) as a function of pump fluence at early pump-probe 
delay time, Δt = 200 fs, for (a) glassy-phase sample excited at 385 nm, and a 23% β-phase sample excited at (b) 
385 nm and (c) 437 nm. The TA signal was integrated across the photoinduced absorption range between 1.38 
and 2.17 eV. Dashed grey lines show a linear response normalised to the TA signal at the lowest fluence.  
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3.4.3. Photoinduced absorption spectroscopy 
In order to test the longevity of photogenerated polarons with varying microstructure, the photoinduced 
absorption spectra of glassy-phase and β-phase PFO thin films were subsequently measured, shown in 
Figure 31. Close mapping between PIA corresponding to pump-probe delays on the order of 
milliseconds and TA spectra at Δt = 3 ns confirms the identification of polaron and triplet peaks on 
ultrafast timescales, and are consistent with previous PIA measurements of PFO films.189,190 

 
Figure 31. Low temperature transient absorption and quasi-steady-state photoinduced absorption spectra for (a) 
glassy-phase and (b) β-phase PFO thin films. TA spectra are shown at Δt = 3 ns, following 385 nm excitation 
(pump fluence = 30 µJ cm−2) at T = 15 K. PIA spectra were recorded at T = 12 K for 406 nm excitation at a 
modulation frequency of 170 Hz. 

Critically, for the β-phase PFO sample, the sharp β-phase polaron signal remains evident even at the 
long (~ 1 ms) timescales probed by PIA. In contrast, no long-lived polarons are visible for the glassy-
phase sample. Equally the glassy-phase polaron observed in the β-phase sample on the fs–ns timescales 
of TA measurements is also lost at longer times. The glassy-phase PIA spectrum instead is dominated 
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at long timescales by the T1  Tn triplet absorption, with perhaps a small residual population of singlet 
excited states, explaining the asymmetry of the triplet peak on the high energy edge. The variation in 
microstructure clearly has a significant impact upon both the initial population, evolution of said 
population and subsequent lifetime of photogenerated polarons and indeed triplets. 
Here it is confirmed that β-phase chains act as highly efficient energetic traps, with signs of migration 
of polarons and triplets over time to the β-phase, and isolation of β-phase chains leading to reduced 
mobility and recombination.189 The β-phase polaron and triplet signals are also narrower than glassy-
phase species, indicative of reduced conformational variation and thus a narrower energetic density of 
states within β-phase chains, reducing inhomogeneous broadening. The significantly narrower 
linewidth of the β-phase vs. glassy-phase polaron is also qualitatively consistent with the longer 
observed polaron lifetime, with a long-lived component on the order of ms rather than ns. At high 
energies, PIA spectra also show a positive ΔT/T signal, attributed to residual background steady-state 
PL.  
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3.4.4. Extracting ultrafast excited state dynamics 
TA spectra are a superposition of overlapping singlet, polaron and triplet excited state absorptions. By 
fitting spectra then accounting for the different excited state absorption cross-sections, described in 
detail in section 3.3, excited state populations as a function of pump-probe delay can be extracted. 
Figure 32 shows a selection of TA spectral fits, with resulting excited state kinetics given in Figure 33.  

 
Figure 32. Low temperature (T = 15 K, fluence = 30 µJ cm−2) TA spectra of PFO thin films containing glassy-
phase chains only (a & b) and 23 (± 2) % β-phase chains excited at 385 nm (c & d) and 437 nm (e & f), for a 
pump-probe delay of 1 ps (left panels) and 40 ps (right panels). Spectra (black lines) are fitted with singlet (red 
lines) and triplet (green lines) and polaron (blue lines) transitions for both glassy and β-phase species. 
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Figure 33. Low temperature (T = 15 K, fluence = 30 µJ cm−2) TA decay kinetics expressed as excited state 
populations, NES, normalised to the peak population of excited state singlets. Kinetics for PFO thin films of varying 
β-phase fraction are presented: (a) glassy-phase only, (b) & (c) 8% β-phase, and (d) & (e) 23% β-phase, for 
varying excitation wavelength: (a),(b),(d): 385 nm; (c) & (e): 437 nm. Insets: peak normalised kinetics.  

While polaron and triplet species can be non-trivial to resolve on the ps to ns timescale of TA 
measurements due to a high degree of spectral overlap with broad S1  Sn absorption bands, peak 
positions and linewidths can be more readily extracted from quasi-steady-state PIA spectra, in the near-
complete absence of singlet excitons. These values then act as useful boundary conditions when fitting 
the TA spectra. The excited state singlet contribution is estimated using a linearly scaled TA spectrum 
recorded at early pump-probe delay time (Δt < 300 fs), before polaron and triplet signals are resolved. 
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Here, the assumption is made that the S1  Sn profile does not significantly change over time, and yields 
good quality fits in the fitting energy range, as shown in Figure 32 (low temperature) and Figure 29 
(room temperature).  
Excited state kinetics presented in Figure 33 reveal that the singlet population peaks at early times as 
expected, at Δt ~ 200–300 fs, while polaron and triplet populations peak later at 500 fs–1 ps and 1–6 ps 
respectively, depending on the sample. This result confirms the different timescales of polaron and 
triplet formation. It is also noted that although measurements at 30 µJ cm−2 are in a linear intensity–

fluence regime (Figure 30), singlet excitons decay at a faster rate than the typical PL lifetime of PFO 
of ~ 300 ps (later presented in Chapter 5 section 5.4.4.2 as well as in the literature).122 This suggests 
that even at this fluence, second order processes such as bimolecular recombination and singlet-singlet 
annihilation are present (although the time resolution of a typical time-resolved PL setup is not on the 
sub-ps timescale, obscuring kinetics at this early time range).  
From the excited state population kinetics, a quantitative yield for the generation of polarons and triplets 
from the initial photoexcited singlet population was then obtained, as detailed in section 3.3.2. Figure 
34 gives the polaron generation yield for samples of varying β-phase fraction, for selective excitation 
of glassy and β-phase chains. Remarkably, it is found that the polaron yield increases by ~ 3–4 times in 
samples containing both glassy and β-phase chains (ϕpol = 4.4 – 6.3%) compared to 100% glassy-phase 
samples (ϕpol = 1.6%). This is equally true for both selective excitation of glassy-phase chains (and a 
minority of β-phase chains when present) at 385 nm and the lower-energy β-phase chains only at 437 
nm, with the 8% β-phase sample showing a markedly higher polaron generation for excitation of β-
phase chains alone.  
The yields of polarons and triplets from excited state singlets is summarised in Table 2 for varying 
pump fluence and temperature.  
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Figure 34. Photogenerated polaron yield for PFO thin films with varying fractions of β-phase chains (0, 8 ± 2 & 
23 ± 2 %), for selective excitation (pump fluence = 30 µJ cm−2, T = 15 K) of glassy-phase (and β-phase) chains 
at 385 nm (blue striped bars) and β-phase chains only at 437 nm (orange solid bars). 
Table 2. Estimated yield of polaron and triplet excited states generated in PFO thin films with varying fractions 
of β-phase chains, for selective excitation of glassy-phase (385 nm) and β-phase chains (437 nm). All yield values 
are quoted with a percentage error of ± 60 %. 

  Polaron, ϕpol Triplet, ϕtrip 
β-phase fraction (%) λexc (nm) 385 437 385 437 Low T, Low pump fluence (30 µJ cm−2) 0  0.016 - 0.065 - 8 (±2)  0.044 0.063 0.10 0.074 23 (±2)  0.047 0.051 0.097 0.042 Low T, High pump fluence (180 µJ cm−2) 0  0.010 - 0.063 - 8 (±2)  0.030 0.082 0.073 0.046 23 (±2)  0.041 0.056 0.070 0.046 Room T, Low pump fluence (30–40 µJ cm−2) 0  0.015 - 0.033 - 7 (±2)  - 0.026 - 0.031 23 (±2)  - 0.070 - 0.018 Room T, High pump fluence (180–230 µJ cm−2) 0  0.016 - 0.036 - 7 (±2)  - 0.030 - 0.031 23 (±2)  - 0.049 - 0.034  

PFO polaron yield values are comparable to previously reported yields of other polymers, on the order 
of 1‒10%.104,168,169,172,176 For low temperature measurement at higher pump fluence, where the signal–
fluence dependence is sub-linear, 3–8 times increases in polaron yield are again observed for samples 
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containing β-phase. Similarly, 2–4 times increases in polaron yield of are also observed in β-phase 
samples at room temperature at both low and high fluence. On average, β-phase samples have higher 
polaron yields than glassy-phase samples by a factor of 3.2 ± 0.9 at low fluence and 4.2 ± 2.0 at high 
fluence across low and room temperature measurements. Although the polaron yield more than doubles 
upon introduction of β-phase into the glassy-phase microstructure, there is no consistent trend with the 
fraction of β-phase chain segments, with 8% and 23% β-phase samples giving similar results.  
These results confirm the generality of the effect of microstructure on polaron generation in PFO, and 
provide further evidence that a microstructure containing chains with ordered and disordered molecular 
conformations leads to enhanced polaron generation. 
 

3.5. Discussion 
3.5.1. Effect of microstructure on polaron generation 

The key finding of this study is that PFO thin films containing a fraction of chain segments adopting 
the highly-ordered β-phase conformation in addition to twisted, disordered glassy-phase conformations, 
generate significantly higher populations of polarons than glassy-only samples. Notably, this large 
increase is retained even when exciting the lower-energy β-phase chain segments only. 
Selective excitation of PFO at 437 nm initially generates excitons exclusively on the β-phase chain 
segments (glassy-phase absorption is negligible at this wavelength). Yet, polaron signals from both β- 
and glassy-phases are clearly observed (Figure 32 (e) & (f)), with polaron signals seen in 100% glassy-
phase samples closely overlapping the signals seen in β-phase samples. Furthermore, polaron peaks are 
first resolved on the same ultrafast timescale, showing that glassy and β-phase polarons form 
concurrently. The formation of polarons in both conformational isomers of PFO following initial 
excitation of β-phase chains only is compelling evidence that exciton dissociation occurs at the 
interfaces between glassy and β-phase chain segments. It then follows that this interfacial exciton 
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dissociation is the origin of the enhanced polaron generation in samples containing β-phase chain 
segments. 
One interpretation for why polaron generation is enhanced at interfaces between glassy and β-phases is 
that the sharp energetic offsets between the two conformational species drives spatial separation of 
charges. This hypothesis is supported by similar studies of the effect of microstructure on polaron 
generation in P3HT by both Paquin et al.,176 and Reid et al.,104 who propose that the local energetic 
offsets at the interface between amorphous and crystalline regions are the driver for enhanced exciton 
dissociation in semicrystalline vs. polycrystalline samples. However the question remains: how do these 
energetic offsets drive charge separation? And are there other explanations for increased exciton 
dissociation? Here, three factors that may enhance charge separation are discussed: (i) electron 
delocalisation effects; (ii) local energetic effects; (iii) disparities in charge carrier mobilities.  
Firstly, several reports have found evidence to suggest that photoexcitations in conjugated polymers are 
initially highly spatially delocalised on ultrafast timescales.183 In such cases, significant spatial 
separation of the bound charges within excitons can lead to dissociation and polaron formation in neat 
polymer films. Theoretical studies of donor:acceptor systems have also suggested that introducing local 
energetic fluctuations at D:A interfaces, akin to the large energetic offsets exhibited at glassy:β-phase 
interfaces, increases the likelihood of coherence between exciton and charge-transfer/polaron states on 
similarly ultrafast timescales.186 This may be the case in PFO samples containing β-phase, while the 
higher electronic delocalisation of the β-phase,195 as well as the mismatch in conjugation lengths of the 
glassy and β-phases, may also act to enhance spatial separation of charges within excitons formed at or 
near to glassy:β-phase interfaces.  
The energetic driving forces for photoinduced charge transfer, in the context of more localised 
excitations, can also be considered by examining molecular orbital energy levels. One of the most well-
known properties of the β-phase in PFO is its ability to act as a highly efficient energetic trap, with 
efficient exciton and charge carrier transfer from glassy to β-phase chain segments observed in photo- 
and electro-luminescence measurements.100,129,201 These observations mean that glassy:β-phase 
interfaces are often thought to form type I-like heterojunctions which favour exciton migration to the 
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β-phase over charge separation, with both β-phase HOMO and LUMO levels lying within those of the 
glassy-phase. However experimental determinations of the relative positions of the β-phase HOMO and 
LUMO levels is inconsistent – spectroelectrochemical hole doping of β-phase PFO samples have shown 
that the β-phase oxidation potential is lower than the glassy-phase by ΔE ≈ 100–150 meV,193 (supported 
by results shown in Chapter 5 section 5.4.5.1), indicative of a shallower HOMO level. Meanwhile trap-
filling thermally stimulated current measurements exhibit no evidence of a difference in glassy and β-
phase HOMO levels, but find the LUMO of the β-phase to be deeper than the glassy-phase by ΔE ≈ 120 

meV.129 Given this variation in the literature, in combination with the local variation in HOMO and 
LUMO energies of glassy-phase chains caused by conformational variation, it is reasonable to speculate 
that within a PFO film there may be a (small) fraction of glassy:β-phase interfaces which form type II 
rather than type I heterojunctions, where offsets between HOMO or LUMO levels of neighbouring 
glassy and β-phase chains favour charge separation over energy transfer. If this were the case for only 
a small fraction of interfaces, this could explain the enhanced polaron yield in β-phase films.  
In the case of semicrystalline P3HT, where a type I-like heterojunction may also be expected to form 
predominantly between ordered and disordered regions, it has also been proposed that polaron 
generation is enhanced at order:disorder interfaces as a result of a mismatch in hole and electron 
mobilities, increasing the probability of spatial separation of charges rather than exciton migration.104 
Such an asymmetry in charge carrier mobility may also be present in PFO – there is much variation in 
the hole and electron mobilities of PFO quoted in the literature across several orders of magnitude and 
few reports of electron mobilities,129,202–204 making reliable assessment difficult. This noted, the results 
of both Pinner et al.,203 and Liang et al.,204 where both charge carriers mobilities are determined, suggest 
large mismatch between holes and electrons mobilities. In addition to asymmetry between charge carrier 
mobilities, differences in the mobilities of a charge carrier between glassy and β-phases may further 
increase the likelihood of spatial separation of charges at the glassy:β-phase interface. Indeed such a 
mismatch is also observed by Liang et al.,204 with electron mobility decreasing with increasing β-phase 
fraction, while hole mobility increases. This result is indicative of electron mobility that is higher on 
glassy-phase chains and hole mobility which is higher on β-phase chain segments.  
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While various postulations can be made to explain why exciton dissociation is enhanced at glassy:β-
phase interfaces, their order of importance is as yet unknown. What is clear however, is that the 
introduction of varying structural order which results in variation in both the energetic landscape and 
degree of electronic delocalisation within polymer films, in this case through the introduction of β-
phase conformational isomers, is key to driving enhanced exciton generation in conjugated polymers.  

3.5.2. Limitations of fitting 
It is noted that despite using only two peaks to represent glassy and β-phase polaron peaks produces 
reliable fits to TA spectra, the methodology neglects the possible presence of higher energy vibronic 
peaks of the β-phase absorption band. Indeed, it has been observed from (room temperature) 
spectroelectrochemical doping experiments of PFO that the β-phase hole polaron absorption band is 
comprised of multiple vibronic peaks,193,194 with clear 0–0 and 0–1 peaks at ~1.94 eV (640 nm) and 
2.12 eV (585 nm) respectively (spectroelectrochemical experiments of PFO are also presented in 
Chapter 5). Although low temperature PIA spectra of β-phase PFO show no evidence of vibronic side 
bands for polaron (or triplet) absorption, the presence of vibronic bands cannot be ruled out on the 
ultrafast timescales of TA measurements. If present, this would lead to significant overlap of the 0–1 β-
phase polaron absorption with the glassy polaron peak at ~ 2.05–2.1 eV. This may artificially broaden 
the fitted glassy-polaron peak and overestimate the contribution from glassy-phase polarons. Hence, 
though being able to reliably separate the individual glassy-phase and β-phase contributions to the 
overall polaron signal could reveal further information of the generation mechanism and evolution of 
polarons over time, such analysis cannot be performed reliably using this methodology.  
The use of a fixed spectrum to represent the excited state singlet TA contribution neglects any evolution 
of due to migration of excitons from glassy to β-phase sites when selectively exciting glassy-phase 
chains at 385 nm. Such migration is well-known and would be expected to cause a red-shift in the 
singlet spectra over time, overlapping strongly with the triplet peaks.100,201 As a result, triplet yields may 
be overestimated, particularly at early times, as triplet peaks may be fitting for a change in the excited 
state singlet profile rather than solely the triplet contribution. An improved fitting methodology may 
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attempt to account for exciton migration by using singlet spectra taken from selective excitation of both 
glassy and β-phases to fit TA spectra.  
In the case of interfacial exciton dissociation, hole and electron polarons are expected to be separated 
across glassy and β-phase domains, explaining the origin of glassy-phase polarons generated from β-
phase singlets. It is possible that during interfacial polaron generation, holes form preferentially in one 
phase, and electrons in the other. However, assignment of polaron signals to holes or electrons is also 
not possible, due to large overlap between hole and electron absorption signals, as previously observed 
from electrochemical doping of the related polyfluorene PF6 (hexyl rather than octyl side-chains).199  

3.6. Conclusions 
In conclusion, the results presented in this chapter demonstrate the key relationship between 
microstructure and exciton dissociation in conjugated polymers. Results of transient absorption 
spectroscopy show that introducing small fractions of highly-ordered β-phase conformation chain 
segments into otherwise disordered, glassy films of poly(9,9-dioctylfluorene) significantly increases the 
yield of polarons formed by ultrafast exciton dissociation of singlet excited states, on average by a factor 
of 3–4. Selective photoexcitation of the lower energy β-phase species only is found to produce as many 
polarons as when pumping a majority of the higher energy glassy-phase chains. Furthermore, 
dissociation of β-phase excited state singlets produces higher energy glassy-phase polarons on the same 
femtosecond timescale as β-phase polarons. Based on this finding, the increase in polaron yield in β-
phase containing films is attributed to higher efficiency exciton dissociation at interfaces between glassy 
and β-phase chain segments. Increased polaron generation at these interfaces is thought to be driven by 
a combination of the large energetic offsets between glassy and β-phase chain segments, the higher 
electronic delocalisation of the β-phase and mismatches in charge carrier mobilities. This result is 
consistent with increased charge separation at the interfaces between crystalline and amorphous regions 
of P3HT previously reported. The relationship between exciton dissociation and energetic offsets, 
delocalisation and charge carrier mobility increased is expected to be widely applicable to other 
conjugated polymer systems. 
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4.1. Contributing authors 
AFM measurements were carried out with the help of Dr. Gwenhivir Wyatt-Moon (Anthopoulos group, 
ICL).  Experimental work was performed with assistance from Dr. Xuhua Wang (EXSS, ICL). The 
work in this chapter was influenced by collaboration and discussions with Dr. Jinyi Lin and Bin Liu 
(Nanjing Tech University & NUPT).  
 

4.2. Introduction 
In the previous chapter, the intrinsic relationships between molecular conformation and photophysical 
properties in PFO were examined. In this chapter, the structure-property relationships of the recently 
reported and closely related polymer, poly[4-(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-[5-
(octyloxy)-9,9-diphenylfluoren-2,7-diyl] (PODPF), are investigated.119 Like PFO, PODPF is comprised 
of a fluorene backbone. However side groups vary, with bulky phenyl groups (lying out of plane) 
attached to the 9-position carbon of the fluorene backbone rather than octyl side chains as in PFO, as 
well as an additional octyloxy side group attached to one of the main phenylene moieties within the 
fluorene repeat unit. Due to the phenyl side groups, PODPF is termed a polydiarylfluorene, rather than 
a polydialkylfluorene like PFO. In further contrast to the homopolymer PFO, PODPF is a random 
statistical copolymer. Alkoxy side groups are found to be attached to either the 4 or 5-position carbon 
of the fluorene backbone, (chemical structure given in Figure 37), forming head-to-head, head-to-tail, 
or tail-to-tail arrangements along the chain. Thus far the regioregularity of PODPF batches have not 
been quantified.  
Crucially, thermal annealing of PODPF generates additional vibronically-resolved absorption 
transitions at lower energy than the existing broad, featureless absorption of conformationally-
disordered glassy-phase chains. With supporting evidence from Raman spectroscopy measurements,126 
it is asserted that significant conformational changes occur upon annealing, with a minority of chains 
segments adopting a more planar conformation with a higher conjugation length along the polymer 
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backbone. In so far as the newly-formed optical transitions closely resemble those of β-phase PFO (e.g. 
see Figure 17, section 1.6.1), and originate from a species whose conformation is precisely defined 
energetically and planarised, the secondary conformational phase of PODPF is also termed a ‘β-phase’ 

conformation.119  
The optical band gap of PODPF is also very similar to PFO, with π–π* absorption and emission in the 
300–450 nm and 400–650 nm ranges respectively, slightly red-shifted relative to PFO. PODPF exhibits 
blue fluorescence with similar quantum efficiency to PFO, reported to be ~ 40%.119 As a result, β-phase 
PODPF has shown early promise for light emission applications including polymer light-emitting 
diodes,126 organic lasing,119,205 and optical sensing.25  
Despite the potential of the material, the mechanism of β-phase formation in PODPF is not yet fully 
understood. The thermally-activated formation of β-phase PODPF is reflective of a very different 
formation mechanism to that of PFO, and possibly molecular structure. Previous reports have asserted 
that the β-phase conformation in PODPF is a metastable state that sits within a local potential energy 
minimum, with backbone planarisation facilitated through a balance of repulsive and attractive forces.51  
In order to probe formation of the β-phase in PODPF, annealing studies of a series of PODPF thin films 
were performed. From these experiments, an improved understanding is gained of the formation and 
interplay of ordered molecular conformations in PODPF.  
 

4.3. Experimental methods 
Thin film fabrication information is detailed in Appendix A. The average molar mass of the PODPF 
sample used to make thin films was Mw = 50,100 g mol−1, Đ = 1.83.  

4.3.1. Annealing procedure 
PODPF films were annealed in a glovebox under a nitrogen atmosphere (unless otherwise stated) to 
avoid degradation (a small degree cf. PFO) caused by oxidation in air.126 The hot plates used for the 
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experiment were calibrated with a surface thermometer (Testo) with ± 1 °C precision to ensure accurate 
and reliable temperature measurements. PODPF films were annealed on a pre-heated stage. After 
annealing, films were removed from the heating stage and suspended for 10 seconds prior to quenching 
on a metal plate and allowed to cool to ambient temperature. The annealing temperatures used varied 
between 190 and 335 °C. Following an annealing step, samples were removed from the glovebox N2 
atmosphere to undergo optical characterisation. This allows the effects of annealing to be determined. 
The annealing procedure for PODPF samples varied, with two annealing ‘routes’ taken, termed ‘step-
wise’ and ‘direct’. In both cases, multiple annealing steps were made, of varying duration (30 s – 3 min, 
most commonly 3 min unless otherwise stated), with optical characterisation of the sample at room 
temperature between each step. However, the temperature sequence of the annealing steps varied, as 
illustrated in Figure 35.   

 
Figure 35. Schematic of typical direct vs. step-wise annealing routes for PODPF samples. The procedure for 
annealing steps and optical characterisation is illustrated for the first annealing step of the step-wise route. This 
sequence of heating, annealing, cooling and optical characterisation is repeated at intervals throughout the 
annealing experiment for both annealing routes.  
In step-wise annealing, the annealing temperature of each step was increased step-wise in regular 
intervals, e.g. sequentially at 190, 200, 210, 220… 300 °C, starting from low temperatures, below the 
onset of β-phase formation. In direct annealing, only a single annealing temperature was used, above 
the β-phase formation onset temperature, e.g. 300 °C. Hence the difference between routes is going 
step-wise from low to high final annealing temperatures, vs. annealing directly at a high temperature.  
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4.3.2. ΔA spectra fitting 
The fraction of absorption by β-phase chains that are generated by thermal annealing was estimated by 
fitting differential absorbance, ΔA = A(annealed) – A(as-cast), on an energy x-axis. Three Gaussian 
peaks are used to represent the 0–0, 0–1 and 0–2 vibronic absorption peaks from β-phase chains, and 
one Gaussian peak to represent the change in absorption by glassy-phase chains. The fraction of 
absorption by β-phase chains can be obtained from the integrated areas under the fitted glassy and β-
phase contributions within the π-π* absorption band between 320 and 460 nm. No scaling of the 
absorption areas were made prior to determining the β-phase absorption fraction, akin to previous 
reports for PFO to account for differences in the glassy-phase and β-phase oscillator strengths (fβ / fglassy 
≈ 1.08),198 as analogous theoretical calculations have not yet been performed for PODPF.  

 
Figure 36. Example fitting of the change in absorbance, ΔA, due to annealing of PODPF thin films, with a series 

of Gaussian peaks. Data presented is for a 125 (± 5) nm PODPF film following annealing at 255 °C.   
4.3.3. PL spectral separation 

The fraction of emission originating from β-phase chains was estimated using a spectral subtraction 
method, where the PL profile of the as-cast film, exhibiting only glassy-phase emission, was normalised 
to the PL of the annealed film at the onset of the glassy-phase 0–0 peak between 410 and 430 nm, then 
subtracted to reveal the β-phase emission profile. The areas under the glassy and β-phase emission 
profiles were then integrated between 395 nm and 740 nm (on an energy x-axis) to determine the relative 
contribution to the emission from β-phase chains. This method assumes that the emission profile of 
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glassy-phase chains is constant even after the introduction of β-phase chain segments. In reality, the 0–

0:0–1 intensity ratio of glassy-phase chains may be expected to vary slightly, however good correlation 
is seen between extracted β-phase emission profiles at λexc = 385 nm and those seen when selectively 
exciting β-phase chains at λexc = 445 nm, confirming the validity of this method.  

 
4.4. Results 

4.4.1. β-phase formation as a function of temperature 
The effect of ‘step-wise’ thermal annealing on the absorption and emission spectra of a 125 (± 5) nm 
PODPF (Mw = 50,100 g mol−1, Đ = 1.83) thin film is first examined, presented in Figure 37.  

 
Figure 37. (a) UV-Vis absorption spectra and (b) area normalised PL emission spectra (λexc = 385 nm) for a 125 
(± 5) nm PODPF thin film, after annealing at varying temperatures. (a) Inset: chemical structure of PODPF. The 
decline of glassy-phase (blue lines) and increase in β-phase (red lines) absorption and emission peaks are 
indicated.  
More details of the annealing procedure are given in section 4.3.1. The rise of relatively narrow 
absorption peaks at 440 nm and 410 nm characteristic of the β-phase vibronic progression is observed 
with increasing annealing temperature, superposed atop the featureless glassy absorption centred at 390 
nm. This rise on the red-edge of the π–π* absorption band is concomitant with a decrease in absorption 
on the blue-edge, around 350–400 nm. Meanwhile the high energy absorption peak at ~ 200 nm, 
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ascribed to transitions localised to single phenyl(ene) rings, shows negligible change, confirming no 
degradation occurring as a result of annealing.  
As the fraction of β-phase chains increases with temperature, the rise of lower-energy, distinct, β-phase 
emission peaks are also observed in the PODPF PL spectrum, superposed atop declining glassy-phase 
emission. As described in section 4.3.3 of this chapter, the glassy and β-phase emission components 
can be separated, examples of which are given in Figure 38.  

 
Figure 38. PL spectra (λexc = 385 nm) of a 125 (± 5) nm PODPF thin film following annealing at 210 °C (a), 230 
°C (b) and 255 °C (c) (solid black lines), separated into glassy (red shading) and β-phase (blue shading) 
components. (d) Schematic of thermally-induced backbone planarisation along a PODPF chain segment.  
The fraction of emission originating from the two phases can then be estimated by spectral integration, 
with the results summarised in Figure 40 (a). Changes are observed in the PL spectra from ~ 210 °C, 
with a superposition of glassy and β-phase PL spectra observed from 210–255 °C. Above ~ 255 °C, the 
emission originates almost entirely (~ 95%) from β-phase chains despite the initial excitation at 385 nm 
exciting predominantly glassy-phase chains. This disproportionate β-phase emission is similar to that 
observed for β-phase PFO, and is likewise attributed to efficient energy transfer of excitons to lower 
energy β-phase chain segments.130,201 
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Measuring the same sample across a range of annealing steps allows the absolute change in absorption 
to be quantified and hence the fraction of absorption by (and hence population of) β-phase chain 
segments can be reliably estimated. This is termed as the β-phase fraction throughout. Figure 39 shows 
examples of fitting for ΔA spectra (relative to the as-cast film) at different annealing temperatures.  

 
Figure 39. UV-Vis absorption spectra of a 125 (± 5) nm PODPF thin film before and after annealing at (a) 210 
°C, (c) 230 °C and (e) 255 °C. The change in absorbance between the annealed and as-cast film are shown in (b), 
(d) & (f) (red markers), fitted with Gaussian peaks representing the change in β-phase (blue shading) and glassy-
phase (red shading) absorbance. The overall fit is given by the black solid line. 
Fitting details are given in the section 4.3.2 of this chapter. The fraction of absorption and emission by 
β-phase chains are both found to follow sigmoidal S-shaped curves with temperature, as shown in 
Figure 40 for a series of five 125 (± 10) nm PODPF samples annealed step-wise up to selected 
temperatures. The β-phase absorption reaches a maximum fraction of ~ 23%.  

 
Figure 40. β-phase absorption (black circular markers) and PL (red diamond markers) fraction for a series of 
PODPF thin films (125 ± 10 nm) as a function of annealing temperature, estimated from ΔA fitting and PL spectral 
separation (λexc = 385 nm). The data is fitted with sigmoidal curves to guide the eye.  
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Despite this clear evidence of a thermal transition occurring within PODPF films, differential scanning 
calorimetry of PODPF powders show no clear evidence of a phase transition in this temperature 
range,126 providing no additional information on the nature of the β-phase transition.  
Fitting the ΔA of an annealed sample relative to the as-cast sample reveals the absolute β-phase fraction 
present. This approach can be taken a step further to fit the ΔA between sequential annealing steps (e.g. 
A(225 °C) − A(210 °C)), revealing important information about the nature and sequence of β-phase 
formation in PODPF. Both ΔA variants are plotted together in Figure 41. 

 
Figure 41. (a)-(c) Absolute change in absorbance of a 125 (± 5) nm PODPF thin film relative to the as-cast film 
and (d)-(f) relative to the previous annealing step as a function of annealing temperature.  
Firstly, prior to the formation of β-phase chains, from 200 °C, an initial increase in absorption of glassy 
chains is observed, as seen in Figure 41 (a) & (d), centred at higher energy than the glassy-phase 
absorption peak (360 nm vs. 390 nm, ΔE = 0.26 eV). Such an increase in absorption may be due to a 
change in the orientation of chains with respect to the substrate plane. For example if thermally-induced 
chain rotation and/or torsional twisting cause an increase in the degree of polymer backbones lying in 
the plane of the substrate, this would lead to increased absorption of the excitation beam passing through 
the film at normal incidence. This tentative explanation could be further explored with polarised 
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absorption measurements. The absorption increase is further verified by reflection-corrected absorption 
spectra shown in Figure 42. 

 
Figure 42. Reflection-corrected absorption (100−T(%)−R(%)) spectra of 125 (± 10) nm PODPF thin films, 
annealed step-wise up to the temperatures shown. 
The increase in glassy-phase absorption is followed by the rise of β-phase absorption peaks at T ≥ 210 
°C for this low average molar mass batch of PODPF (Mw = 50,100 g mol-1, Đ = 1.83). The sequential 
ΔA plotted in Figure 41 (d) reveals that annealing at 210 °C generates both a further increase in glassy-
phase as well as β-phase absorption. However above 210 °C, there is no further increase in glassy 
absorption, and from 220 °C, each annealing step leads to a decrease in glassy-phase absorption, as 
chain segments are converted from twisted glassy-phase to planarised β-phase conformations.  
The results of sequential ΔA fitting are summarised in Figure 43. Figure 43 (b) shows that the change 
in glassy and β-phase peak areas exhibit close negative correlation, suggesting that the oscillator 
strength of glassy and β-phase are fairly similar, within ± 30% based on the comparative changes in 
absorption area, assuming a one-to-one conversion between chromophores. This is similar to PFO, 
where time-dependent DFT calculations have estimated the oscillator strength of β-phase chains to be 
a factor of only 1.08 larger than the glassy-phase.198  
It is observed that the peak position of the glassy-phase ΔA contribution does not change significantly 
upon the onset of β-phase formation. In other words, the first negative change in absorption due to 
conversion of glassy chains into β-phase chains mirrors the preceding positive increase in absorption. 
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This suggests that whatever conformational/microstructural change is responsible for the initial increase 
in absorption is a pre-requisite for planarisation of chains into the β-phase conformation. 

 
Figure 43. (a) Peak positions of changes in glassy and β-phase absorption due to annealing of a PODPF thin 
film, obtained from fitting of sequential ΔA spectra. (b) ΔA peak areas for the glassy and β-phase absorption 
changes.  
As annealing temperature is increased further, the energy of glassy-phase chains undergoing conversion 
to β-phase decreases, showing that the more disordered chains are converted first, followed by gradually 
more ordered chains. Meanwhile, there is a much smaller red-shift in the energy of β-phase chains being 
formed, reflecting the well-defined nature of the conformation but also suggesting a small change in 
the nature of the structure of the β-phase chains as more chains are converted. It is an interesting and 
perhaps unexpected result that the first glassy polymer chain segments to convert to β-phase are higher 
in energy – and hence more disordered and twisted – as these chains would be expected to require a 
larger degree of conformational rearrangement.  

4.4.2. β-phase formation as a function of annealing time 
As well as the annealing temperature, the duration of annealing can also be varied to control the 
formation of β-phase chain segments within PODPF thin films. Instead of annealing in 3 minute 
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intervals, a PODPF film was annealed in smaller 30, 60 or 120 second intervals (inclusive of time 
required for the sample to reach the hot plate temperature) to reveal the rate of β-phase formation. 
Figure 44 shows the results of time and temperature-dependent annealing steps on the β-phase 
absorption and emission fraction within PODPF thin films.  

 
Figure 44. (a) β-phase absorption (black circular markers) and PL (red diamond markers) fraction for a PODPF 
thin film (125 ± 5 nm) as a function of cumulative annealing time, estimated from ΔA fitting and PL spectral 
separation (λexc = 385 nm). Solid lines show 1−exponential fits to the changes in β-phase fractions. (b) Annealing 
temperature as a function of cumulative annealing time. Vertical dashed lines indicate when annealing 
temperature was increased.  
Interestingly, after 30 seconds of annealing at 210 °C, there is no evidence of β-phase in either 
absorption or emission. Following a further 30 seconds of annealing, β-phase begins to form and the 
characteristic red-shifted absorption and emission of β-phase can be observed, confirming the onset 
temperature for β-phase formation for this PODPF batch is ~ 210 °C. Absorption and PL β-phase 
fractions show 1−exponential relationships with time for each annealing temperature, and are not fully 
saturated after 3 minutes of total annealing at a given temperature. Nevertheless, as the annealing 
temperature is increased, the rate of β-phase formation is increased significantly. Multiplying the rate 
constant of the 1−exponential fit of β-phase absorption fraction vs. time [s−1] by the change in β-phase 
absorption fraction [Δβ%] gives β-phase formation rates, tabulated in Table 3. The rate of β-phase 
formation clearly increases as the annealing temperature rises. This result shows that the rate as well as 
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amount of β-phase formation is temperature-dependent. This points towards a thermally-activated 
crystallisation-like phase transition, the growth rate for which peaks around 255 °C for this PODPF 
batch.  
Table 3. Rate of β-phase formation at varying annealing temperatures, expressed in terms of the change 
absorption and PL β-phase fraction (in %) per second, obtained from 1−exponential fits of β-phase fractions vs. 
annealing time.  

 Rate of β-phase formation (Δβ% s−1) Anneal T (°C) Absorption PL  210 0.02 0.2 225 0.01 0.3 240 0.1 0.9 255 0.5 1.0  
4.4.3. Formation of crystalline microstructure 

After examining the formation of β-phase in PODPF as a function of annealing time and temperature 
for step-wise annealing up to 300 °C, the following section examines further conformational transitions 
that are observed at higher temperatures.  
Figure 45 shows the effect of high temperature annealing above 300 °C on PODPF thin films. For films 
containing β-phase chain segments, further annealing at T ≥ 330 °C leads to the loss of β-phase 
absorption bands, replaced with a broad, asymmetric absorption with stronger absorption on the red-
edge (Figure 45 (a)). This new absorption profile is broader than that of the as-cast, glassy film, and the 
absorption at the peak is significantly decreased (confirmed in reflection-corrected spectrum, Figure 
47). The change in absorption is more pronounced in thicker films (Figure 45 (c), d = 180 ± 5 nm), 
yielding an unusually-shaped sloping π–π* absorption that peaks at 420 nm. The emission spectra after 

T ≥ 330 °C annealing is also blue-shifted relative to β-phase emission (Figure 45 (b)), with vibronic 
peaks energies similar to that of the glassy-phase, but with a slightly red-shifted 0–0 peak and a reduced 
peak spacing between 0–0 and 0–1 peaks. From these differences in absorption and emission profiles, 
the thin film microstructure is identified as distinct to that of both the glassy and β-phases. 
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Figure 45. (a) Absorption and (b) peak normalised PL spectra (λexc = 385 nm) of a 125 (± 5) nm PODPF thin film 
as a function of annealing temperature, heated step-wise from 190 °C up to 330 °C. (c) Absorption of a 180 (± 5) 
nm PODPF thin film before and after annealing at 335 °C. (d) Microscope images of typical glassy or β-phase 
(upper image) and crystalline (lower image) films under cross-polarisation. Lower panels of (a) and (c) show the 
change in absorbance due to annealing. 
A loss of Fabry-Perot oscillations in the absorbance tail of PODPF samples is also observed following 
T ≥ 330 °C annealing, replaced with a sloping tail, indicative of scattering due to increased surface 
roughness. This is confirmed by atomic force microscopy (AFM) measurements of 125 nm films, with 
root mean square (RMS) roughness increased from 0.5 (± 0.1) nm for as-cast films to 2.1 (± 0.2)  nm 
for β-phase containing films annealed step-wise up to 255 °C, then to 3.9 (± 0.2) nm for annealing step-
wise up to 330 °C.  
The optical properties of the unidentified PODPF microstructure closely resemble that of the crystalline 
α-phase of PFO,118,133,206,207 and the increased surface roughness is also consistent with an increase in 
crystallinity. To probe long-range order, films were examined by cross-polarised microscopy. Under 
cross-polarisation (Figure 45 (d)), small crystallites on the order of ~ 1 µm in size are clearly seen 
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dispersed throughout films annealed at T ≥ 330 °C, confirming the formation of crystalline regions 

within the films. Based on the photophysical similarities with crystalline PFO, with an optical band gap 
between that of the glassy and β-phases, it is predicted that chains in crystalline regions of PODPF adopt 
a conformation with an average interunit torsion angle between that of the glassy (ϕ ≈ 120–140°) and 
β-phases (ϕ ≈ 160–180°).112 In contrast, no light passes through glassy-phase and β-phase films under 
cross-polarisation. Although grazing incidence X-ray diffraction (GIXD) of PODPF films annealed at 
220 °C have previously shown that the β-phase exhibits order (and so crystallinity) on the < 10 nm scale 
probed by X-rays,51 cross-polarised microscopy suggests that β-phase domains in these samples are 
small (<~ 100 nm) and randomly aligned.   
 

4.4.4. Effect of annealing sequence on microstructure 
Interestingly, a significant difference in the optical properties of PODPF is observed if films are 
annealed at an annealing temperature above the threshold for β-phase formation without intermediate 
annealing steps, termed ‘direct’ annealing, rather than annealed step-wise from temperatures below the 
β-phase onset temperature (see section 4.3.1 and Figure 35 for more detail of the annealing procedures). 
Step-wise and direct annealing sequences are somewhat analogous to a slow and fast rate of heating. 
Comparison of step-wise and direct annealing on films of varying thickness is given in Figure 46.  
It is noted here that despite the heavier thermal stress put under step-wise annealed PODPF films due 
to repeated heating, cooling and characterisation steps, no significant differences in β-phase fraction 
were observed between step-wise annealed films and films annealed in a single step with temperature 
slowly increased up to equivalent temperatures (data not presented). In the latter case, samples were 
placed on the hot plate at room temperature and brought up to high temperature over the course of 
several minutes, followed by annealing at the given temperature for several further minutes. 
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Figure 46. Absorption spectra of (a) 35 (± 10) nm (b) 125 (± 5) nm and (c) 210 (± 15) nm PODPF films before 
and after step-wise and direct annealing at 260 °C (in air) or 255 °C (in N2). Lower panels show the change in 
absorbance relative to as-cast films for step-wise and direct annealing. 
As with step-wise annealing, directly annealed thicker films (125 nm and 210 nm) exhibit additional 
red-shifted absorption peaks similar to β-phase peaks generated by step-wise annealing. The emission 
spectra of these thicker films show no significant difference between step-wise and direct annealed 
samples (equivalent PLQE of 21 (± 2) % are measured for both sample sets), with characteristic β-phase 
emission confirming that a variant of β-phase is also formed by direct annealing. This shows there is 
little difference in the nature of the relaxed excited state undergoing radiative relaxation. That said, 
there are clear differences between the β-phase absorption spectra of the 125 nm and 210 nm step-wise 
and direct annealed films, Figure 46 (b)–(c). These are specifically:  

(i) Red-shifted 0–0 vibronic of up to ~ 13 nm (82 meV) for direct annealed films; 
(ii) Less resolved, broadened vibronic absorption peaks (evident from ΔA spectra, Figure 46) 

for direct annealed films;  
(iii) Significantly reduced absorption at the peak of the π–π* band by direct annealed films, but 

stronger absorption by the β-phase 0–0; 
(iv) Presence of a scattering absorption tail (assigned to increased RMS roughness of 2.1 ± 0.2 

nm (step-wise) vs. 2.9 ± 0.2 nm (direct)). 
These differences in the absorption spectra are confirmed by reflection-corrected absorption, shown in 
Figure 47. 
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Figure 47. Reflection-corrected absorption (100−T(%)−R(%)) spectra of 125 (± 10) nm PODPF thin films, 
annealed step-wise up to, or directly at, the temperatures shown.  
The reduction in π–π* absorption and increased film roughness are similar to changes observed upon 
crystallisation of PODPF (Figure 45). Furthermore, it is seen from the thin 35 nm film that 
crystallisation can occur at these lower temperature upon direct annealing (cf. T ≥ 330 °C needed to 

form crystalline regions in step-wise annealed films, Figure 45). Hence, in order to further examine the 
difference in film microstructure of direct and step-wise annealed films, direct annealing experiments 
were performed on PODPF with films characterised following shorter 30 s annealing steps (analogous 
to that shown in section 4.4.2). Figure 48 shows the effects of direct annealing at 255 °C on the optical 
properties of a 125 nm PODPF thin film. 

 
Figure 48. (a) Absorbance spectra of a 125 (± 5) nm PODPF thin film as a function of total annealing time, for 
direct annealing at 255 °C. (b) Change in absorbance for sequential annealing steps. (c) Peak normalised PL 
spectra (λexc = 385 nm) as a function of total annealing time. 
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After 30 seconds of annealing, the absorption and emission profiles are characteristic of crystalline-
phase formation, similar to that shown in Figure 45, with no evidence of β-phase formation. A further 
30 seconds annealing leads to a rapid rise of vibronic absorption peaks at 444 nm and 410 nm and 
characteristic β-phase emission. 
From this result, it is apparent that direct annealed films first form crystalline regions, followed by a 
variant of the β-phase, with a complex film microstructure where glassy-phase, β-phase and crystalline 
regions co-exist. The differences in the β-phase absorption profiles of step-wise and direct annealed 
PODPF films are as a consequence of the different microstructures present in the films prior to β-phase 
formation. For step-wise annealing, β-phase chains form from glassy chains only. In the case of direct 
annealing, crystalline regions are also present. Hence, it is likely that β-phase chain segments are 
formed from a combination of glassy and/or crystalline chains, depending on the comparative energies 
of the conversion processes. Therefore, it is reasonable to believe that β-phase formation from 
crystalline regions could lead to a variant of β-phase with a higher degree of long-range order, with 
crystalline regions effectively seeding the higher-order β-phase variant. Increasing the extent of long-
range order is well-known to lower the energy of optical transitions,116 consistent with the lower energy 
of the β-phase present in the direct annealed film.  
From these results, the two β-phase variants are differentiated as β1 for β-phase formed from glassy 
chains only, and β2 for β-phase formed from glassy-phase chains and/or crystalline regions. As seen for 
step-wise β1-phase films, further annealing of β2-phase films at T ≥ 330 °C leads to loss of β-phase and 
crystallisation (with changes in absorption similar to Figure 45 (a) observed).  
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4.5. Discussion 
4.5.1. PODPF microstructure 

In this chapter, the formation of highly-ordered β-phase and crystalline regions are revealed by a series 
of annealing experiments. Schematics of the observed PODPF thin film microstructures are shown in 
Figure 49. 

 
Figure 49. Schematics for: (i) Glassy-phase, (ii) β1-phase, (iii) crystalline and (iv) β2-phase PODPF thin film 
microstructures, illustrating film composition in terms of chains with glassy-phase (red), β-phase (blue) and 
crystalline (green) chain conformations. 
Step-wise annealing causes a fraction of glassy-phase chain segments to convert to planarised β-phase 
chain segments (Figure 49: (i)  (ii)). In the low Mw batch of PODPF tested, the threshold temperature 
for β-phase conversion, Tβ, is ≈ 210 °C (comparison of β-phase formation in low and high Mw batch of 
PODPF is given in Appendix B for reference). The microstructure resulting from step-wise annealing 
and conversion of glassy-phase chains only is here termed the β1-phase. The formation of β1-phase 
microstructure is preceded by an initial increase in absorption on the high-energy edge of the glassy-
phase band (Figure 39 and Figure 41), the physical origins of which are as yet undetermined. 
Nevertheless, this initial change appears to be necessary for subsequent chain planarisation to occur. 
Although β1-phase chain segments have highly-ordered conformations, their domain size appears to be 
very small on the < 100 nm length scale and randomly oriented (illustrated in Figure 49), as revealed 
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from the lack of optical anisotropy in cross-polarised microscope images of step-wise annealed β1-phase 
films (Figure 45). 
In addition to the β1-phase, the formation of a crystalline microstructure (Figure 49 (iii)) is observed 
from cross-polarised microscopy as well as absorption and photoluminescence spectroscopy (Figure 
45). The long-range order of crystalline films is much larger than the domain size of β-phase regions 
formed from disordered glassy chains, evidenced by cross-polarised microscope images. The threshold 
temperature for crystalline phase formation is higher than that of β-phase formation, TC ≈ 250 °C. 
However, for crystallisation to occur in films with β1-phase microstructure, significantly higher 
temperatures are needed, T ≥ 330 °C. Here, the presence of chain segments in highly-ordered β-phase 
conformations presumably prevents crystallisation due to the high energy associated with 
conformational rearrangement, with the melting of the β-phase conformation assumed to be necessary 
prior to crystallisation. This further supports previous assignment of the β-phase as a metastable 
conformation,51 which gives way to the crystalline phase if enough thermal energy is provided. 
In contrast, when glassy-phase films are annealed directly at temperatures higher than both the β-phase 
threshold and crystallisation temperatures, crystallisation is observed first, followed by the formation 
of β-phase (Figure 48). In this case, a second variant of the β-phase is formed from conversion of glassy-
phase and/or crystalline chains, yielding what is here termed the β2-phase microstructure (Figure 49 
(iv)). In this microstructure, β-phase absorption is red-shifted and broader than observed in β1-phase 
films. This is unlike PFO, where no such variation in the β-phase absorption peaks has thus far been 
identified. This spectral difference is attributed to the generation of β-phase regions which retain the 
significantly longer-range, 3-dimensional order of the crystalline phase domains from which they are 
formed, in contrast to the disordered glassy-phase chains converted in β1-phase films. It is noted that 
the optical properties of β1-phase and β2-phase films presented here show similarities to PODPF samples 
examined by Yu et al. annealed at T ≤ 275 °C and T = 300 °C respectively.205 There, 300 °C annealing 
led to red-shifted, broader β-phase absorption peaks akin to the β2-phase in comparison with samples 
annealed at T ≤ 275 °C, as well as larger β-phase domain sizes from AFM and fluorescence anisotropy 
imaging microscopy measurements, consistent with postulations regarding increased long range order. 
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Finally, it is also interesting to note that the formation of crystalline chains, with higher long-range 
order but less backbone planarisation, is kinetically favoured over formation of more fully planarised 
β-phase chain segments with lower long-range order.  
 

4.5.1. Accurate and reliable estimation of β-phase absorption fractions 
In the case of PFO, β-phase chains are most commonly generated by solvent treatment after casting 
glassy-phase films, or by using high boiling point solvent additives to produce as-cast films containing 
β-phase chains.118,128,130,197 In the latter case, it is not possible to directly measure the change in 
absorption as a result of β-phase formation. For post-casting treatments, absorption measurements 
before and after treatment have rarely been taken for the same sample. For examples of such absolute 
determination of the change in absorption upon β-phase formation, see Perevedentsev et al. and 
Stavrinou et al..127,197 Instead, the fraction of absorption by β-phase chains in PFO has most commonly 
been estimated by scaling and subtracting the absorption spectra of a glassy-phase sample from the 
absorption of mixed-phase films.128,130,131,193,208,209 This approach has also been applied to PODPF.126 
The normalisation and subtraction method makes the assumption that there is a uniform change in 
glassy-phase absorption upon β-phase formation. Measurements shown in section 4.4.1 explicitly show 
that for PODPF this is not the case. Therefore, it is recommended where possible that sample absorption 
is measured both before and after β-phase formation, so that β-phase fractions can be more accurately 
and reliably determined from fitting of differential absorption spectra. When this is not possible, glassy-
phase and β-phase spectra can be linearly scaled based on comparative film thicknesses prior to 
determination of ΔA, with the aim of reliably recreating the absolute change in absorption spectra before 
ΔA fitting.   
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4.6. Conclusions 
In this chapter, thermal annealing of PODPF is shown to lead to a variety of thin film microstructures 
containing ordered chain conformations. The generation of β-phase by thermal annealing unique to 
PODPF is examined in detail, revealing the sequence and temperature-dependent rate of β-phase 
formation. Additionally, formation of crystalline regions in PODPF is observed for the first time, 
exhibiting similar optical properties to crystalline PFO. The formation of crystalline and β-phase 
PODPF is highly sensitive to the effective rate of annealing, and results in the formation of two variants 
of β-phase in PODPF, in contrast to PFO. The first, like PFO, is generated from glassy-phase chains 
only, showing similar absorption characteristics to the β-phase in PFO. The second β-phase variant, 
unique to PODPF, is formed from glassy and/or crystalline regions of PODPF which are formed prior 
to β-phase under certain annealing conditions. This results in a red-shifted and broader β-phase 
absorption, with the β-phase in this microstructure presumed to inherit a higher degree of long-range 
order from crystalline regions.   
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properties of the β-phase in PODPF and PFO 
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5.1. Contributing authors 
A selection of the room temperature, steady-state characterisation of PFO samples shown in this chapter 
were performed and fabricated by Dr. Aleksandr Perevedentsev (now of Campoy-Quiles group, 
ICMAB). Low temperature PODPF PL measurements were carried out with the help of Dr. Matthew 
Dyson (Stingelin group, ICL). Low temperature PFO PIA measurements of PODPF and PFO were 
performed by Manuel Ortiz with help from Dr. Claudia Bazan at the University of Montreal (Silva 
group, now of Georgia Tech). Time-resolved PL measurements were performed with the help of Yiren 
Xia at Imperial College and University of Oxford. Raman spectroscopy measurements were carried out 
in collaboration with Iain Hamilton (Kim group, ICL). Spectroelectrochemical measurements and 
analysis were performed with Dr. Alexander Giovannitti (McCulloch & Nelson group, ICL). Refractive 
index change calculations were performed by Prof. Paul Stavrinou. Experimental work was performed 
with assistance from Dr. Xuhua Wang (EXSS, ICL). The work in this chapter was influenced by 
collaboration and discussions with Dr. Jinyi Lin and Bin Liu (Nanjing Tech University & NUPT).  
 

5.2. Introduction 
In the previous chapter, the formation upon thermal annealing and interplay between the different 
conformational phases of the blue light-emitting polydiarylfluorene, poly[4-(octyloxy)-9,9-
diphenylfluoren-2,7-diyl]-co-[5-(octyloxy)-9,9-diphenylfluoren-2,7-diyl] (PODPF) was investigated. 
Here, the photophysical properties of the β-phases of PODPF and the well-established homopolymer 
polydialkylfluorene, PFO, are compared. In this chapter, only β-phase formed solely from glassy 
PODPF chains is considered (termed the ‘β1’ variant in the previous chapter), to directly compare with 
the β-phase of PFO which is also formed by conversion of glassy-phase chains.  
Among polyfluorene materials that form a so-called planarised ‘β-phase’ chain conformation, PODPF 

(and its derivatives with varying side chain length) is unique in its ability to form β-phase via thermal 
annealing.51,119,126 The threshold temperature for β-phase formation is found to vary between 180 and 
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210 °C depending on average molar mass (detailed in Appendix B). This is in direct contrast to the β-
phase of PFO which cannot form by thermal annealing and is only stable up to ~ 80 °C in the solid 
state.207 PODPF is also found to be much less sensitive than PFO to the formation of the fluorenone 
‘green-band’ defect,210,211 which decreases the lifetime, colour purity and efficiency of polymer LED 
devices, attributed to the presence of  phenyl side groups in PODPF.119,126 As a result, the PODPF β-
phase has a significantly higher thermal stability in comparison to PFO, shown in Figure 50.  

 
Figure 50. PL spectra of (a) PODPF and (b) PFO films containing β-phase, before and after annealing in air at 
180 °C for 3 hours. Reproduced with permission from Liu et al.,126 © 2016 American Chemical Society.  
Thermal processing to form β-phase in PODPF may be simpler and potentially more reproducible than 
the solvent treatments/additives commonly used for PFO,118,128,130 better suited to larger scale 
production of e.g. polymer LED devices. Hence, PODPF shows much promise within the next 
generation of light-emitting devices, sharing many of the advantages and unique abilities of the β-phase 
conformation in PFO, while also showing processing advantages through the use of thermal rather than 
solvent treatment to generate β-phase, and improved thermal stability. Understanding the differences 
between the PODPF and PFO β-phases, particularly those relevant to operation in applications, is 
therefore highly relevant to the development of future optoelectronic devices.  
Although upon first glance, the optical properties of the two polyfluorenes appear very similar, in-depth 
studies using a wide range of optical spectroscopy techniques reveals numerous photophysical 
differences. The observed differences are explained in terms of the chemical and physical structure of 
the two polymers.   
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5.3. Experimental methods 
Throughout this chapter, results obtained from various thin film samples of PODPF and PFO across 
several experiments are presented. The key fabrication details of the thin films used in each experiment 
are summarised in Appendix A. 
Glassy and β-phase chains within PODPF films were selectively excited at 385 nm and 445 nm 
respectively during photoluminescence measurements, while PFO films were excited at 390 nm. The 
β-phase absorption and PL fractions were determined by the same methods described in Chapter 4, 
sections 4.3.2 and 4.3.3. 
Samples were probed non-resonantly during Raman spectroscopy measurements, excited at 633 nm 
(PODPF) and 785 nm (PFO).  
Low temperature PL spectra of a β-phase PODPF film were recorded at every 10 K between 290 K and 
20 K, for excitation at 405 nm. Low temperature PL of a β-phase PFO film was recorded on the same 
setup as used to record PIA spectra, at T = 12 K for 355 nm excitation. PIA spectra of PODPF and PFO 
samples were recorded at T = 12 K, for 406 nm excitation.  

5.3.1. Time-resolved PL spectroscopy 
The time range of time-resolved PL measurements was 2 ns for PFO samples and the partially annealed 
PODPF sample, and 1 ns for the pristine PODPF samples. The temporal resolution of the measurement, 
as described by the FWHM of the fitted pump pulse, was ~ 130 (± 30) ps.  
Spectral separation of glassy and β-phase emission contributions is performed by a combination of two 
methods. The first is to use time-resolved spectra of a 100% glassy-phase sample as the reference 
spectra from which to extract time-resolved β-phase emission by normalisation and subtraction 
methods, similarly to those shown in previous chapters. This technique is used for pristine films of 
PODPF and PFO, where red-shifted emission from defect sites is minimal.  
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The second method accounts for the presence of emission from ‘green-band’ defect emission. For the 
aged PODPF sample tested, where the contribution by defect emission was larger, the first method is 
only found to be reliable at early times following excitation. At longer times, due to the larger presence 
of defect emission in the 100% glassy-phase sample, an ‘ideal’ defect-free spectral profile is instead 
used as the glassy-phase reference spectra, obtained from non-negative matrix factorization of the 2-
dimensional TRPL data array of the 100% glassy sample (separating glassy-phase and defect emission 
spectra). Furthermore, the contribution from defect emission is also estimated in the aged film. This is 
done by first determining the defect emission spectral profile, from fitting the spectra at long times 
where defect emission is dominant with Gaussian peaks. The defect emission profile is then matched to 
the overall emission at low energies to estimate its contribution. This contribution is then not considered 
when calculating the β-phase PL fraction vs. time of the aged PODPF. The β-phase PL fraction is found 
by simply taking the ratio of the β-phase emission contribution with the sum of the glassy and β-phase 
contributions.  
PL intensities across multiple time points are summed together to improve reliability of spectral 
separation of glassy and β-phase contributions and the resulting PL kinetics. PL kinetics are fitted with 
a single exponential decay function convolved with a Gaussian peak to represent the pump pulse.  
 

5.4. Results 
5.4.1. Steady-state absorption 

Firstly, the steady-state optical properties of PODPF and PFO are compared. Steady-state absorption 
spectra are given in Figure 51. The high energy transitions, peaking at 195 nm and 215 nm for PODPF 
and PFO respectively, correspond to localised transitions by individual phenyl and phenylene moieties. 
The absorption coefficient (α) of these transitions is roughly twice as large for PODPF vs. PFO, 
correlating well with the additional phenyl side groups present in PODPF (4 vs. 2 per fluorene unit). 
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Figure 51. Absorption spectra of (a) PODPF and (b) PFO thin films, for samples containing chains in glassy-
phase conformations only (black lines) and samples where a fraction of chains segments are in β-phase 
conformations (red lines). The change in absorption due to β-phase formation is highlighted (blue shading). 
Comparison of (c) 100% glassy-phase and (d) β-phase PODPF (black lines) and PFO (grey lines) thin films. 
PODPF and PFO chemical structures are also given.  
The delocalised π–π* absorption region is slightly red-shifted for PODPF vs. PFO by 50 meV. The 
integrated absorption area in this region (λ = 310–446 nm, integration performed with energy x-axis) 
for glassy-phase films is also weaker by ~ 10 % for PODPF. Glassy absorption peaks at 390 nm vs. 385 
nm while the β-phase 0–0 vibronic peaks at 440 nm vs. 436 nm in high β-phase samples. The β-phase 
vibronic absorption peaks are also broader for PODPF (0–0 FWHM = 118 meV) vs. PFO (0–0 FWHM 
= 80 meV). This is indicative of larger energetic disorder, possibly due to a wider range of allowed 
conformations for the β-phase of PODPF. For both PODPF and PFO, the maximum fraction of  β-phase 
chain segments (from the β-phase absorption fraction) appears to be limited to ~ 30 %, possibly due to 
steric and energetic constraints within thin films preventing further planarisation of disordered chains.  
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5.4.2. Steady-state photoluminescence 
Similar to absorption, the steady-state, room temperature emission of PODPF is slightly red-shifted 
relative to PFO, with 0–0 vibronic emission peaking at 436 nm vs. 423 nm for glassy chains and 451 
nm vs. 439 nm for β-phase emission (Figure 52). 

 
Figure 52. Peak normalised photoluminescence emission spectra of (a) PODPF and (b) PFO thin films, for glassy 
as-cast (black lines) and high β-phase fraction (red lines) samples. The energy differences between 0–0 vibronic 
emission peaks are displayed.  
The Stokes’ shift for PODPF vs. PFO is also slightly larger for both glassy-phase emission (350 vs. 300 
meV) and β-phase (75 vs. 20 meV). Strikingly, there is a marked difference in the 0–1:0–0 peak 
intensity ratio of the β-phase emission spectra of PODPF and PFO, with the 0–1 peak the most intense 
rather than the 0–0.  
To explore this difference between PODPF and PFO emission further, the β-phase emission spectra is 
tracked during the formation of β-phase, shown in Figure 53. Selective excitation of β-phase absorption 
at 445 nm allows β-phase emission to be obtained directly, without the use of separation methods 
previously described. Clear correlation is observed between the trend in the 0–1:0–0 peak intensity ratio 
and the β-phase emission (and absorption) fraction (fractions obtained from selective excitation of 
glassy-phase absorption at 385 nm, described in detail in Chapter 4, sections 4.3.2 and 4.3.3), with 
lower energy peaks increasing in intensity as the fraction of β-phase chain segments increases.  
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Figure 53. (a) PL spectra for a PODPF thin film after a series of annealing steps of varying duration and 
temperature, for selective excitation of β-phase at 445 nm. The excitation profile is removed for clarity. (b) β-
phase PL fraction (red diamond markers) following glassy-phase excitation at 385 nm, and 0–1:0–0 PL peak 
intensity ratio (blue circular markers) of β-phase emission following selective β-phase excitation at 445 nm, as a 
function of cumulative annealing time. (c) Annealing temperature as a function of cumulative annealing time. 
Dashed lines indicate times at which the anneal temperature was increased. 
In contrast, there is no significant change in vibronic peak intensity ratios with increasing β-phase 
formation for PFO, as shown in Figure 54.  

 
Figure 54. Peak normalised PL spectra of PFO thin films of varying β-phase absorption fraction, λexc = 390 nm.  
This is important to note, since the β-phase Stokes’ shift is larger for PODPF vs. PFO, and the spectral 

overlap between 0–0 absorption and emission peaks is in fact higher for PFO. Hence, if the change in 
0–1:0–0 intensity ratio observed for PODPF were ascribed to self-absorption effects, a similarly 
profound trend would be expected for PFO samples. As this is not the case, instead there must be a 
change in the nature of PODPF β-phase emission directly correlated to the amount of β-phase present. 
It has also previously been suggested that the 0–1 vibronic is stronger in PODPF due to the H-
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aggregation of β-phase chain segments.126 However this change is not mirrored in the β-phase 
absorption profile, where the 0–0 remains the dominant peak with increasing β-phase generation. 
Therefore an alternative explanation may be required.  

5.4.2.1. Low temperature PL 
As well as the β-phase fraction, the PL peak ratio of PODPF is also found to depend strongly on 
temperature. Temperature-dependent PL of β-phase PODPF and PFO samples are plotted in Figure 55.  

 
Figure 55. (a) Temperature-dependent PL spectra of a 25 (± 2)% β-phase PODPF thin film, normalised to the 0–

0 vibronic peak. Spectra are shown for 10 K intervals between 290 K and 20 K, for 405 nm excitation. (b) Peak 
normalised room and low temperature PL spectra of 5 (± 2)% PFO samples. (c) & (d) Peak normalised low 
temperature PL spectra of β-phase PODPF and PFO on (c) linear and (d) logarithmic y-axes, where the x-axis 
represents the emission energy relative to the PL 0–0 peak centre. The β-phase vibronic bands and glassy-phase 
emission are also marked. 
As shown in shown in Figure 55 (a), the large 0–1:0–0 PL intensity ratio of PODPF observed at room 
temperature decreases significantly with temperature, such that the 0–0 PL peak becomes dominant at 
T ≤ 110 K. Across the same temperature range, the 0–1:0–0 PL intensity ratio of PFO shows negligible 
change (Figure 55 (b)). This again shows that the vibronic coupling and/or physical structure of PODPF 
β-phase domains (and resulting 0–1:0–0 emission ratio) is highly sensitive to external factors such as 
temperature as well as intrinsic factors such as the amount of β-phase present within a sample, in 
contrast to PFO which is invariant in both cases. Aside from the variation in PL peak ratio which is 
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unique to PODPF, low temperature photoluminescence measurements reveal further photophysical 
similarities between PODPF and PFO β-phases. Like PFO, β-phase emission from PODPF red-shifts 
and narrows as temperature is lowered. Also similar to PFO, the vibronic bands of PODPF split to 
reveal finer structure at low temperatures, T < 80 K. 
Observation of such narrow peaks is unusual for conjugated polymers where inhomogeneous line 
broadening is generally large. Resolution of narrow peaks is limited to cases where broadening is 
significantly reduced, such as low temperature measurements of highly-ordered materials like β-phase 
PFO or the ladder-type polyfluorene MeLPPP, and/or measurements of single polymer chains.80,201,212–

217 Therefore, this result confirms the well-defined nature of the β-phase in PODPF. At T ≤ 20 K, 
emission from the two materials show striking similarities when plotted on an energy x-axis centred at 
their respective 0–0 peaks (Figure 55 (c) & (d)). The similarities between PODPF and PFO low 
temperature emission spectra suggest that there are close similarities in the vibronic coupling in both 
materials, which is determined from the general distribution of vibrational mode frequencies and 
intensities of polymer vibrational modes. Additionally, both PODPF and PFO show a resolved peak at 
higher energy than the β-phase 0–0, assigned to 0–0 emission from glassy-phase chain segments (Figure 
55 (d)). It is noted that such emission is five times weaker in the PFO sample, despite the lower β-phase 
absorption fraction (5% vs. 25%), evidence that energy transfer from glassy to β-phase chains is 
significantly less efficient in PODPF. Comparison of energy transfer in PODPF and PFO will be 
covered in detail in section 5.4.4. 
 

5.4.3. Raman spectroscopy 
Because vibrations are a product of molecular conformation and chemical structure, Raman 
spectroscopy can be used to identify conformational differences between glassy and β-phases, as well 
as the effect of different side groups attached to the fluorene core. Raman spectra of PODPF and PFO 
thin films with varying β-phase absorption fractions are shown in Figure 56.  
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Figure 56. (a) Peak normalised Raman spectra of (a)–(c) PODPF and (d)–(f) PFO thin films with varying β-
phase absorption fraction. PODPF and PFO samples are excited non-resonantly at 633 nm and 785 nm 
respectively. Spectral regions at 1050–1550 cm−1 and 1550–1650 cm−1 are expanded in (b) and (c) respectively. 
Key trends in peak positions and intensities with increasing β-phase are highlighted.  
Similarly to PFO, the primary Raman-active vibrational mode of PODPF is found at 1600 cm−1 (Figure 
56 (a) & (c)). This mode is attributed to symmetric C–C ring stretches along the fluorene backbone,218 
and is common among polymers containing a fluorene unit. Upon β-phase formation, the 1600 cm−1 
mode in PODPF red-shifts to lower wavenumbers, peaking at 1595 cm−1 for the sample with the highest 
β-phase fraction. Such a red-shift is representative of an overall increase in the extent of conjugation 
and chain planarity within the film, consistent with the more extended conjugation of the planarised β-
phase segments. The generalised shift of the peak as a whole is in contrast to PFO, where β-phase 
formation leads to a localised increase in the intensity of the 1580 cm−1 shoulder peak (Figure 56 (f)),130 
with no significant shift in the main peak at 1606 cm−1. Raman peak linewidths are generally larger for 
PODPF vs. PFO. As such, the 1600 cm−1 peak could be comprised of multiple individual components 
whose intensities vary with β-phase fraction, causing an apparent shift of the peak as a whole. 
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Additional high energy ring stretching modes that may be present in PODPF in comparison to PFO may 
originate as a result of the additional phenyl groups attached to the fluorene unit, and/or greater 
conformational disorder, consistent with broader peaks observed in absorption and PL.  
PODPF Raman spectra also exhibit several peaks in the 1050–1550 cm−1 region, again akin to PFO. 
Modes in this region have previously been attributed to C–C bond stretches between phenylene rings 
along the backbone, C–H bending and ring distortion modes in PFO.218,219 Here, Raman spectroscopy 
confirms that, as expected from the close similarities found in the vibronic structure of low temperature 
β-phase PL spectra, the general frequency and intensity of vibrational modes are very similar in PODPF 
as in PFO. Nevertheless, the distinct nature of PODPF due to differences in side groups is also easily 
resolved, with no obvious directly overlapping vibrational peaks. Further quantum chemical 
calculations may identify the vibrational modes of PODPF, as has been done for a variety of 
polymers.47,130,219,220 Like PFO,126,130,218,219,221 PODPF Raman modes in the 1050–1550 cm−1 region are 
sensitive to polymer conformation, with peak position and relative intensity varying with β-phase 
fraction. The region most sensitive to conformational changes in PODPF is 1280–1375 cm−1, where the 
broad peak centred at 1345 cm−1 in glassy films separates into two; one broader peak at 1315 cm−1 and 
one narrower at 1355 cm−1. The general increase in relative intensity in the 1050–1550 cm−1 region 
relative to the 1600 cm−1 mode upon β-phase formation has been ascribed in PFO to the increase in 
polarizability of the β-phase resulting from more extended conjugation.195 The similar increase in 
PODPF confirms the extended chain conformation of the β-phase.  
 

5.4.4. Energy transfer 
In Chapter 3, the effect of conformation on exciton dissociation was examined – a process crucial in 
organic photovoltaic devices. Here, the effect of conformation on exciton energy transfer is studied. 
Understanding the transfer of energy between glassy-phase and β-phase conformations is of interest 
both fundamentally as well as for optoelectronic applications. For these blue light-emitting polymers, 
the efficiency of energy transfer to the lower energy β-phase has significant impacts on the stability as 
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well as the emission colour of polymer LED devices, since the β-phase exhibits higher electrical 
stability in both materials.122,126,129 Furthermore, by comparing energy transfer in PODPF and PFO, 
which have identical backbones but differing side groups, the effect of the side groups on the nature of 
the β-phase and energy transfer can be examined.  
Plotting the fraction of emission by β-phase chain segments against the fraction of absorption by β-
phase chain segments allows the efficiency of exciton energy transfer from glassy-phase to β-phase 
chain segments to be easily compared for both PODPF and PFO (Figure 57). (Both β-phase fractions 
are calculated using the methodologies described in Chapter 4, sections 4.3.2 and 4.3.3). While both 
PODPF and PFO show disproportionate emission from β-phase chains based on the β-phase absorption 
fraction, there is a significant difference between the two polymers. Emission from PODPF samples is 
less disproportionate in favour of β-phase, with less emission coming from β-phase chain segments than 
for PFO in samples with equivalent amounts of absorption by β-phase segments, resulting in a much 
shallower 1−exponential curve of β-phase emission vs. β-phase absorption. This is consistent with a 
lower rate of and hence less efficient exciton energy transfer in PODPF. In order to further investigate 
the differences in energy transfer, time-resolved photoluminescence measurements were performed, 
allowing transfer from glassy to β-phases to be observed directly as a function of time.  

 
Figure 57. β-phase emission fraction vs. β-phase absorption fraction for PODPF (Mw = 50,100 g mol−1, Đ = 
1.83) and PFO (Mw = 48,600 g mol−1, Đ = 2.7) thin films. Measurements selectively excite glassy-phase chains 
at 385 nm and 390 nm for PODPF and PFO films respectively. Lines show 1−exponential fits.  
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Previous studies of high β-phase fraction PFO samples have observed ultrafast transfer from glassy to 
β-phase chain segments following selective excitation of glassy-phase chains, on a sub-picosecond 
timescale.100,201 Because of a combination of highly efficient transfer and reasonably high (>~ 5%) β-
phase absorption fractions in samples tested, observing the spectral shift from glassy-phase to β-phase 
emission in PFO has never been fully witnessed; Khan et al. observed a majority of emission originating 
from β-phase chains, even at the instrumental limit of only 200 fs after excitation for a high (25 ± 10 
%) β-phase PFO sample.100  

5.4.4.1. Time-resolved PL of PODPF 
First, time-resolved PL (TRPL) spectra and kinetics are presented for glassy-phase and 5% β-phase 
PODPF samples in Figure 58.  

 
Figure 58. Area normalised time-resolved PL spectra of (a) as-cast glassy-phase and (b) 5% β-phase PODPF 
thin films for varying time ranges following excitation at 379 nm. (c) Example of PL spectral separation, 
subtracting a linearly scaled glassy PL spectra from the annealed PL spectra to reveal the β-phase emission 
contribution. (d) Integrated PL area vs. time for a 5% β-phase PODPF film, separated into glassy and β-phase 
contributions following spectral separation. (e) β-phase PL fraction as a function of time (circular symbols), fitted 
with a 1−exponential function (solid line).  
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Energy transfer from glassy to β-phase chains in the 5% β-phase PODPF sample is signified by the rise 
of characteristic β-phase emission peaks over time and the decline of glassy-phase emission. Critically, 
transfer in PODPF is witnessed on a timescale ~ 1000 times slower than PFO, on the order of 100–1000 
ps, following selective excitation of glassy-phase chains at 379 nm (Figure 58 (b)). Using a similar 
methodology to that used for steady-state PL spectra (explained in detail in section 5.3.1), TRPL spectra 
can be separated into glassy and β-phase components, an example of which is given in Figure 58 (c). 
From this, the PL kinetics of the two conformational phases can be resolved by integrating the area 
under the separated PL spectra as a function of time (Figure 58 (d)), giving more accurate kinetics than 
simply tracking PL intensity at different energies. Fitting the separated kinetics with a single 
exponential convolved with a Gaussian pump pulse yields emission lifetimes of 440 ps for the β-phase 
and 200 ps for the glassy-phase in the annealed film, reduced from 250 ps in the as-cast film. This 
reduction in glassy-phase lifetime, which acts as the exciton ‘donor’ in energy transfer, is consistent 

with Förster resonance energy transfer (FRET).91 Spectral and kinetic separation also allows the β-phase 
emission fraction to be obtained as a function of time, which is well fitted by a 1−exponential function 

with a lifetime τGβ = 200 ps, following the attenuation of the pump pulse at t > 100 ps. 
Further TRPL results for PODPF with varying β-phase fraction are presented in Figure 59. For low β-
phase fractions, ~ 1%, the energy transfer process can be fully resolved, with ~ 100% glassy-phase 
emission at short times giving way to emission dominated by β-phase regions at later times (e.g. Figure 
59 (b)). The rate of energy transfer is directly related to the β-phase fraction, increasing with the amount 
of β-phase chains, as expected (Figure 59 (e) & (f)). For the highest β-phase tested of 25%, energy 
transfer cannot be reliably resolved within the instrumental resolution of ~ 100 ps.  
It is noted that prior to TRPL measurements shown in Figure 59, samples were stored in air for several 
months. As a result of aging, there is a small but significant fraction (10–20%) of the total emission 
from a broad emission species centred at ~ 520 nm that appears at later times, with a monoexponential 
lifetime of ~ 580 (± 30) ps. Such emission is similar to the ketone defect ‘green band’ emission that is 

observed in PFO upon film oxidation.210,211 This emission species is therefore referred to as ‘defect 

emission’. The presence of this second energy transfer route, from glassy and β-phase chains to defect 
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sites, reduces the measured lifetimes of glassy and β-phase emission relative to the pristine film in 
Figure 58. The lifetimes of glassy and β-phase emission are both reduced by approximately half relative 
to the pristine film, to 130 (± 20) ps and 260 (± 40) ps respectively. The contribution to the overall 
emission from defects is excluded in the calculation of β-phase PL fraction as a function of time (Figure 
59 (e)), (details given in 5.3.1), considering only emission from glassy and β-phases. Despite the 
presence of the defect emission, the trend in the rate of energy transfer from glassy to β-phase sites with 
increasing β-phase fraction can be clearly observed, and is consistent with the result of the pristine film 
shown in Figure 58. 

 
Figure 59. (a)–(d) Area normalised time-resolved PL spectra of PODPF for varying β-phase fraction, at varying 
times following excitation at 379 nm. (e) β-phase PL fraction as a function of time for varying β-phase fraction, 
fitted with 1−exponential functions (dashed lines). The contribution from defect emission is excluded during 

estimation of the β-phase PL fraction. (f) Lifetime from β-phase PL fraction vs. time as a function of β-phase 
absorption fraction, fitted with a power law to guide the eye. 
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5.4.4.2. Time-resolved PL of PFO 
In an attempt to observe exciton energy transfer in PFO samples on the 100 picosecond resolution of 
the experimental setup, PFO samples with very low β-phase fractions were fabricated. As previously 
shown,130 the amount of β-phase within PFO thin films decreases as the casting temperature increases 
due to faster solvent evaporation. Hence films were spin coated with solutions and substrates pre-heated 
at varying temperatures between room temperature and 100 °C. Resulting steady-state optical spectra 
are presented in Figure 60.  

 
Figure 60. (a) Peak normalised reflection-corrected absorption spectra of PFO thin films spin cast with solution 
and substrate pre-heated at varying temperature prior to casting. Inset: Absorption on logarithmic scale to 
highlight absence of β-phase absorption peak. (b) Peak normalised PL spectra, λexc = 380 nm, for PFO samples. 
Inset: estimated β-phase emission fraction vs. processing temperature.  
The β-phase absorption fraction is found to be unmeasurably low – no characteristic β-phase absorption 
is detected in the 430–440 nm wavelength range. However, steady-state PL spectra reveal a non-
negligible fraction of β-phase chains are present in PFO samples cast at 18–70 °C, evidenced by the 
presence of the β-phase 0–0 vibronic emission at 437 nm. The lack of β-phase absorption signal 
indicates how small the β-phase absorption fraction is in these samples, on the order of < 0.1%. 
TRPL results of the PFO samples is summarised in Figure 61. Because of the very low β-phase fractions 
of these PFO samples, the much more efficient exciton energy transfer from glassy-phase to β-phase 
chains in PFO (cf. PODPF) is able to be resolved on the timescale of hundreds of picoseconds, within 
the timescale of the experimental setup, (Figure 61 (a) & (b)). Energy transfer in PFO has not previously 
been observed on these relatively slow timescales.  
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Figure 61. (a) Area normalised time-resolved PL spectra for PFO cast at room temperature (λexc = 379 nm). (b) 
Example of PL spectral separation, subtracting a linearly scaled glassy PL spectra from the PL spectra of the 
room temperature-cast sample to reveal the β-phase emission contribution. (c) Integrated PL area vs. time for the 
room temperature-cast film, separated into glassy and β-phase contributions following spectral separation. (d) 
β-phase PL fraction as a function of time for films cast at varying temperature. (e) PL lifetime of spectral 
components obtained from fitting kinetics with single exponential functions convolved with a Gaussian pump 
pulse. 
Again, the spectral components of the time-resolved spectra can be separated. Here, the time-resolved 
spectra of the pure-glassy PFO sample cast at 100 °C is used as the glassy-phase reference. As with 
PODPF, spectral separation allows the PL kinetics of glassy and β-phases to be separated and the β-
phase emission fraction vs. time to be estimated, as shown in Figure 61 (c)–(d). PL lifetimes are plotted 
as a function of casting temperature in Figure 61 (e), with the lifetime of ‘donor’ glassy-phase emission 
decreasing as the concentration of ‘acceptor’ β-phase chains increases at lower casting temperatures, as 
expected from FRET.91 As seen with PODPF, the rate of energy transfer in PFO is directly related to 
the β-phase fraction.  
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5.4.5. In situ UV-Vis during electrochemical oxidation 
Polaron formation by charge injection is key to polymer LED operation. In PFO, lower energy β-phase 
chain segments act as efficient traps for charges, partly explaining the improved performance of 
polymer LEDs when β-phase is present.129 Furthermore, in Chapter 3, a significant increase in polaron 
photogeneration and lifetime is observed in PFO films containing β-phase, relevant for understanding 
the effects of highly-ordered conformations on optoelectronic properties. Therefore, it is pertinent to 
investigate polaron generation in β-phase PODPF. In order to do this, spectroelectrochemical hole 
doping measurements are first performed. Transmission measurements are performed in situ during 
application of varying positive potentials to β-phase films of PODPF and PFO, to track the formation 
and absorption of polaron species. Application of a potential bias oxidises the polymer film (above the 
oxidation potential), leading to the formation of hole polarons, which are stabilised by penetration of 
hexafluorophosphate (PF6−) negative ions into the film. Removal of the bias leads to the opposite 
reduction reaction, with the counter-ion leaving the film and the polymer returning to a neutral state. In 
these experiments the potential is returned to 0 V (with respect to a Ag/AgCl reference electrode 
calibrated against ferrocene) between each positive applied potential (oxidation) step, and absorption 
re-measured, in order to de-dope the film and monitor any changes caused by oxidation in the absorption 
of the undoped film.  

5.4.5.1. PFO 
Firstly, β-phase PFO is examined, to establish consistency with previous spectroelectrochemical 
measurements of PFO.193,194 Results are summarised in Figure 62. 
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Figure 62. Spectroelectrochemical measurements of a 12 (± 3)% β-phase PFO film. (a) Absorption spectra of the 
doped film, held at varying positive potentials. Inset: Cyclic voltammograms of pristine 12 (± 3)% β-phase PFO. 
(b) Absorption spectra of the de-doped film (potential held at V = 0), following doping at varying potentials. (c)–
(e) Differential absorbance of the film at varying potentials, relative to the preceding de-doped film (V = 0 V) 
absorbance. The panels show the 3 doping regimes: (c) β-phase doping only; (d) β-phase & glassy-phase doping; 
(e) high glassy-phase doping and degradation.  
Consistent with the previous literature, the β-phase of PFO is doped first (Figure 62 (c)), from V ~ 1.2–

1.25 V, indicated by the sharp peaks of the negative ΔA signal which correspond with the β-phase 0–0 
and 0–1 vibronic ground state absorption.193,194 Relatively sharp, vibronic signals are observed for the 
PFO β-phase hole polaron, with 0–0 and 0–1 peaks centred at 640 nm (1.94 eV) and 585 nm (2.12 eV) 
respectively. This is in contrast to the polaron absorption spectra from low temperature TA and PIA 
measurements presented in Chapter 3, in which only the 0–0 β-phase peak is observed. The difference 
between the photophysical and electrochemical measurements may be due to a dissimilarity in the 
nature of the polaron (e.g. polaron pair vs. single, free polaron) and/or an effect of temperature on 
vibronic coupling strength. The onset of glassy-phase polaron formation is observed from V ~ 1.325–

1.35 V (Figure 62 (d)). The β-phase oxidation onset is therefore ~ 0.1 eV lower than the glassy-phase, 
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consistent with previous spectroelectrochemical measurements,193 indicative of a shallower highest 
occupied molecular orbital (HOMO) level for the β-phase vs. glassy-phase. The glassy-phase polaron 
signal can be separated well by spectral subtraction methods (for low–medium glassy-phase doping 
levels), shown in Figure 63. The glassy-phase hole polaron signal also shows some structure, not simply 
fitted by a single Gaussian peak. 

 
Figure 63. Separation of glassy and β-phase hole polaron spectra by subtraction of a linearly scaled spectra taken 
at V = 1.275 V from a spectra taken at 1.35 V. β-phase vibronic features are highlighted.  
Oxidation and reduction of β-phase chain segments in PFO is highly reversible up to V ~ 1.35 V. 
However, for V > ~1.35 V, there is an irreversible decrease in ground state absorption following 
oxidation, particularly of the β-phase, concomitant with a blue-shift in the glassy-phase polaron signal. 
This also coincides with an upturn in the current measured by cyclic voltammetry (CV) – currents 
increase by an order of magnitude between 1.25 V and 1.4 V (and a further order by 1.55 V), indicating 
a large increase in the extent of doping. Blue-shifting of the polaron was previously assigned by 
Montilla et al. to the compression (reduced conjugation length) of the glassy-phase polaron due to 
repulsion between charges occupying the same chromophore.193 An alternative explanation may be that 
at higher potentials, bipolarons form, which have been shown to cause instability and formation of 
ketone defects (which PFO is known to be susceptible to) in other conjugated polymers by Giovannitti 
et al.,222 although similar polyfluorene oligomers have been shown to be resistant to bipolaron 
formation.107,199 In either case, high doping levels are shown to induce conformation change in PFO 
with β-phase chains disrupted in order to accommodate increased charge density on glassy-phase 
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chains, as well as polymer degradation, indicated by a decline in ground state absorption and 
significantly diminished currents measured in the 2nd and 3rd CV cycles following irreversible oxidation 
during the 1st scan (Figure 62 (a)). 

5.4.5.2. PODPF 
PODPF films containing β-phase exhibit very different spectroelectrochemical behaviours to PFO, 
summarised in Figure 64. What is immediately clear and striking is: 

i. The degree of polaron formation in PODPF is very low in comparison to PFO, Figure 64 (a), 
with polaron absorption peaks at λ > 460 nm approximately an order of magnitude weaker than 
PFO (assuming a similar ε for polarons in PODPF as in PFO). 

ii. Oxidation of PODPF is ~ completely irreversible – no reduction is observed in the first CV 
cycle (in contrast to PFO which shows some reduction). This is supported by a strong and 
irreversible decline in the ground state absorption following application of positive bias 
(Figure 64 (e)).  

Film degradation is observed from V > 1.2 V, ~ concomitant with the observation of small polaron 
signals at V > 1.25 V ((Figure 64 (b)). These results suggest that hole polarons cannot be stabilised upon 
oxidation of PODPF, with oxidation instead predominantly leading to polymer degradation, signified 
by decreased absorption of the π–π* band at λ > 350 nm and increased absorption at λ < 350 nm. The 
initial decrease in ground state absorption upon oxidation is broad and featureless (change in ground 
state absorption following oxidation steps are shown in Figure 64 (f)–(h)), indicating selective 
degradation of glassy-phase chains only. Simultaneously, the ground state bleach during positive 
applied bias is also initially broad and featureless, as is the hole absorption spectra, centred at ~ 580 nm 
(Figure 64 (c)). From this, the little polaron that does form is assigned to the glassy-phase only. 
Although the β-phase is somewhat more resistant to degradation than the glassy-phase, with decreases 
in ground state absorption not observed until V >~ 1.35 V, the little hole polaron that forms at these 
positive biases remains broad, suggesting that no β-phase polarons are formed. Due to the lack of stable 
polaron formation in PODPF, the relative oxidation potentials of glassy and β-phases cannot be reliably 
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assessed in the same way as for PFO. Polymer degradation continues up to V ~ 1.55 V, above which 
there is little change in the ground state absorption and no polaron absorption observed (Figure 64 (e) 
& (h)). This is likely due to the near complete degradation of glassy-phase chains. Following application 
of these high potentials, only a blue-shifted ground state absorption, and a small amount of β-phase 
absorption remains (Figure 64 (b)).  

 
Figure 64. Spectroelectrochemical measurements of a 15 (± 5)% β-phase PODPF film. (b) Absorption spectra of 
the film held at varying positive potentials. (b) Absorption spectra of the film (potential held at V = 0), following 
application of varying potentials. (c)–(e) Differential absorbance of the film at varying positive potentials, relative 
to the preceding de-doped film (V = 0 V) absorbance. (f)–(h) Differential absorbance of the de-doped film 
following application of varying potentials, relative to the neat film absorbance. 
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Clearly, the different side groups (phenyls at the C9 and alkoxy chain at the C4/5 position of the fluorene 
unit) of PODPF vs. PFO (alkyl chains at the C9 position), has a very strong impact on the 
electrochemical stability of PODPF, making PODPF highly unstable to oxidation under applied bias in 
comparison to PFO.  

5.4.6. Photoinduced absorption spectroscopy 
After observing drastic differences in the electrochemical stability and generation of polarons for 
PODPF and PFO, the photophysical generation of polarons as well as triplets by absorption of photons 
is also examined. As shown in Chapter 3, photoinduced absorption measurements can reveal the photo-
generation of triplet and polaron species, at long timescales where excited state singlets are almost 
entirely absent.  
Here, the PIA spectra of PODPF and PFO samples with varying β-phase absorption fractions are 
presented in Figure 65.  

 
Figure 65. (a) Peak normalised low temperature (T = 12 K, λexc = 406 nm) PIA spectra of PODPF thin films with 
varying β-phase absorption fractions. The energy difference between glassy and β-phase triplet peaks is 
highlighted. (b)–(d) Peak normalised low temperature (T = 12 K) PIA spectra of PODPF and PFO thin films with 
varying β-phase absorption fractions. The energy difference between PFO and PODPF glassy and β-phase triplet 
species is highlighted. PIA data is removed above 1.65 eV for the 8% β-phase PODPF sample due to the presence 
of a spectral artefact. 
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Critically, no long-lived polaron signals are observed in either glassy-phase or β-phase PODPF samples. 
This is in stark contrast to PFO, where β-phase films exhibit increased ultrafast polaron generation and 
β-phase polarons are long-lived.  
Although long-lived polarons are absent in PODPF, peaks are observed in the PIA spectra at 1.46 eV 
and 1.32 eV. These are similar in energy and width to the glassy and β-phase triplet signals of PFO, but 
red-shifted by 60 and 100 meV respectively, consistent with the lower energy of PODPF absorption 
and emission transitions. The peaks are thus assigned to PODPF triplets. The relative intensity of glassy-
phase triplet signals is higher for PODPF than PFO at equivalent β-phase fractions, with both glassy-
phase and β-phase species observed even at high β-phase fraction. This is another indication that energy 
transfer from glassy to β-phase regions is less efficient in PODPF, even on the µs–ms timescale of PIA 
measurements. This is despite the PODPF β-phase triplet absorption energy being more red-shifted than 
the glassy-phase triplet in comparison to PFO (ΔE = 140 vs. 60 meV), likely signifying a larger driving 
energy from glassy to β-phase regions for triplets in PODPF. 
This is the first report to identify the formation of triplets in PODPF. The formation of triplets in PODPF 
is useful to note in the development of polymer LED devices, as triplet-exciton annihilation has recently 
been shown to be the main fluorescence quenching mechanism in β-phase PFO, more so than polaron-
exciton interactions.194 
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5.5. Discussion 
5.5.1. β-phase microstructure 

As expected, the rate of exciton energy transfer from glassy to β-phase chains is found to increase with 
β-phase absorption fraction for both PODPF and PFO, as a result of decreasing distance between glassy 
and β-phase chains, with transfer in both polymers resolved on the relatively slow ps–ns timescale for 
the first time. It is found that energy transfer is significantly slower in PODPF vs. PFO, on the order of 
100 – 1000 times. Understanding the variation in energy transfer is key to revealing the differences in 
the β-phase microstructure of the two polymers. 
Considering the parameters that control the Förster radius, R0, which is reflective of a polymer’s energy 
transfer efficiency (see Chapter 1, section 1.3.6 for more background), there is little difference between 
PODPF and PFO, certainly not enough to explain the observed 2–3 orders of magnitude difference in 
energy transfer. The physical variables that control R0 are: 

i. Fluorescence lifetime and quantum efficiency of the exciton donor (glassy-phase) in the 
absence of the acceptor (β-phase) – reported in the range 250–400 ps and ~ 40–50% here and 
elsewhere for both polymers.117,119,122,205  

ii. Spectral overlap between donor emission and acceptor absorption – strong similarities in 
PODPF and PFO absorption and emission spectra are demonstrated in this chapter. 

iii. The relative orientation of donor and acceptor transition dipole moments – expected to be 
similar for PODPF and PFO, since both polymers are believed to adopt conformations with 
similar torsion angles.  

Thus, the difference in energy transfer must originate from a significantly larger distance between 
exciton donor (glassy-phase) and acceptor (β-phase), RDA, in PODPF compared to PFO for equivalent 
β-phase absorption fractions. Because of the strong dependence of the energy transfer rate on RDA, small 
differences in the distance between glassy and β-phase chain segments will lead to large changes in 
energy transfer rate. The magnitude of the RDA difference between PODPF and PFO depends upon the 
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dimensionality of the distance dependence used in the FRET rate equation (Equation 6, section 1.3.6). 
Most pertinently, the line-to-line dipole approximation (n = 2) was found by Shaw et al. to best describe 
FRET within PFO films of varying β-phase absorption fraction.132 This approximation equates to an 
average RDA that is ~ 3.2–10 times larger in PODPF than PFO at equivalent β-phase absorption fractions, 
based on the ~ 100–1000 times slower energy transfer rate observed in PODPF vs. PFO. Using a point-
to-point dipole approximation (n = 6) gives an RDA that is ~ 2.1–3.2 times larger in PODPF than PFO. 
Shaw et al.132 determined a Förster radius, R0, of 5.4 nm for transfer from glassy to β-phase chains in 
PFO (Khan et al.100 quote 8.2 nm for the same system), and calculated the mean separation between β-
phase chains in PFO films to vary between 1.5 nm and 4 nm for PFO films with β-phase absorption 
fractions between ~ 6 % and > 25 %. These values can be used to estimate an upper limit of ~ 5–50 nm 
for the mean separation between glassy and β-phase chains in PODPF across a similar range of β-phase 
absorption fraction.  
There are a number of possible explanations for the increased segregation between glassy and β-phase 
chains in PODPF vs. PFO: 

a) Increased phase segregation – ‘clustering’ or aggregation of β-phase chains into larger domains, 
rather than β-phase chains being fully dispersed, as is apparent in PFO.132,201,206  

b) Bulky phenyl and alkoxy side groups present in PODPF may increase the interchain distance, 
although would not solely cause a 3–10 times difference in RDA. 

c) The presence of regio-irregularities along the PODPF chain may increase the domain size of 
pure glassy-phase regions, since head-to-head clashes of alkoxy side chains may disrupt and 
prevent the formation of β-phase. 

Aggregation of PODPF β-phase chains into larger domains than found in PFO is expected to be the 
largest contributing factor to the difference in RDA, with smaller contributions from the other 
explanations. Increased phase segregation of larger β-phase domains in PODPF is consistent with the 
variation in β-phase PL ratio with temperature and β-phase fraction, as well as the results of film aging 
experiments, as detailed in Appendix C. This is also consistent with previous grazing X-ray diffraction 
measurements of PODPF samples containing β-phase, which show sharp diffraction peaks indicative 
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of 3-dimensional order.51,126 Furthermore, it has previously been postulated that inter-chain interactions 
between the alkoxy side chains of one chain and the phenyl side groups of an adjacent chain act to 
stabilise the planarised backbone conformation of the PODPF β-phase.51,119  
It therefore appears that inter-chain interactions are an inherent requirement in the β-phase of PODPF, 
resulting in more heterogeneous film microstructures with larger β-phase domains and hence a larger 
RDA than PFO. In contrast, the β-phase of PFO is widely thought to be an intra-chain-only phenomenon, 
with an absence of interchain interactions leading to homogeneous dispersal of β-phase chain segments 
throughout thin films and hence more rapid energy transfer.118,132,201,206  
From this result, the origins of both the similarities and differences in optical properties of the β-phase 
in PODPF and PFO can be rationalised by comparison of the β-phase conformation and microstructure 
in the two materials. Where there are close similarities between PODPF and PFO β-phase, such as in 
the well-defined, lower energy and narrowed absorption (triplet as well as singlet) and emission 
transitions, and emission vibronic fine structure at low temperatures, this can be associated with the 
planarised conformation along the fluorene backbone. Where there are differences between the 
behaviour of the β-phase in the two polymers, this generally can be attributed to the difference in β-
phase microstructure, i.e. the inherent interchain interactions required to support β-phase regions in 
PODPF films, vs. the dispersed, isolated β-phase segments in PFO.   

5.5.2. Formation and stability of hole polarons 
A significant difference between PODPF and PFO that is associated with chemical structure, rather than 
specifically molecular conformation and microstructure, is the electrochemical oxidative stability and 
formation (or lack thereof) of hole polarons.  
From electrochemical doping experiments, hole polaron formation in PODPF is found to be heavily 
unfavourable, with oxidation instead leading to film degradation. Glassy-phase chains can form 
polarons electrochemically to a small extent, while the β-phase of PODPF appears unable to support 
any polaron formation (Figure 64). PIA spectra also show an absence of long-lived photogenerated 
polaron signals on the µs–ms timescale. This is in stark contrast to PFO, which can support the 
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formation of hole polarons fairly reversibly electrochemically (at low doping levels, Figure 62), or 
photophysically where polaron formation is significant and long-lived (PIA shown in section 5.4.6, 
Figure 65, see Chapter 3 for ultrafast generation of polarons measured by TAS). 
It is noted that the absence of PODPF polaron signals from PIA spectra does not rule out the possibility 
of polaron photogeneration on shorter timescales, fs–ns. In either case, the difference in polaron 
formation and oxidative stability between PODPF and PFO almost certainly results from the difference 
in side groups of the two polyfluorenes. The phenyl substituents attached to the fluorene unit in PODPF 
are much bulkier than the octyl chains present in PFO, and are thought to be the reason for the higher 
thermal stability and resistance to oxidation of neat PODPF films by preventing formation of quinone 
defects at the C9 position of the fluorene unit.119 However, PODPF also has an octyloxy chain attached 
to the phenylene group of the fluorene backbone not present in PFO. The presence of this electron-rich 
oxygen atom attached to the fluorene backbone may be the source of the oxidative instability of PODPF. 
Giovannitti et al. have recently shown that the prevalence of oxidation of alkoxy side chains attached 
to benzodithiophene (BDT) units into quinone defects in copolymers depends on the electronic 
stabilisation offered by the comonomer, illustrating the importance of the electronic environment in 
determining electrochemical stability.222 Therefore, if the presence of the alkoxy side chain in PODPF 
means that positive charges on the fluorene backbone cannot be stabilised to the same extent as for 
PFO, then the PODPF side chain may be susceptible to irreversible oxidation into a ketone group.  

5.5.3. Using the β-phase of PODPF  
Having investigated and elucidated some of the structural and photophysical differences between the β-
phase in PODPF and PFO, interesting questions remain regarding the application of PODPF: How can 
the localised changes in optoelectronic properties in β-phase regions of PODPF be used in 
optoelectronic applications? And in particular, how can the unique means by which β-phase is formed 
in PODPF, by thermal annealing, be taken advantage of?  
One application is using the distinct optical properties of the β-phase to create optical structures that 
exhibit advantageous light emission properties. Formation of the β-phase in PFO has been shown to 
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significantly alter polymer refractive index,127,223 and theoretical calculations have shown that creating 
very small, β-phase rich regions on the length scale of hundreds of nanometres leads to more 
directionalised emission from polymer films, due to the localised change in refractive index of the β-
phase.197 This directed emission could greatly improve outcoupling of light and hence efficiency in 
LED devices and lasing applications. 
To test whether a similar change in refractive index, Δn, is achieved by PODPF upon β-phase formation, 
semi-empirical calculations were made to obtain changes in refractive index from transmission spectra 
of PODPF. Calculations are based on the Kramers-Kronig relations between refractive index and 
absorption, and were  performed by P. Stavrinou (for more detail of the calculation methodology see 
Stavrinou et al.).127 The results are shown in Figure 66.  

 
Figure 66. (a) The change in refractive index of a 125 (± 5) nm PODPF film (Mw = 50,100 g mol−1, Đ = 1.83) at 
the β-phase 0–1 emission peak of 479 nm and (b) the absorption fraction of β-phase chains following annealing 
at varying temperatures. Linear and sigmoidal lines are given to guide the eye. 
The degree of refractive index change in PODPF is very similar to that previously observed in PFO, 
and closely follows the β-phase absorption fraction as a function of annealing temperature: Δn = 0.09 
at 479 nm (position of the PODPF β-phase 0–1 emission peak) for PODPF vs. Δn ~ 0.1 at 466 nm (PFO 
β-phase 0–1 emission peak) for PFO,197 in films with high β-phase absorption fractions (> 20%); and 
Δn = 0.04 in 7% β-phase PODPF vs. Δn ~ 0.02 at 466 nm for a solvent vapour treated β-phase PFO film 
(β-phase fraction typically ~ 5–8%).127 
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Having shown that generation of β-phase regions causes meaningful changes in PODPF refractive 
index, techniques to spatially pattern PODPF are considered. The ability to thermally pattern at the 
temperatures required for β-phase formation in PODPF has previously been demonstrated using a 
conductive atomic force microscopy tip to apply heat.224,225 The length scales of thermally patterned 
regions created by this technique are as fine as ~ 100 nm, well-suited to creation of optical structures in 
PODPF samples. Perhaps more difficult would be subsequently verifying the success and dimensions 
of such small patterns. Conformational patterning has previously been demonstrated in PFO, using local 
exposure to solvent to create β-phase rich regions as narrow as several hundred nanometres.197 In this 
case, patterned regions were characterised by confocal PL microscopy with a resolution of several 
hundred nanometres. As well as PL microscopy, β-phase patterns can also be characterised using Raman 
spectroscopy, as demonstrated previously for PFO.130 It is noted that the spatial resolution of typical 
Raman microscopes is lower, on the order of ~ 1 µm. Nevertheless, following a similar rationale to 
Perevedentsev et al.,130 use of Raman spectroscopy to estimate β-phase absorption fractions and thus 
characterise PODPF samples where the amount of β-phase varies spatially is demonstrated in Appendix 
D.  
Here, the prerequisite change in refractive index upon β-phase formation is demonstrated in Figure 66, 
alongside a discussion of the available techniques that could be used to create and verify thermally-
induced spatially patterned PODPF films. Furthermore, the ability to vary the degree of refractive index 
change by varying the annealing temperature makes feasible many types of non-binary, or ‘grayscale’ 
patterns, such as graded Δn slopes, or gratings with different sized Δn steps. These pattern types would 
be difficult to achieve using solvent techniques with PFO. Hence, there is great potential for spatial 
annealing of PODPF to create optical structures. 
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5.6. Conclusions 
In this chapter, the photophysics of the highly-ordered β-phase molecular conformations in PODPF and 
PFO are compared. Energy transfer from glassy to β-phase regions is resolved for the first time in 
PODPF, as well as in PFO samples on the relatively slow 0.1–1 ns timescale. The identification of 
triplets in PODPF is also made. In general, although both materials show many similar optical properties 
as a result of planarised backbone conformations characteristic of β-phase, the means by which 
planarisation is achieved appears to be very different. In PODPF, the β-phase chain conformation is 
stabilised by interchain interactions, leading to inherently 3-dimensional β-phase domains, in contrast 
to β-phase in PFO which is thought to be a purely intrachain phenomenon. As a result of larger β-phase 
domains, the average distance between glassy-phase and β-phase chain segments is larger in PODPF 
than PFO by approximately 3–10 times, leading to less efficient exciton transfer to lower energy β-
phase regions in films with equivalent amounts of β-phase. Also in contrast to PFO, PODPF exhibits 
poor electrochemical oxidative stability and very low polaron formation, tentatively assigned to alkoxy 
side chains unique to PODPF which may act to destabilise polaron formation and be susceptible to 
ketone formation. Finally, the unique ability to form β-phase by thermal annealing in PODPF is 
discussed in the context of optoelectronic applications. Potential is demonstrated for the creation of 
complex optical structures by spatially patterning PODPF with heat, where localised changes in 
refractive index caused by β-phase formation can be carefully controlled by varying the annealing 
temperature.  
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6.1. Contributing authors 
In situ GPC absorption spectroscopy measurements were performed by Adam Marsh (Heeney group, 
ICL). Polymer synthesis was performed by Andreas Braendle and Christos Glaros (Laboratory for 
Multifunctional Materials, ETH Zürich). NMR spectroscopy measurements and analysis were 
performed by Andreas Braendle. DFT calculations were performed with help from Alise Virbule 
(Nelson group, ICL). Micron-thick PPM films were fabricated by Dr. Aleksandr Perevedentsev 
(Campoy-Quiles group, ICMAB). 
 

6.2. Introduction 
In the current paradigm of organic electronics, the semiconducting properties that bring functionality to 
archetypal small molecule and polymer materials originate from π-conjugation,226 enabling electronic 
delocalisation along the backbone. In contrast, homoconjugated materials achieve electronic 
delocalisation by through-space overlap of pz-orbitals across electronically-insulating groups.53 In 
recent years there has been a growing number of material systems found to exhibit this 
phenomenon.59,61–63,65,67 Homoconjugation has been explored as a means to obtain efficient 
fluorescence,66 transfer energy across non-interacting moieties,60 or improve charge transport in 
perovskite solar cell hole-transport layers.64  
The first observation of homoconjugation along a non-π-conjugated polymer backbone was recently 
made for poly(phenylene methylene) (PPM) and two further methyl-substituted derivatives.68,69 
Following a study of the polymers’ unexpected fluorescent properties, homoconjugation was found to 

be responsible for the vibronically-resolved absorption (350–450 nm) and fluorescence (400–600 nm). 
Interestingly, PPM is found to possess two distinct homoconjugated optical species, the so-called ‘blue’ 

and ‘green’ phases, named on the basis of their emission colours. The attractive one-step, high-yielding 
synthesis, high thermal stability (up to 500 °C) and materials properties more typical of insulating 
polymers combined with its fluorescent properties make PPM and its derivatives of interest for a wide 
range of applications, from textiles227,228 to optoelectronics.68 
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Despite the growth in research interest, the factors that control the formation and the extent to which 
homoconjugation can occur remain largely unknown and unexplored. Investigating the conformational 
origins of homoconjugation in polymeric systems is particularly challenging, since conformation within 
disordered ensembles of chains and resulting optoelectronic properties are highly sensitive to a wide 
range of factors such as chain length,102 dispersity,229 chain-entanglement,177 and substitution pattern 
(ortho, meta, para)230 along the backbone. 
In an attempt to elucidate the formation of homoconjugation within non-π-conjugated polymers, a range 
of chain length-resolved optical and NMR spectroscopies are performed on PPM samples. Steady-state 
and time-resolved optical spectroscopy analysis of PPM samples of varying average molar mass are 
presented, in addition to in situ absorption spectra obtained during gel permeation chromatography 
(GPC). Several methyl-substituted derivatives of PPM are also presented, allowing structural isomerism 
to be probed. The combination of spectroscopic measurements is used to reveal the conformationally 
and spatially distinct natures of the two homoconjugated species present in PPM and its derivatives.  
 

6.3. Experimental methods 
Thin film fabrication information is detailed in Appendix A. 

6.3.1. Polymer synthesis 
The synthesis and fractionation of poly(phenylene methylene) used in this study has previously been 
reported elsewhere in detail: please see Braendle et al.68 for unfractionated PPM and Braendle et al.231 
for fractionated PPM samples. 
For reaction-time-dependent analysis of PPM, PPM was synthesised following the same protocol 
previously described, with ca. 9 g aliquots removed from the reaction vessel every 20 min (after 2 hours: 
every 30 min; after 3 hours: every 60 min) and cooled down to −70 °C to prevent further reactions. A 
small part (ca. 100 mg) of these portions were immediately dissolved in deuterated chloroform for 1H 
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NMR and 13C NMR measurements, to evaluate degree of polymerisation (DP) and substitution pattern. 
No further aliquots were removed from the reaction vessel beyond the first 5 hours. 
For PL and PLE measurements of PPM aliquots, aliquots were first dissolved in chloroform, then 3 
vol% of methanol was added to quench the active carbocation remaining in solution.  

6.3.2. NMR analysis 
Hydrogen-1 NMR is used to estimate the number-average molar mass of PPM samples, by analysis of 
end group (δ = 4.56 ppm), polymer (δ = 3.3–4.2 ppm) and monomer (δ = 4.60 ppm) peak areas in the 
NMR spectra, as described in detail elsewhere by Braendle et al..231 The fraction of end groups present 
in PPM samples are also estimated from integrated peak areas. Carbon-13 NMR is also used to identify 
and estimate the population of different structural isomers within PPM samples, using a methodology 
previously reported in detail.231 The substitution pattern along the polymer backbone of PPM was 
deduced from analysis of 13C NMR peaks associated with the carbon atom of the methylene group, in 
the chemical shift region, δ = 33–43 ppm. The signal entity at 41.4 ppm is assigned to the methylene 
group which bridges two phenylene rings of meta/meta, para/para or meta/para substitution. The signal 
entity at 38.5 ppm is assigned to ortho/meta and ortho/para substitution and the signal entity at 35.7 
ppm to ortho/ortho substitution. By integrating the areas under these regions, the relative frequency of 
different substitution along the polymer chains during synthesis is estimated. 

6.3.3. Density functional theory calculations 
DFT calculations were performed on PPM oligomers of varying length, with the C-C-C bond angles, θ, 
across the carbon atoms of adjacent phenylene rings and the methylene constrained to fixed values 
between θ = 63° and 135°. Geometry optimisation was then performed and the potential energy 
recorded. This was followed by time-dependent DFT (TD-DFT) calculating the energy of the S0  S1 
absorption transition.   
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6.3.4. Sample molar mass distributions 
Table 4. Summary of molar mass distribution data for different batches of PPM and its methyl-substituted 
derivatives, calculated from gel permeation chromatography measurements performed: a. with chlorobenzene as 
eluent at 80 °C (Imperial College London) or b. with chloroform as eluent at 35 °C (ETH Zürich).  

Material Notes Number-average molar mass, Mn Mass-average molar mass, Mw Dispersity, Đ 
  g mol−1 Repeat units g mol−1 Repeat units  
PPM a Unfractionated  5,200 57 13,600 150 2.64  Fraction #1 1,900 21 2,300 26 1.27  Fraction #2 4,000 44 5,500 61 1.39  Fraction #3 9,900 110 17,800 200 1.79  Fraction #4 18,100 200 27,800 310 1.53 o-PMPM b  9,800 94 57,000 550 5.8 m-PMPM b  3,700 36 7,100 69 1.91 p-PMPM b  6,100 59 9,800 94 1.59 P2MPM b  7,300 62 201,000 1,700 28 P3MPM a  1,800 14 6,200 47 3.5 P4MPM a  510 3.5 540 3.7 1.06  

It is noted that using polystyrene to calibrate GPC molar mass can lead to large overestimations of 
average molar mass by > 4× for π-conjugated oligomers, due to the difference in hydrodynamic radius 
of the rigid-rod-like π-conjugated vs. random-coil-like non-π-conjugated materials.147 However since 
PPM is non-π-conjugated, with torsional flexibility expected to be high, polystyrene is assumed to give 
fairly accurate molar mass values.  
 

6.4. Results 
6.4.1. Identification of distinct homoconjugated species 

Firstly, the absorption and emission properties of PPM are identified through steady-state optical 
spectroscopy. Figure 67 (a) shows the synthesis scheme and chemical structure of PPM and (b) gives 
the absorption and emission properties in solution. PPM shows well-resolved vibronic absorption, 
previously attributed to homoconjugated chains segments,68,69 and typically indicative of a highly-
ordered molecular conformation. Meanwhile site-selective photoluminescence emission (PL) 
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measurements reveal the two distinct homoconjugated species present in the polymer, termed the ‘blue’ 

and ‘green’ phases from their emission colours. The more prominent blue-phase has 0–0 absorption and 
emission vibronic peaks centred at 405 nm and 423 nm respectively, while the green-phase is red-shifted 
and broadened, with 0–0 absorption and emission peaks at 453 nm and 477 nm respectively. 

 
Figure 67. (a) Synthesis of PPM, indicating locations of ortho (o), meta (m) and para (p) substitution. (b) Average 
molar attenuation coefficient (per mole of repeat unit, black line) and peak normalised PL spectra for selective 
excitation of blue (blue line) and green-phase (green line) species (388 and 455 nm respectively) for a 15 mg 
mL−1 solution of PPM (as-synthesised, Mn = 5,200 g mol−1, Mw = 13,600 g mol−1) in chloroform. (c) Illustration 
of pz-orbital overlap in a para-substituted PPM segment responsible for homoconjugation. One ‘twisting’ 

dihedral angle, ϕ, of the phenylene rings attached to the methylene groups, and one bending angle, θ, across the 

methylene groups that bridge phenylene groups are highlighted. 
Figure 67 (c) illustrates the overlap of pz orbitals across adjacent phenylene rings that leads to 
homoconjugation. The key variables that control the conformation along the polymer chain and 
consequently the extent of through-space electron delocalisation, are the dihedral angles, ϕ, and the C-
C-C bending angles, θ. ϕ control the torsion ‘twisting’ angles of phenylene groups, and θ controls the 
proximity of phenylene rings across non-π-conjugated methylene groups. Previous literature has shown 
that the torsional freedom of the phenylene rings is high in the PPM dimer analogue, diphenylmethane, 
with a wide range of possible ϕ combinations accessible within thermal energy.232,233 Therefore it is 
likely that a wide range of conformations can be adopted along a PPM chain, with a higher mobility at 
chain ends. Significantly, PPM repeat units can connect during synthesis at the ortho, meta or para 
position of the adjacent unit (or at multiple positions in the case of chain branching), as marked in Figure 
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67 (a). Indeed, substantial populations of all three linkages are detected through analysis of 13C NMR 
spectra.231 This mixture of structural isomers expands the configurations and range of conformations 
accessible along the polymer backbone. Chain branching is also possible but has not yet been 
successfully determined experimentally.  
Notably, the molar attenuation coefficient (ε, expressed per mole of PPM repeat unit, and so directly 
proportional to the mass attenuation coefficient, µ) of the homoconjugated absorption for PPM in 
solution is very small (ε ~ 1 – 10 L mol−1 cm−1). This is a factor of ~ 100–10,000 weaker than the 
strength of typical π–π* transitions in π-conjugated small molecules and polymers, ε ~ 103–105 L mol−1 
cm−1. The linear absorption coefficient, α, measured for solid films is also very small at ~ 100 cm−1, a 
factor of 5000 weaker than the high energy absorption at ~ 200 nm attributed to localised absorption by 
single phenylene rings, as shown in Figure 68. The absorption spectra of PPM presented in Figure 68 
is ‘stitched’ together from films of varying thickness, as the short wavelength absorption saturates the 

UV-Vis detector for thicker films, while for thinner films the UV-Vis spectrometer is not sensitive 
enough to capture the weak homoconjugated absorption at longer wavelengths.  

 
Figure 68. Absorption spectra of PPM films plotted on linear (a) and logarithmic (b) axes. Data from varying 
thickness films are shown in order to present the full range of absorption species on a single plot. The 17 µm film 
spectrum is linearly scaled by a factor of 2000 in (a) to show the weaker homoconjugated absorption. The black 
dashed line in (b) is shown to guide the eye only. 
As previously discussed in the literature,68 the low absorption coefficient in the 300–470 nm region is 
likely due to either: (i) a very low concentration of homoconjugated chromophores; or (ii) a very low 
oscillator strength for the homoconjugated absorption transition. If the low absorption coefficient is due 
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to (i), this would suggest that the number of chromophores within a PPM samples is on the order of ~ 
1,000 times lower than a π-conjugated sample of equivalent mass (assuming comparable oscillator 
strength for homoconjugated and π-conjugated chromophores). In this case, chromophores would be 
expected to be very isolated within the polymer sample. 
Distinct spectral signatures of PPM are resolved by fitting of absorption spectra (Figure 69 (a)) and site-
selective photoluminescence excitation (PLE) and PL measurements (Figure 69 (b)–(c) and Figure 70). 
From these measurements, the two homoconjugated species as well as transitions localised to single 
phenylene rings can be separated and identified.  

 
Figure 69. (a) PPM absorption spectra (ε given per mole of repeat unit) for a 15 mg mL−1 solution in chloroform 
of PPM (as-synthesised, Mn = 5,200 g mol−1, Mw = 13,600 g mol−1), separated into blue and green-phase spectral 
components from fitting with multiple Gaussian peaks. (b) PL spectra of a 1.7 µm PPM film, excited at 285–300 
nm (a) and 405–450 nm (b), revealing the transition between blue and green-phase emission species.   
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Figure 70. Normalised photoluminescence excitation (a) and emission (b) spectra of a 400 nm PPM thin film (as-
synthesised, Mn = 5,200 g mol−1, Mw = 13,600 g mol−1). Selective excitation and emission (upper panel) allows 
spectral separation (lower panel) of localised (L) and blue- (B) and green- (G) phase homoconjugated absorption 
and emission species. Separated blue and green-phase species plotted in the lower panel of (a) are obtained from 
fitting of PLE spectra with multiple Gaussian peaks. Excitation peaks are removed and spectral components are 
scaled arbitrarily for clarity.  
Despite the low absorption coefficient, fluorescence by homoconjugated chromophores is found to be 
highly efficient – the photoluminescence quantum efficiency of PPM was previously found to be 70% 
in solution and 40% in films (for as-synthesised PPM, Mn = 5,200 g mol−1, Mw = 13,600 g mol−1),68 
which is comparable to more conventional blue-emitting π-conjugated polymers such as poly(9,9-
dioctylfluorene).130 
 

6.4.2. The effect of chain length on homoconjugation 
6.4.2.1. Chain length-resolved UV-visible spectroscopy 

To explore the relationship between chain length and the formation of homoconjugation, PPM was 
fractionated by molar mass, yielding polymer samples with average dispersity of ~ 1.5. Molar mass 
distribution data are given in Table 4 in section 6.3.4. Figure 71 shows the UV-Vis spectroscopy results 
of the fractionated polymers. A strong dependence of the blue-phase molar attenuation coefficient on 
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the average molar mass is observed, with ε (per mole of repeat unit) decreasing by a factor of 4 from 
Mn = 1,900 g mol−1 to 18,100 g mol−1. Interestingly the green-phase absorption shows comparatively 
little change with no clear trend, which leads to a higher green:blue-phase absorption ratio with 
increasing Mn. The difference in the chain length dependence of molar attenuation coefficient highlights 
another distinction between the blue and green-phase species, in addition to the distinct spectral 
signatures. This suggests that the molecular structures responsible for the two species are dissimilar. 

 
Figure 71. (a) Absorption spectra for fractionated PPM samples of varying number-average molar mass, Mn, in 
p-xylene solutions, given as the molar attenuation coefficient, ε (per mole of PPM repeat unit). (b) Molar 
attenuation coefficient, ε, at the peak positions for blue (385 nm) and green-phase (453 nm) species and ε ratio 

between phases (c) as a function of the number-average molar mass.  
Interestingly, no concentration dependence of ε was found for PPM in solution, with ε values invariant 
(± 5%, no correlation) across over two orders of magnitude for concentrations between 0.008 – 2 % 
m/m (0.1 – 30 mg mL−1 in chloroform). This result shows the effect of interchain interactions on ε due 
to chain overlap at higher concentrations to be negligible.  
The sharp decrease in average molar attenuation coefficient of the majority blue-phase species is highly 
atypical in comparison to conventional π-conjugated materials, which generally show increasing 
absorption coefficient with increasing chain length (noting that in the case of curved, low persistence 
length polymers, theoretical calculations find that oscillator strength increases with chain length only 
up to a point, then falls off with increasing length).103,234 Although the average molar attenuation 
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coefficient decreases with increasing average molar mass, the blue-phase absorption spectrum is 
invariant. This suggests that the decrease in attenuation is due to a decrease in concentration of 
homoconjugated chromophores, rather than due to a change in oscillator strength or nature of the 
absorber. This result highlights the unusual photophysical properties associated with homoconjugation.  
To further investigate how chain length affects homoconjugation within a typical, as-synthesised 
sample of PPM, gel permeation chromatography (GPC) was performed using an instrument equipped 
with multiple detectors working in situ. In addition to the standard ‘RID’ detector measuring polymer 

mass fraction as a function of molar mass within the polymer chain ensemble, a second ‘diode array 

detector’ (DAD) records the UV-Vis spectra of polymer chains exiting the GPC column in situ. The 
technique allows the absorbance spectra of PPM chains of varying lengths within a disperse sample to 
be finely separated, with a chain length resolution of Δn = ± n/6. Hence, the in situ measurement gives 
more chain length-resolved data than ‘regular’ UV-Vis spectroscopy, which can only provide ensemble-
averaged information, unless polymer samples are finely separated into different molar mass samples 
by several further fractionation steps and measured individually. This is a non-trivial and time-
consuming process, and so the in situ setup is extremely convenient and practical as well as being highly 
sensitive to chain length.  
The results of in situ absorption spectroscopy during GPC are shown in Figure 72 for an unfractionated 
batch of PPM (Mn = 5,200 g mol−1, Mw = 13,600 g mol−1). Tracking the absorbance of the blue and 
green-phases at 385 and 453 nm respectively reveals the very different chain length dependences of the 
two species. The blue-phase absorption signal at 385 nm is relatively more intense than the polymer 
mass fraction up to ~ 20,000 g mol−1, then above 20,000 g mol−1, blue-phase absorption closely follows 
polymer mass fraction. Meanwhile the green-phase absorption at 453 nm follows the trend in polymer 
mass fraction much more closely. This behaviour indicates that the average molar attenuation 
coefficient of the blue-phase species is larger at low molar masses than at higher molar mass, consistent 
with results shown in Figure 71. Also consistent with the observation seen for fractionated samples of 
varying average molar mass shown in Figure 71 (c), the green:blue-phase absorbance ratio increases 
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with molar mass within the individual PPM sample, with green-phase absorption becoming relatively 
more intense in longer chains, up to ~ 0.6 for the longest chains of ~ 1000 repeat units.  

 
Figure 72. (a) Absorbance at the blue (385 nm, blue line) and green-phase (453 nm, green line) absorption 
maxima and polymer mass fraction (black dashed line) as a function of molar mass and chain length (DP) within 
a PPM sample (as-synthesised, Mn = 5,200 g mol−1, Mw = 13,600 g mol−1), measured in situ following separation 
of chains by size using GPC. (b) Absorbance ratio of green:blue-phase absorption peaks as a function of molar 
mass. (c) In situ absorption spectra, normalised to the blue-phase 0-1 vibronic peak for clarity, as a function of 
chain length (DP) within the polymer sample. Mn and Mw are marked in (a), and the blue and green-phase 
absorption wavelengths being tracked are marked in (c). 
Subtle changes in the blue-phase absorption profile are also observed with increasing chain length from 
the in situ absorption spectra in Figure 72 (c), with vibronic peaks narrowing and lower energy peaks 
increasing in relative intensity. Such trends are indicative of both a decreasing degree of conformational 
disorder and decreasing Franck-Condon factor.84–87 A red-shift in the vibronic peaks of ~ 10 nm is also 
observed with increasing chain length. This provides evidence of absorption by an intrachain species 
for which the extent of electron delocalisation increases with chain length, while the displacement in 
nuclear coordinates between ground and excited state potentials decreases.72  
In situ absorption measurements during GPC can also be used to determine a relative molar-mass-
dependent molar attenuation coefficient by dividing the measured absorbance signal by the polymer 
mass fraction, presented in Figure 73. This ratio is directly proportional to (i) the mass attenuation 
coefficient, µ, which measures the attenuation of light per fixed mass of material, and (ii) the molar 
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attenuation coefficient expressed per mole of repeat unit, ε, as obtained from UV-Vis presented in 
Figure 71. This allows a relative molar attenuation coefficient per repeat unit, termed εrel, to be obtained 
across a wider molar mass range than presented in Figure 71, as well as monitor the chain length 
dependence of absorption within each particular disperse sample (without having to undergo many 
further fractionations).  

 
Figure 73. Blue-phase (a) and green-phase (b) relative attenuation coefficient, εrel, (solid lines) and absolute 
molar attenuation coefficient per PPM repeat unit (circular markers) vs. molar mass for PPM samples of varying 
average molar mass. Relative attenuation coefficient values are plotted as a function of individual chain molar 
mass within the disperse PPM samples, obtained from GPC in situ UV-Vis. Absolute molar attenuation coefficient 
values are determined from ensemble-average solution UV-Vis spectroscopy and plotted at the number-average 
molar mass value. (a) plots absorption at 385 nm and (b) plots absorption at 453 nm.  
A large variation in εrel of the blue-phase absorption in PPM samples is observed in Figure 73 (a), 
sharply decreasing by a factor of over 15 with increasing chain length from 600 g mol−1 before 
plateauing for M > 20,000 g mol−1. Furthermore, there is good correlation between the absolute 
ensemble-average ε values plotted vs. average molar mass in Figure 71 for the blue-phase species and 
the εrel obtained from in situ measurements. As with the results obtained from ensemble-average UV-
Vis (Figure 71), the green-phase εrel shown in Figure 73 (b) varies comparatively little with chain length, 
by a factor of 4. Unlike the blue-phase absorption coefficient, there is no consistent trend found with 
molar mass and between samples. This may be due to the weaker signal to noise ratio and consequently 
a greater influence from instrumental variation, or as a result of the distinct origins of the two species.  
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6.4.2.2. Chain length-resolved photoluminescence spectroscopy 
From absorption spectroscopy, differing chain length dependences for blue- and green-phase species 
are observed. To further investigate the origins and differences of the two species at the shortest chain 
lengths, samples with very low degrees of polymerisation are characterised by removing aliquots of 
PPM from the reaction mixture at early times during synthesis. Each aliquot is then characterised with 
PL spectroscopy, and the number-average molar mass is estimated from analysis of 1H NMR spectra 
using the methods described by Braendle et al..231  
Figure 74 shows the blue and green-phase PL spectra following selective excitation at 388 nm and 455 
nm respectively as a function of reaction time, along with the corresponding estimated Mn (average 
molar mass values detailed further on in Table 8).  

 
Figure 74. Normalised photoluminescence emission spectra of PPM samples removed from the reaction vessel at 
varying times, following selective excitation of blue-phase (a) and green-phase (b) species at 388 nm and 455 nm 
respectively. Both blue- and green-phase PL spectra of each respective aliquot are normalised to the maximum 
blue-phase PL intensity of the given aliquot. (c) Number-average molar mass and number-average degree of 
polymerisation (in repeat units) for PPM as a function of reaction time.  
The two PL spectra measured for each aliquot are normalised to the peak intensity of the blue-phase 
PL. This reveals the change in relative intensity of the green-phase emission relative to the blue-phase 
(absolute intensities between aliquots are not comparable due to differences in polymer concentration). 
Critically, characteristic blue-phase emission is observed from the first aliquot taken at 20 minutes, 
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corresponding to a number-average DP of ~ 2 repeat units (monomer conversion, p = 4%). In contrast, 
the characteristic emission of the green-phase is not resolved until later in the reaction from 60 minutes, 
equivalent to a number-average DP of ~ 3 repeat units (p = 16%). It is noted that although the average 
DP of these aliquots are very low, the samples are expected to comprise a wide range of chain lengths, 
including chains of much longer than 3 repeat units. 
The higher average DP required to observe green-phase emission suggests that green-phase 
chromophores require longer chain lengths than the blue-phase to form. One rationalisation for this 
observation is that green-phase chromophores have an intrinsically longer minimum length in 
comparison to blue-phase segments. This is consistent with the lower optical band gap of the green-
phase, indicative of a more extended, delocalised homoconjugated interaction. The increase in the 
green-phase PL intensity relative to the blue-phase as the reaction proceeds is also consistent with the 
decreasing ε observed for the blue-phase (Figure 71 and Figure 73), assuming negligible change in the 
PL quantum efficiency of the two species as the concentration of blue and green-phase chromophores 
varies.  
 

6.4.3. Influence of polymer substitution pattern on homoconjugation 
The different chain length-dependent emission behaviour of the two species is further evidence that 
blue and green-phase chromophores have distinct molecular structures. One hypothesis for the origins 
of the two species, in terms of molecular structure, is that they originate from different substitution 
patterns along the polymer chain – distinct structural isomers. Therefore, another possible explanation 
as to why a higher average DP is required to observe green-phase emission, is that the probability of 
certain substitutions and resulting structural isomers forming varies during synthesis as polymer chains 
extend. 
In an attempt to quantify the polymer substitution pattern, peaks in the PPM 13C NMR spectrum 
attributed to the methylene carbon atom can be assigned to structural isomers with varying ortho, meta 
and para linkages, as previously demonstrated by Braendle et al..231 Such analysis is performed on the 



Probing the origins of homoconjugation in poly(phenylene methylene) 

 150  

aliquots removed during synthesis, with the results shown in Figure 75. Integrating the peak areas 
reveals qualitative trends in the proportion of different structural isomers and polymer substitution 
pattern as a function of Mn (tabulated in Table 5). 
Table 5. Integrated Carbon-13 NMR peak areas for aliquots of PPM taken from the reaction vessel at varying 
times during polymer synthesis, as a fraction of the total area of the 3 sets of peaks. 

 Integrated 13C NMR peak area Reaction time (min) 1: O-O  (34.0 – 37.2 ppm) 2: O-M & O-P  (37.7 – 40.1 ppm) 3: M-M, P-P & M-P  (40.7 – 42.5 ppm) 20 0* 0.52 0.48 40 0* 0.48 0.52 60 0* 0.50 0.50 80 0* 0.54 0.46 120 0.16 0.53 0.31 150 0.16 0.53 0.32 180 0.17 0.55 0.28 240 0.17 0.56 0.27 300 0.16 0.57 0.27 * Ortho-ortho peak below detectable signal-to-noise level 

 
Figure 75. (a) Chemical structure of the 6 combinations of ortho (o), meta (m) and para (p) linkages possible for 
a methylene group between two phenylene groups. (b) 13C NMR spectra of unfractionated PPM, in the 33-43 ppm 
region attributed to the methylene group. (c) Fractional peak area of 13C NMR spectral regions as a function of 
number-average molar mass for PPM aliquots removed during synthesis, with labels indicating reaction time in 
minutes. Structural isomers in (a) are grouped according to their corresponding methylene group 13C NMR peak 
shown in (b). 
For aliquots taken at reaction times of ≤ 80 min the least intense NMR peak 1 – assigned to two 
consecutive ortho linkages – is below the signal-to-noise level, while for ≥ 120 min, there is no 

significant change in the relative populations. Thus, any changes in the substitution pattern as polymer 
chains extend at early times during synthesis are unable to be resolved experimentally with NMR 
spectroscopy. Therefore, although chain length-dependent structural isomerism may be responsible for 
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the observation of green-phase emission at higher average DP, this cannot be elucidated from these 
results.   
To consider the effect of polymer substitution pattern on the formation of homoconjugated species in 
more detail, additional derivatives of PPM were synthesised from methyl-substituted monomers. The 
addition of methyl groups at varying positions on the phenylene group prevents certain substitution 
patterns.  
The chemical structure and absorption spectra of methyl-substituted derivatives of PPM in solution are 
shown in Figure 76 and Figure 77. Table 6 summarises the substitutions available to the different 
polymers and the presence of green-phase absorption (average molar mass data are given in Table 4 in 
section 6.3.4). In all cases, the average DP is > 3 repeat units, and so green-phase should be observable 
if present (as green-phase PL is observed from average DP > 3 for PPM in Figure 74). Similarly to 
PPM, the blue-phase molar attenuation coefficient of the PPM derivatives is expected to be highly 
sensitive to the average molar mass. However, since no attempt to control for variation in average molar 
mass is made, close attention is not paid to the absolute ε values of blue-phase absorption. Instead, the 
focus is on the relationship between substitution pattern and the presence of green-phase absorption.  



Probing the origins of homoconjugation in poly(phenylene methylene) 

 152  

 
Figure 76. Chemical structure of monomers and polymer repeat units along with solution absorption spectra for 
PPM (a) and the methyl-substituted derivatives: m-PMPM (b), o-PMPM (c) and p-PMPM (d). Available 
substitution positions for the polymer are indicated with green (ortho), blue (meta) and red (para) wavy bonds. 
Presence of significant green-phase absorption is indicated by green arrows.  
Table 6. Number of available substitution positions for PPM and methyl-substituted derivatives. 

 Number of available substitution positions  Polymer Ortho Meta Para Green-phase? PPM 2/2 2/2 1/1 Yes o-PMPM 1/2 2/2 1/1 Yes (from PL) m-PMPM 2/2 1/2 1/1 Yes p-PMPM 2/2 2/2 0/1 Yes P2MPM 0/2 2/2 1/1 No P3MPM 0/2 2/2 0/1 No P4MPM 0/2 0/2 1/1 No  
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Figure 77. Chemical structure of monomers and polymer repeat units along with solution absorption spectra for 
the methyl-substituted derivatives of PPM: P2MPM (a), P3MPM (b) and P4MPM (c). Available substitution 
positions for the polymer are indicated with green (ortho), blue (meta) and red (para) wavy bonds. 
Critically, only 3 out of the 7 polymers exhibit clear and significant green-phase absorption peaks (PPM, 
m-PMPM and p-PMPM). In p-PMPM, repeat units cannot be connected at the para position due to the 
presence of a methyl group, so polymer chains linked at the para positions are ruled out in the formation 
of green-phase chromophores (further supported by a lack of green-phase absorption in para-only 
P4MPM). In PPM and m-PMPM, repeat units can be linked at the ortho, meta or para positions. 
However in P3MPM, repeat units can connect only at the meta position, and no green-phase is observed. 
Furthermore, in the 3 non-green-phase forming PPM derivatives, ortho substitution is blocked 
completely in 3 (P2MPM, P3MPM and P4MPM). Finally in the remaining derivative, o-PMPM, 1 of 
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the 2 ortho positions are blocked by a methyl group, and green-phase absorption is significantly weaker 
and difficult to reliably resolve from UV-Vis spectroscopy, with weak but characteristic green-phase 
PL only observed when probed selectively (data not shown).  
From analysis of methyl-substituted derivatives of PPM, it is clear that in order to form the green-phase 
homoconjugated chromophore, ortho-substitution of repeat units is required. Whether the green-phase 
chromophore forms from chain segments with consecutive ortho-substitutions, or those with a 
combination of ortho and meta-substitutions is as yet unclear. In contrast, the presence of blue-phase 
absorption is much less sensitive to polymer substitution patterns, appearing in all 7 PPM derivatives 
(noting that P2MPM, P3MPM and P4MPM show evidence of additional absorption signals at higher 
energy that require further investigation beyond the scope of this study). Clearly, this result shows how 
differences in molecular structure can lead to the formation of homoconjugated chromophores with 
distinct photophysical properties. 
 

6.4.4. Energy transfer between homoconjugated species 
With convincing evidence to suggest that the distinct blue-phase and green-phase homoconjugated 
species arise from different structural isomers, energy transfer between the two species in solution using 
time-resolved PL spectroscopy is now investigated. Fractionated PPM samples previously discussed 
are examined, with solution concentrations adjusted to give an equal absorbance of 1 at the blue-phase 
absorption peak of ~ 385 nm. In these samples, the concentration of ‘acceptor’ green-phase species 
increases relative to the ‘donor’ blue-phase with increasing average molar mass, due to the decrease in 
ε of the blue-phase with increasing average molar mass (Figure 71). A decrease in the ‘donor’ 

fluorescence lifetime with increasing ‘acceptor’ concentration would be a conclusive indicator of 

fluorescence resonance energy transfer (FRET) being present.78,91 To examine this further, the PL decay 
kinetics of blue-phase emission for the lowest and highest average molar mass fractionated PPM 
samples following selective excitation of the blue-phase at 379 nm are presented in Figure 78, with 
fitted lifetimes tabulated in Table 7.  
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Table 7. PL lifetimes of PPM samples of varying average molar mass based on single and bi-exponential fits, 
along with theoretical calculations of the fluorescence lifetime using the Strickler-Berg equation. The scaling 
factor between weighted average bi-exponential and theoretical calculated lifetimes is given in the final column.  

Mn (g mol−1) Single exp. fit Bi-exponential fit Strickler-Berg calculation 
 τ (ns) A1 (%) τ1 (ns) A2 (%) τ2 (ns) τave (ns) τf (ns) Scaling factor 1,900 6.80 3.1 2.18 96.9 7.77 7.60 5000 600 4,000 6.77 1.1 1.53 98.9 7.82 7.75 11000 1400 9,900 6.96 6.8 2.64 93.2 8.34 7.95 14000 1800 18,100 6.83 2.2 1.77 97.8 8.18 8.03 16000 2100  

 
Figure 78. Peak normalised PL kinetics of blue-phase emission (signal integrated between 400 and 440 nm) for 
fractionated samples of PPM with varying average molar mass. Fits (black dotted and dashed lines) to the kinetics 
from convolution of a Gaussian peak representing the pump pulse (grey dashed line) convolved with a bi-
exponential function. Absorbance at the blue-phase absorption peak was equal for all PPM samples. Samples 
were excited by a 379 nm pulsed laser source (FWHM = 0.75 ± 0.05 ns). 
Interestingly, there is very little change in blue-phase lifetime as the relative green-phase concentration 
increases with increasing average molar mass. In fact, the bi-exponential average lifetime increases 
slightly, rather than decreasing. Therefore, it is concluded that there is no energy transfer detected 
between the two homoconjugated species in PPM.  
Despite a high degree of overlap between blue-phase emission and green-phase absorption, conducive 
to efficient FRET,91 the very low molar attenuation coefficient of homoconjugated species leads to a 
very small overlap integral, and a calculated FRET radius, R0, of only 0.7 (± 0.1) nm. This distance is 
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approximately equal to the end-to-end distance between adjacent phenylene units. This effectively 
means that species must be separated by no more than 2 repeat units to be likely to undergo energy 
transfer. It is noted that in a previous work, it was stated that energy transfer from blue- to green-phase 
species was present.68 This misinterpretation was primarily due to the large overlap of green-phase 0–

0 and 0–1 vibronic emission peaks with the 0–2 and 0–3 vibronics of blue-phase emission, leading to 
incorrect assignment of long-wavelength blue-phase emission to the green-phase.  
Furthermore, fluorescence lifetimes can be estimated from the Strickler-Berg equation,235 based on a 
material’s absorption spectrum (expressed in terms of the molar attenuation coefficient), fluorescence 
spectrum and refractive index (estimated as 1.6 based on value of 1.58 for the dimer equivalent of PPM, 
diphenylmethane).236 Here, the calculated estimates (Table 7) are a factor of ~ 1000 times larger than 
experimentally observed. In effect, the chromophores in PPM samples have the fluorescence lifetime 
of chromophores with a molar attenuation coefficient ~ 1000 times stronger. This correlates well with 
the fact that the molar attenuation coefficient of PPM is weaker than π-conjugated materials, by 
approximately the same order of magnitude.  
This result, in combination with the observed lack of energy transfer, is further evidence to support the 
argument that individual homoconjugated chromophores have comparable oscillator strengths to π-
conjugated chromophores, and it is simply an extremely low population of chromophores within an 
entire sample that is responsible for the low molar attenuation coefficient of PPM (and its derivatives). 
The variation in blue-phase molar attenuation coefficient with molar mass is then also ascribed to 
changes in the concentration of chromophores. In this case, with homoconjugated chromophores highly 
isolated along polymer chains, it follows that the spatial separation between blue and green-phase 
chromophores is prohibitively large for energy transfer to occur. 
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6.4.5. Correlation between blue-phase absorption coefficient and chain end 
concentration 

From energy transfer studies, it is established that the blue and green-phase chromophores are spatially 
separated. It is also concluded that the population of homoconjugated chromophores is very low and 
thus formation is very rare. A valid question is therefore; are there any locations along the polymer 
chain that are conducive to homoconjugated interactions, where chromophores form with increased 
likelihood? In an attempt to answer this question, further analysis of the in situ chain length-resolved 
absorption spectroscopy measurements shown in Figure 72 and Figure 73 in section 6.4.2.1 is 
performed. Critically, a remarkably close correlation is found between the trend in the relative blue-
phase attenuation coefficient shown previously in Figure 73 (a) and two variables related to the 
concentration of polymer chain ends, plotted in Figure 79.  

 
Figure 79. (a) Relative blue-phase absorption coefficient at 385 nm (solid lines) for low average molar mass 
fractionated PPM (Mn = 1,900 g mol−1, Mw = 2,300 g mol−1) and polymer chain end fraction (black circular 
markers) vs. molar mass. (b) Relative blue-phase absorption coefficient at 385 nm (solid lines) and glass transition 
temperature, Tg, (grey diamond markers) vs. molar mass for PPM samples of varying average molar mass. 
Relative absorption coefficient values are obtained from in situ absorption spectroscopy during GPC. Tg values 
and chain end fractions are plotted at the number-average molar mass determined from 1H NMR spectral analysis. 
The blue-phase εrel decreases at the same rate as the concentration of polymer end groups estimated 
from 1H NMR spectroscopy for the aliquots discussed in Figure 74 (tabulated in Table 8). There is also 
close inverse correlation between the decrease in blue-phase εrel and the previously measured increase 
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in glass transition temperature (Tg) vs. molar mass.231 The increase in Tg with chain length in polymers 
is well-known and is due to the decreasing density of chain ends, which have a greater degree of 
conformational freedom than the units within the chain, resulting in a reduction in chain mobility.237  
Consequently, a plausible explanation for the decrease in blue-phase absorption in PPM with increasing 
molar mass is that blue-phase chromophores predominantly form at chain ends. Hence, it is expected 
that the greater the concentration of chain ends, the larger the blue-phase absorption coefficient. The 
increased conformational freedom at the chain ends and/or the presence of CH2OH end groups may 
influence the energetics of the PPM conformation, increasing the likelihood of a homoconjugated 
chromophore forming. Further investigations varying the PPM end-capping unit may be able to reveal 
whether this is indeed the case. 
Table 8. Number-average molar masses and fraction of polymer chain ends estimated from H-NMR and for 
aliquots of PPM taken from the reaction vessel at varying times during polymer synthesis. 

 From 1H NMR peak areas Reaction time (min) Mn (g mol−1) Number-average DP (repeat units) Chain end fraction 
20 170 1.9 0.54 40 200 2.2 0.45 60 280 3.1 0.32 80 370 4.1 0.24 120 690 7.7 0.13 150 950 11 0.09 180 1250 14 0.07 240 1980 22 0.05 300 2330 26 0.04  
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6.5. Discussion 
6.5.1. Structural origins of homoconjugation 

The wide range of spectroscopic studies performed within this chapter combine to reveal that blue and 
green-phase homoconjugated chromophores are structurally distinct. Chain length-resolved absorption 
measurements show that the concentration of blue-phase chromophores is highly sensitive to chain 
length, decreasing with molar mass at the same rate as the concentration of polymer chain ends 
determined from NMR spectroscopy. This suggests that blue-phase chromophores form predominantly 
at chain ends only. Meanwhile chain length-resolved absorption and emission measurements show that 
green-phase chromophores form at higher average degrees of polymerisation, and the concentration of 
green-phase chromophores is generally insensitive to chain length. Examination of methyl-substituted 
derivatives of PPM shows that the green-phase is formed from structural isomers containing ortho 
substitutions between repeat units. There is no such structural requirement for the formation of the blue-
phase.  
Further to this, the results of time-resolved emission studies confirm that the concentration of 
homoconjugated chromophores is very low, on the order of ~ 1000 lower than in π-conjugated materials. 
As a result, blue and green-phase species are highly isolated along polymer chains, unable to undergo 
energy transfer between chromophores. The fact that the two homoconjugated species do not occupy 
the same or sufficiently close parts of the chain to undergo energy transfer means that the two species 
are also spatially separated, not originating from two excited states or conformational variants of a 
single PPM chain segment.  
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From the spatial separation of homoconjugated species revealed by energy transfer studies, it follows 
that green-phase chromophores form within the bulk of polymer chains, away from chain ends, 
consistent with their insensitivity to chain end concentration and chain length. The structural and spatial 
differences between the two homoconjugated chromophores is illustrated in Figure 80. 

 
Figure 80. Cartoon of a PPM chain, illustrating the spatial separation and structural distinct natures of blue and 
green-phase chromophores (shaded ovals). The requirement for ortho (highlighted with o) substitution for green-
phase chromophores is also shown, along with an approximate size guide for the calculated Förster radius, R0, 
which corresponds roughly to the end-to-end distance for a PPM dimer.  
 

6.5.2. Conformational origins of homoconjugation 
Although the unusual optical properties and the structural origins of the homoconjugated species of 
PPM have been revealed through a wide variety of experiments, the molecular conformations adopted 
to form homoconjugated interactions are still not well understood. To probe the effect of conformation 
on homoconjugation, a series of preliminary time-dependent density functional theory calculations were 
performed. Using the ωb97xd functional and 6-31G basis set, for calculations performed in vacuum, 
the first electronic transition energy was calculated for PPM segments of up to five repeat units. The 
results for all para-substituted oligomers are shown in Figure 81.  
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Figure 81. (a) S0 to S1 optical transition energy of unconstrained, geometry optimised para-substituted PPM 
oligomers as a function of chain length. (b) S0 to S1 optical transition energy of geometry optimised para-
substituted PPM oligomers, where the bending angles, θ, are constrained to fixed values, for varying chain 

lengths. (c) Potential energy and S0 to S1 optical transition energy of a para-substituted PPM trimer, as a function 
of bending angle, θ. (d) Geometry optimised structure and LUMO (± 0.02 isovalue, ωb97-xd functional, 6-31G 
basis set) of a para-substituted trimer of PPM for a fixed bending angle, θ = 71°. 
In their minimum energy conformation, the PPM oligomers exhibit a band gap of ~ 230 nm (Figure 81 
(a)). This corresponds well to the strongly absorbing localised transitions seen in Figure 68, but is much 
higher energy than the absorption band assigned to homoconjugated transitions. Hence, in this 
minimum energy configuration, there appears to be no significant homoconjugated interaction. 
However, preliminary calculations constraining the C-C-C ‘bending’ bond angle θ, while allowing 
‘twisting' dihedrals, ϕ, to reach the lowest energy configuration is found to have a significant impact on 
the band gap of PPM segments (Figure 81 (b)). The electronic transition energy reduces significantly 
as θ decreases for < 100°, reaching the experimental value of ~ 2.7–3 eV for θ < 75°. Near identical 
results were found using either ωb97xd or B3LYP functionals, showing that the trend in band gap with 
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decreasing bond angle is insensitive to whether the functional used accounts for dispersion interactions. 
At low θ, significant electron delocalisation is seen across phenyl rings in the lowest unoccupied 
molecular orbitals (LUMO), indicative of strong homoconjugated interactions (Figure 81 (d)). 
However, the formation of such a constrained conformation is found to be highly energetically 
unfavourable for isolated molecules in the absence of any interchain or solvent interactions (Figure 81 
(c)). This is consistent with the very low population of homoconjugated chromophores determined 
experimentally. 
From these initial theoretical results, it is speculated that homoconjugation likely originates from 
constrained conformations located within local minima at higher potential energies, with the bending 
angle between adjacent phenylene rings appearing to be key. Such a constrained conformation may be 
encouraged through addition of side groups with strong steric and/or electrostatic interactions which act 
to bring phenylene rings closer together. Alternatively physical constraints could be enforced 
chemically, through addition of further bonds/groups that join adjacent phenylene rings together. For 
example, addition of a further methylene group connecting para positions of adjacent rings would 
effectively create a cyclical molecule where phenylene rings are forced to π-stack in the same plane, 
significantly increasing the strength and likelihood of homoconjugated interactions. However, 
incorporating such additional bonds and from it building a polymer is likely to be synthetically 
extremely difficult.  
The optical properties resulting from homoconjugation in combination with the generally simpler 
synthesis and higher processability of non-π-conjugated polymers are potentially useful for 
optoelectronic applications. Therefore, developing a deeper understanding of the conformations 
required to form homoconjugated interactions is important for the future development of 
homoconjugated materials.  
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6.6. Conclusions 
The aim of this chapter was to investigate the origins of homoconjugation within poly(phenylene 
methylene) through a wide variety of optical and nuclear spectroscopies. Initially, through absorption 
and site-selective photoluminescence spectroscopies, it is shown that PPM contains two optically 
distinct homoconjugated species. Energy transfer studies are used to show that the two species are 
spatially distinct, occupying different parts of the polymer chain, and that the population of 
homoconjugated chromophores is likely a factor of ~ 1000 smaller than in typical π-conjugated 
materials. Then through a series of chain length-resolved spectroscopic measurements of PPM and 
characterisation of several methyl-substituted derivatives, the two homoconjugated species are shown 
to be structurally distinct: the higher energy ‘blue-phase’ chromophore appears to predominantly form 
at chain ends, while the lower energy ‘green-phase’ species requires ortho substitution between repeat 
units to form. Finally, preliminary quantum chemical calculations point to the conformational origins 
of homoconjugation, with the C-C-C bending angle perhaps key to the formation of the homoconjugated 
electronic interaction.  
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7.1. Conclusions 
Throughout this thesis, the effect of highly-ordered molecular conformations on the photophysical 
properties of conjugated polymers is examined. Of particular focus in 3 of 4 results chapters is the 
planarised β-phase molecular conformation adopted in select polyfluorene polymers. In the first results 
chapter, the well-studied polyfluorene, poly(9,9-dioctylfluorene) (PFO) is studied. The presence of 
chain segments adopting the distinct, lower energy β-phase conformation is found to increase ultrafast 
polaron generation yield in PFO films on average by a factor of 3–4, probed by transient absorption 
spectroscopy. This is attributed to a combination of the significant energetic offsets at interfaces 
between glassy-phase and β-phase segments, the higher electronic delocalisation of the β-phase and 
disparities in charge carrier mobilities. These factors have been pointed to as enhancing exciton 
dissociation in previous studies of semicrystalline polymers as well as bulk heterojunctions, and their 
role is again clearly demonstrated for the somewhat simpler microstructure present in PFO. 
In the second and third results chapters, the recently reported β-phase-forming polymer, poly[4-
(octyloxy)-9,9-diphenylfluoren-2,7-diyl]-co-[5-(octyloxy)-9,9-diphenylfluoren-2,7-diyl] (PODPF), is 
characterised. PODPF is unique in its ability to undergo the conformational transition to form planarised 
β-phase chain segments by thermal annealing at high temperatures. The route and rate at which β-phase 
forms is probed by optical spectroscopy as a function of annealing temperature and time. In addition to 
the β-phase, the formation of a crystalline microstructure with long-range order is reported for the first 
time. Both PODPF and PFO show promise for blue light emission applications, and incorporation of 
the β-phase is found to enhance stability and performance of polymer light-emitting diodes. Therefore, 
it is of interest to compare the two materials, and to understand the differences in their respective β-
phases. In PODPF, the similarities in optical properties with PFO which lead to the initial assignment 
of β-phase formation in PODPF, are confirmed with temperature-dependent PL and Raman 
measurements showing that the β-phase in PODPF has a well-defined planarised conformation with 
increased conjugation. Where there are differences between PODPF and PFO, this is explained by the 
very different means by which the planarised β-phase conformation is achieved. In PODPF, 
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planarisation appears to be contingent upon interchain interactions, whereas PFO β-phase is widely 
thought to be a solely intrachain phenomenon. This is consistent with significantly slower energy 
transfer of excitons to β-phase regions in PODPF, due to larger β-phase domains and increased phase 
segregation. A final difference, mostly independent of molecular conformation, is the poor 
electrochemical oxidative stability of PODPF in comparison to PFO, which is tentatively attributed to 
the presence of alkoxy side chains attached to the fluorene unit in PODPF. This may wish to be explored 
further in the context of molecular design rules for synthesis of electrochemically stable polymers.  
Finally, in Chapter 6, the formation of homoconjugated species in the non-π-conjugated polymer, 
poly(phenylene methylene) (PPM), is explored. The highly vibronic UV-Visible absorption and 
fluorescence exhibited by homoconjugated chain segments is characteristic of a well-defined, highly-
ordered molecular conformation, which is surprising considering the highly flexible nature of the non-
conjugated polymer backbone. However, perhaps unsurprisingly, the population of homoconjugated 
chromophores is found to be very small, ~ 1000 times lower than in π-conjugated materials. 
Furthermore, chain length-resolved measurements of PPM and characterisation of methyl-substituted 
derivatives establishes that the two homoconjugated species observed in PPM are spatially and 
structurally distinct. The higher energy chromophores appear to form at chain ends, while the lower 
energy chromophores require a specific substitution pattern between repeat units to form. Preliminary 
attempts to resolve the chain conformation of homoconjugated chromophores point to constrained C-
C-C bending angles between phenylene rings along the polymer chain as key to forming 
homoconjugated interactions.   
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7.2. Outlook & Further work 
Chapter 3: This chapter demonstrates the role of energetic offsets in increasing charge separation in 
neat polymers, at heterojunctions that form due to conformational variation. This structure-property 
relationship should be considered in the design of future materials and applications where exciton 
dissociation is desired. Likewise, if polaron generation is an unwanted by-product of photoexcitation 
within neat conjugated polymers, heterogeneous microstructures containing multiple species with large 
energetic differences and variations in electronic delocalisation should be avoided. 
Chapter 4: Characterisation of crystalline PODPF and the two variants of β-phase established in 
Chapter 4 by X-ray diffraction (as previously used to probe glassy-phase and β-phase samples) would 
be revealing of the differences in microstructure. Understanding the conditions for crystalline formation 
and testing the differences in polymer LED performance of the two β-phase variants would be relevant 
for use of PODPF in applications, as the presence of long-range order may affect device performance. 
Chapter 5: The formation of the β-phase conformation in PODPF by interchain interactions as well as 
by intrachain interactions as in PFO opens the possibilities for designing other materials that can form 
a similar, metastable, planarised conformation upon thermal annealing. Future studies of PODPF may 
wish to determine the difference in the glassy- to β-phase energy transfer rate with PFO more precisely. 
To do this, time-resolved PL measurements with higher temporal resolution are required. Because of 
the large difference in the timescale of energy transfer between PODPF and PFO, testing samples with 
equivalent low β-phase absorption fractions (< 1–5%) is needed to allow energy transfer in both 
polymers to be resolved. Samples could then be compared directly on the same experimental setup. 
Further transient absorption spectroscopy measurements on ultrafast timescales would be able to 
conclusively confirm whether β-phase PODPF is unable to form polarons photophysically as well as 
electrochemically, in the absence of counter ions. Additionally, PODPF would also serve as a test 
material for a similar comparison to Chapter 3, examining polaron generation as a function of β-phase. 
The electrochemical susceptibility of PODPF to oxidation may be elucidated by examining molecular 
vibrations with infra-red spectroscopy before and after electrochemical measurements, akin to that 
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shown by Giovannitti et al.,222 or by in situ Raman spectroscopy during electrochemical measurements. 
This would allow formation of ketone defects, and their location (C9 or C4/5 position), to be probed.  
Further work focusing on spatial patterning of β-phase regions and refractive index in PODPF to create 
optical structures may wish to focus on scanning thermal lithography to pattern on the nanometre to 
micron length scales needed for application.225 
Chapter 6: Homoconjugation is an interesting avenue in conjugated polymer synthesis for further 
exploration which combines the simpler synthesis and higher processability of non-conjugated 
polymers with potentially useful optoelectronic properties. Therefore, it is of interest to understand the 
conformation required to form homoconjugated interactions. Preliminary quantum chemical 
calculations of PPM presented in Chapter 6 suggest that a constrained molecular geometry is necessary. 
The C-C-C bending angle, θ, of adjacent phenylene rings appears to be one of, if not the, key 
conformational variable. Furthermore, differences in molecular structure through structural isomerism 
are found to lead to distinct homoconjugated species. In order to conclusively reveal and identify the 
conformational origins of the two homoconjugated species existing in PPM, further in-depth molecular 
dynamics and quantum chemical calculations are required. Such studies should systematically cover a 
wide range of the conformational space, with a specific focus on the role of θ and the effect of polymer 
substitution pattern.   
Also presented in Chapter 6, in situ UV-Vis spectroscopy during gel permeation chromatography (GPC) 
is shown to be a powerful analytical tool. Expanding upon the ensemble-averaged trends observed from 
UV-Vis analysis, in situ measurements are able to provide detailed information (molar attenuation, 
spectral profile) about the chain length dependence of homoconjugation within a disperse polymer 
sample for the first time, at very high chain length resolutions. The simplicity and practicality of such 
measurements is highly appealing for application to π-conjugated polymers, where they could provide 
a wealth of information on the oligomer to polymer transition. Being able to extract both oligomer and 
polymer properties from a single measurement of a single sample in this way is very attractive for 
fundamental characterisation of new and existing materials, negating (some of) the need for oligomer 
synthesis that is either not possible or often requires serious synthetic effort.  
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Appendix A. Film fabrication information 
Chapter 3: 
PFO (Mw = 48,600 g mol−1, Đ = 2.7) thin films for UV-Vis and TAS measurements were deposited onto 
circular sapphire substrates. In-plane isotropic, glassy PFO films were prepared by spin-coating PFO 7 
mg mL−1 solutions in toluene at 3000 rpm for 60 s, with both solution and substrates pre-heated to 100 
°C for 2 min immediately prior to deposition. PFO films with 7–8% β-phase fractions were prepared 
by exposing glassy PFO films to saturated toluene vapour at 40 °C for 24 hours. Films with 23% β-
phase content were prepared by drop-casting 0.1 wt.% PFO solutions in decalin followed by slow 
solvent evaporation. Film thicknesses for the glassy, 8 (± 2)% β-phase and 23 (± 2)% β-phase samples 
are 40 ± 5 nm, 45 ± 5 nm and 42 ± 5 nm respectively. 
PFO (Mw = 287,000 g mol−1, Đ = 3.0) thin films for PIA measurements were deposited onto fused silica 
substrates (12 x 12 mm, Spectrosil 2000, UQG Optics). Glassy films were prepared by spin-coating 
PFO 13 mg mL−1 solutions in toluene at 2300 rpm for 60 s, with both solution and substrates pre-heated 
to 100 °C for 2 min immediately prior to deposition. Films with 22 (± 3)% β-phase were spin-cast from 
8 mg mL−1 solutions in toluene with 2 wt.% DIO at 2000 rpm for 60 s at room temperature.  
Chapter 4: 
Thin films of PODPF were spin cast at 2000 rpm for 60 s from solutions in chloroform onto fused silica 
substrates (12 x 12 mm, Spectrosil 2000, UQG Optics) at room temperature. Solution concentrations of 
3 mg mL−1, 10 mg mL−1 and 15 mg mL−1 gave 35 ± 10 nm, 125 ± 10 nm, and 210 ± 15 nm respectively 
for the low average molar mass sample (Mn = 27,400 g mol−1, Mw = 50,100 g mol−1, Đ = 1.83). High 
average molar mass PODPF films (Mn = 257,000 g mol−1, Mw = 406,000 g mol−1, Đ = 1.58) were 
fabricated from 10 mg mL−1 and 20 mg mL−1 solutions in chloroform, giving 110 ± 5 nm and 310 ± 30 
nm films. 
Chloroform, a good solvent with a low boiling point, was used in order to obtain films where all chains 
are initially in the disordered glassy-phase conformation. The low boiling point of chloroform also 
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allowed the number of samples that could be fabricated from a limited amount of starting material to 
be maximised, as lower boiling point solvents produce thicker films due to faster solvent evaporation. 
Solutions of PODPF in nominally poorer solvents such as toluene are found to form gels over time and 
produce small but significant fractions of β-phase in as-cast thin films,119 due to aggregation in solution, 
which was undesired for this study. For PFO, spin casting from pre-heated solution onto pre-heated 
substrates has been shown to yield pure-glassy films from solutions in toluene.130 However, the method 
was found to give variable thickness PODPF films and often traces of β-phase were detectable in the 
photoluminescence spectra. Therefore this fabrication route was not able to match the need for glassy-
phase as-cast films of consistent thicknesses. The transmission of all as-cast films exhibit Fabry-Perot 
oscillations at longer non-absorbing wavelengths > 460 nm, demonstrating a high quality interface 
between both air/substrate and film and high film uniformity.  
Chapter 5: 
Chapter 5 presents results obtained from various thin film samples of PODPF and PFO across several 
experiments. The key fabrication details of the thin films used in each experiment are summarised in 
Table 9 and Table 10 for PODPF and PFO respectively. Thin films of low average molar mass PFO 
were fabricated by Dr. Aleksandr Perevedentsev. All samples were spin cast, apart from PFO samples 
drop cast from decalin solution in order to generate a high β-phase fraction. All films were cast onto 
fused silica substrates (12 x 12 mm, Spectrosil 2000, UGQ Optics), with the exception of low average 
molar mass PFO films (sapphire substrates, 12 mm diameter, UGQ Optics) and PODPF and PFO films 
for spectroelectrochemical measurements (FTO-coated glass substrates). All PODPF samples were 
annealed under a N2 environment. DIO was used as a solvent additive to induce β-phase in as-cast PFO 
films, as has previously been shown.128 
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Table 9. Sample information for thin films of PODPF used in Chapter 5. Experimental acronyms are: TRPL ≡ 

time-resolved PL, PIA ≡ photoinduced absorption, SEC ≡ spectroelectrochemical UV-Vis. 
Expt.(s) Solution information Casting conditions Post-deposition treatment β-phase fraction (%) 

d (nm) Mw (g mol−1) 
UV-Vis PL Low T PL 

10 mg mL−1 chloroform (CF) 2000 rpm, 60 s 3 min anneal at 250 °C 25 ± 2 108 ± 2 406,000 

PL (λexc = 445 nm) 10 mg mL−1 chloroform 2000 rpm, 60 s Various annealing steps, 210 – 255 °C 
Various 125 ± 5 50,100 

TRPL (i) 5 mg mL−1 1:1 CF:DCM (ii) 5 mg mL−1 chloroform (iii) 10 mg mL−1 chloroform  

2000 rpm, 60 s (i) None Anneal: (ii) 205 °C, 5 h (iii) Partially annealed 250 °C, 3 min 

(i) 0 (ii) 5 ± 2 (iii) Variable across film 

Various 406,000 

Raman 10 mg mL−1 chloroform 2000 rpm, 60 s (i) None 3 min anneal: (ii) 213 °C (iii) 250 °C (iv) 269 °C  

(i) 0 (ii) 11 ± 2 (iii) 25 ± 2 (iv) 29 ± 3 

Various 406,000 

PIA 10 mg mL−1 chloroform 2000 rpm, 60 s (i) None 3 min anneal: (ii) 223 °C (iii) 237 °C (iv) 269 °C 

(i) 0 (ii) 2 ± 1 (iii) 8 ± 2 (iv) 23 ± 3 

125 ± 10 50,100 

Δn calc. 10 mg mL−1 chloroform 2000 rpm, 60 s Various annealing steps, 190 – 300 °C 
Various 125 ± 5 50,100 

SEC UV-Vis 20 mg mL−1 chlorobenzene 2000 rpm, 60 s soln. & sub. heated to 90 °C prior to casting 

210 °C followed by 270 °C, 3 min anneal each 
15 ± 5 35 ± 5 50,100 

Film aging UV-Vis & PL 
15 mg mL−1 chloroform 2000 rpm, 60 s 3 min anneal each at: (i) 210, 225 °C (ii) 210, 225, 240 °C (iii) 210, 225, 240, 255 °C 

(i) 3 ± 1 (ii) 12 ± 2 (iii) 21 ± 2 
210 ± 15 50,100 
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Table 10. Sample information for thin films of PFO used in Chapter 5.  
Expt.(s) Solution information Casting conditions Post-deposition treatment β-phase abs. (%) 

d (nm) Mw (g mol−1)  

UV-Vis (i) 20 mg mL−1 p-xylene (ii) 0.1 wt.% decalin 

(i) 2000 rpm, 60 s (ii) Drop-cast (i) None (ii) Slow drying followed by desiccation 

(i) < 2 (ii) 23 ± 2 
(i) 102 ± 5 (ii) Variable, 42 ± 5 in centre 

(i) 287,000 (ii) 48,600 PL Raman (i) 7 mg mL−1 toluene (ii) 0.2 wt.% decalin 

(i) 3000 rpm, 60 s soln. & sub. heated to 100 °C prior to casting (ii) Drop-cast 

(i) None (ii) Slow drying followed by desiccation 

(i) 0 (ii) 23 ± 2 
(i) 40 ± 5 (ii) Variable, 42 ± 5 in centre 

48,600 

Low T PL 13 mg mL−1 toluene 2300 rpm, 60 s  soln. & sub. heated to 100 °C prior to casting 

Annealed at 50 °C for 2 h in toluene vapour 
5 ± 2 105 ± 5 287,000 

TRPL 8 mg mL−1 toluene 2300 rpm, 60 s  soln. & sub. heated to:  (i) 18 °C  (ii) 40 °C (ii) 70 °C (ii) 100 °C prior to casting 

None (i)–(iii) 0–0.1   (iv) 0  

(i) 53 ± 5 (ii) 60 ± 5 (iii) 68 ± 5 (iv) 82 ± 5 

287,000 

PIA (i)–(ii) 13 mg mL−1 toluene (iii) 8 mg mL−1 toluene with 2 wt.% DIO 

(i)–(ii) 2300 rpm, 60 s  soln. & sub. heated to 100 °C prior to casting (iii) 2000 rpm, 60 s  

(i) None (ii) Annealed at 50 °C for 2 h in toluene vapour (iii) None 

(i) 0 (ii) 5 ± 2 (iii) 22 ± 3 

Various 287,000 

SEC  UV-Vis 13 mg mL−1 toluene with 1 wt.% DIO 
2000 rpm, 60 s soln. & sub. heated to 90 °C prior to casting 

None 12 ± 3 ~ 100 287,000 

 
TRPL results presented in section 5.4.4.1, Figure 59 are obtained from a PODPF sample annealed with 
only half the film resting on the hot plate surface at 250 °C, creating a β-phase gradient across the film, 
characterised by Raman spectroscopy in Appendix D, Figure 85. The area of the film being probed 
during the measurement position is varied by mounting the sample on a translational stage. This allows 
several regions, with varying β-phase fractions, to be measured within the same sample (pump spot 
diameter << 0.5 mm). The β-phase fraction of the area being probed in each measurement is determined 
by correlating the film position with the results of the Raman line scan.  
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Chapter 6: 
PPM (Mw = 13,600 g mol−1, Đ = 2.64) thin films were deposited onto square quartz substrates by spin 
casting. Spin casting rate, solvent and solution concentrations were varied to produce films with varying 
thickness, detailed in Table 11.  
Table 11. Film fabrication information for PPM films used in Chapter 6. 

Solution concentration (mg mL−1) 
Solvent Spin rate (rpm) Spin duration (s) Thickness (nm) Notes 

15 p-xylene 2000 60 48 nm - 60 p-xylene 2000 60 175 nm - 60 p-xylene 750 120 400 nm - 40 Chlorobenzene 750 60 1.7 µm Variable thickness across film 867 (50 wt.%)  Toluene 2000 60 17 µm Solution and substrates pre-heated to 90 °C for 2 min prior to deposition  
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Appendix B. Molar mass dependence of β-phase formation in 
PODPF 

Here, the effect of the average molar mass, on the formation of β-phase in PODPF is noted. This is 
relevant to Chapter 5, where samples from two batches of PODPF with relatively low (Mw = 50,100 g 
mol−1, Đ = 1.83) and relatively high average molar masses (Mw = 406,000 g mol−1, Đ = 1.58) are both 
used in measurements. In Chapter 4, only samples fabricated from the lower Mw batch of PODPF are 
considered. The β-phase absorption fraction vs. annealing temperature is plotted in Figure 82 for thin 
films of comparable thickness for the two molar mass batches (for the lower Mw samples, this is 
equivalent data to that shown in Chapter 4, Figure 40). The threshold temperature for β-phase formation 
is lower, ~ 180 °C vs. 210 °C, and max. β-phase absorption fraction is higher, ~ 28% vs. 23%, for higher 
Mw PODPF.  

 
Figure 82. β-phase absorption fraction vs. annealing temperature for thin films fabricated from low and high 
average molar mass PODPF. Films are between 125 and 210 nm for low Mw PODPF and between 110 and 310 
nm for high Mw PODPF. Solid lines give sigmoidal fits to the data.  
Also noted are: (i) no significant difference in absorption and emission properties of the β-phase 
between the two PODPF batches; (ii) negligible difference in the absorption coefficient of glassy-phase 
films of the two batches; (iii) no evidence for crystalline formation prior to β-phase formation in the 
higher Mw sample upon direct annealing at ≥ 250 °C.   
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Appendix C. Evidence for aggregation and phase segregation in 
β-phase PODPF 

In Chapter 5, energy transfer studies suggest that β-phase domains are larger in PODPF than PFO, 
attributed to the intrinsic interchain interactions needed to form PODPF β-phase. This inherent 
aggregation of chains in β-phase regions may also explain the changes in 0–1:0–0 PL ratio with both 
temperature and β-phase fraction (Chapter 5, section 5.4.2, Figure 53 and Figure 55), not observed in 
PFO. Such variation may be as a result of aggregation phenomenon such as the ‘HJ-aggregate’ model 

of Yamagata and Spano,238 where aggregates can vary between H-aggregate-like (where the 0–1 
emission is dominant)  and J-aggregate-like (0–0 dominant) behaviours, depending upon the balance 
between intrachain and interchain coupling. This balance is shown to be temperature-dependent. The 
variation in the PL intensity ratio in PODPF has a profound effect on the emission colour, as a stronger 
0–1 peak pushes emission towards lighter-blue colours, undesired for use in LEDs where deeper-blues 
are targeted. Further investigation is required to understand the origins of this trend in β-phase emission. 
The formation of larger β-phase domains in PODPF is also supported by film aging experiments of 
PODPF, an example of which is given in Figure 83.  

 
Figure 83. (a) Absorption spectra of a 210 (± 5) nm PODPF thin film following 225 °C annealing and aging 
steps. The lower panel shows change in absorbance relative to the as-cast film, indicating the β-phase absorption 
fraction after each stage. (b) PL spectra following 225 °C annealing and aging steps, normalised to the glassy-
phase 0–0 peak, indicating the β-phase PL fraction after each stage.  
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The fraction of β-phase emission following glassy-phase excitation decreases significantly after aging 
in air in dark conditions for three months across multiple films. Over the same time, β-phase absorption 
shows negligible change. In comparison, PFO films of varying β-phase fractions, aged for over two 
years in air, show negligible change in both β-phase PL and absorption fractions due to aging (data not 
shown).  Interestingly, a second annealing step at the same temperature (in N2) restores the PL β-phase 
fractions to near-identical values as found initially (β-phase absorption again remains unchanged). The 
most plausible explanation for this observation is phase segregation over time, forming larger β-phase 
domains and decreasing the efficiency of energy transfer. This finding highlights the propensity for β-
phase PODPF to form larger, 3-dimensial domains, in contrast to the disperse nature of the β-phase of 
PFO. The effect of film aging is detrimental to colour purity, and may be associated with decreases in 
device efficiency and lifetime of PODPF PLED devices. 
For a more full explanation of the film aging phenomenon, future work could more systematically probe 
the effect of film aging on the fluorescence efficiency via PLQE measurements, phase segregation via 
AFM measurements, and donor lifetime via time-resolved PL. 
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Appendix D. Estimating β-phase fraction of PODPF samples 
using Raman spectroscopy 

As discussed in Chapter 5, section 5.4.3, the Raman spectra of PODPF is sensitive to changes in 
molecular conformation upon formation of β-phase. Previously, Perevedentsev et al. used Raman 
spectroscopy to estimate the β-phase absorption fraction in spatially patterned PFO thin films,130 by 
correlating the Raman intensity ratios 1257 cm−1:1606 cm−1 and 1581 cm−1:1606 cm−1 to the β-phase 
absorption fraction in PFO thin films. Following a similar rationale, the same can be done with PODPF, 
showing the potential of Raman spectroscopy as a tool to characterise the amount of β-phase present in 
spatially patterned thin films.  
The Raman spectral region most sensitive to conformational changes in PODPF is found to be 1280–

1375 cm−1, where a broad peak splits into two upon β-phase formation (section 5.4.3, Figure 56). The 
integrated peak area ratio in this area, 1295–1310 cm−1:1335–1350 cm−1, can be correlated with the β-
phase absorption fraction determined from spectral fitting of absorption spectra, to directly estimate β-
phase absorption fraction from Raman spectra. The Raman peak area ratio increases linearly with β-
phase absorption fraction, given in Figure 84.  

 
Figure 84. (a) Ratio of 1295–1310 cm−1 and 1335–1350 cm−1 integrated Raman peak areas as a function of β-
phase absorption fraction for a series of PODPF thin films (Mw = 406,000 g mol−1, Đ = 1.58). The data are fitted 
with a straight line. (b) Raman intensity ratios 1581 cm−1:1606 cm−1 and 1257 cm−1:1606 cm−1 vs. β-phase 
absorption fraction for a series of PFO thin films, adapted from Perevedentsev et al.,130 available under a creative 
commons attribution licence. 
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Selecting a Raman ratio based on which modes exhibit the largest intensity changes with conformation 
significantly enhances the sensitivity of the Raman measurement for determining β-phase absorption 
fraction; the peak area ratio varies by a factor of 4 between glassy and high β-phase films vs. 2 times 
for PFO over a similar β-phase range.130 Using an integrated peak area ratio rather than an intensity 
ratio at individual wavenumbers also increases the reliability of the measurement. 
Proof of principle for the use of Raman spectroscopy to determine β-phase absorption fraction of 
spatially patterned PODPF samples is demonstrated for a thin film that is only partially spatially 
annealed. With half the film (12 x 12 mm substrate) resting on the hot plate surface at 250 °C, and half 
suspended in atmosphere without thermal contact, a β-phase gradient is formed across the film. 
Following annealing, the film is probed with a Raman line scan, recording spectra at 20 micron 
intervals. As shown in Figure 85, the scan is consistent with sigmoidal ‘S’ shaped curves for the 1295–

1310 cm−1:1335–1350 cm−1 Raman peak area ratio and from this also the β-phase absorption fraction.  

 
Figure 85. (a) Raman spectra of a PODPF thin film in the 1050–1550 cm−1 region, following spatial annealing 
of half the film at 250 °C, at varying positions across the film. Spectra are normalised to the primary mode at 
1600 cm−1. (b) Integrated peak area ratio, 1295–1310 cm−1:1335–1350 cm−1, and (c) estimated β-phase 
absorption fraction, as a function of film position. Data are fitted with sigmoidal ‘S’-shaped curves. The positions 
of the spectra shown in (a) are highlighted in (c).  
Annealing at 250 °C is found to produce films with ~ 27 (± 2)% β-phase for this high average molar 
mass PODPF sample, consistent with the sigmoidal fit. This technique can be extended to characterise 
the β-phase fraction of samples spatially patterned on a finer scale, with typical Raman spectrometers 
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having a resolution of ~ 1 µm, and down to the order of 100–1000 nm if surface-enhanced Raman 
spectroscopy is employed. 
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