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Abstract

ABSTRACT
Conjugated polymers may combine the optical and electronic properties of semiconductors with
the desirable mechanical and processing capabilities that characterise polymeric “plastic”
materials. The first demonstration of electroluminescence from conjugated-polymer-based devices
25 years ago created the field of Plastic Electronics which has since witnessed spectacular
scientific and technological progress, yielding novel devices for applications in light-emitting
diodes, photovoltaics, electronics, photonics, sensing, and many others.
The molecular nature of conjugated polymers results in weak, typically van der Waals-type,
interchain bonding which enables straightforward and cost-effective processing of these materials
from the melt or solutions. However, the trade-off for this desirable characteristic is that the solidstate microstructure of conjugated polymers can be extremely sensitive to processing conditions,
leading to a wide variety of structural polymorphs that limit reproducibility of the optoelectronic
properties of devices and, hence, prevent their commercialisation. For this reason small organic
molecules are often used in preference to conjugated polymers, since the former’s microstructure
can be more precisely controlled via chemical synthesis and deposition protocols.
Nevertheless, there are examples of conjugated polymers that also exhibit well-defined structures.
This has been demonstrated, among others, for poly(9,9-dioctylfluorene) (PFO) – a widelystudied blue-emitting conjugated polymer – which can adopt a precisely-defined planar-zigzag
chain conformation termed the “-phase”. Introducing a fraction of -phase chain segments leads
to dramatic – and often advantageous – changes to the optoelectronic properties of PFO.
In order to harness the -phase chain conformation of PFO with the aim of optimising its solidstate optoelectronic properties, three distinct directions need to be investigated, which motivated
the research presented in this thesis.
First, the mechanism responsible for the formation of the -phase of PFO is still little-understood;
specifically, the role of inter-chain interactions in the formation of intra-chain (conformational)
order remains ambiguous. To this end, the formation of the -phase in PFO solutions with
common organic solvents was systematically investigated. Unexpectedly, it is found that solutioncrystallisation of PFO proceeds via polymer-solvent compound formation, enabled by adoption of
the -phase conformation which features along-chain cavities that allow for simultaneous
inclusion/intercalation of solvent molecules of matching volume. Remarkably, it is shown that the
physically-bound intercalated solvent stabilises the -phase conformation in the absence of
specific inter-chain interactions. This makes the -phase conformation distinct from other
conformational isomers and crystalline forms of PFO. An additional consequence of -phase
7
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formation by complexation with the solvent is that the -phase chain conformation is inherently
well-defined and crystallisation-condition-invariant in terms of its intermonomer torsion angle.
Second, while selected aspects of the influence of the -phase on the optoelectronic properties of
PFO have been reported, many of them deserve further study. For instance, the effect of the
relative fraction of -phase chain segments on absorption and photoluminescence spectra, as well
as photoluminescence quantum efficiency (PLQE), is examined. It is demonstrated that, in
comparison to the in-plane isotropic, “glassy” films, PLQE is enhanced by up to 15% for a narrow
range (7–9%) of -phase fractions, introduced by film immersion in solvent-nonsolvent mixtures.
Furthermore, analysis of dilute (≤ 1 wt % PFO) oriented blends of PFO with polyethylene shows
that the -phase conformation is metastable in the absence of solvent and, therefore, cannot be
oriented by tensile drawing. Consequently, retaining a fraction of -phase chain segments in
tensile-drawn PFO-polyethylene blends leads to strong photoluminescence (PL) depolarisation
which limits the resulting optical anisotropy.
Third, the ability to locally generate the -phase conformation on sub-micrometre scale in glassy
PFO thin films, which is of interest for fabricating a range of photonic structures, has so far
presented a challenge from both the structuring and the imaging perspective. A novel form of dippen nanolithography is shown herein to provide an effective means of spatial patterning of the phase conformation on length scales ≤ 500 nm while retaining the planar format of the film. The
accompanying increase in refractive index associated with the adoption of the -phase
conformation can enable a variety of visible-wavelength, conjugated polymer photonic elements,
two of which are modelled using complex photonic dispersion calculations. With regard to
imaging of the -phase patterns, spectroscopic Raman mapping is shown to provide a useful
alternative to confocal PL microscopy, with an additional advantage of being able to estimate the
relative fraction of -phase chain segments in the patterns.
The research presented in this thesis explore the chain conformation of PFO, specifically its phase conformational isomer, as an additional parameter space within which its optoelectronic
properties can be tailored for optimal device performance. Further improvements to the resolution
of dip-pen nanolithography-based spatial patterning of the -phase may offer the prospect of a
versatile approach to visible-wavelength “conformational” metamaterials. The reported molecular
PFO compounds can more generally be formed with the organic solvent replaced by a small
molecule of desired optoelectronic properties, thereby allowing the fabrication of ultra-regular
molecular-level blends comprising a PFO host and a small-molecular guest. A judicious choice of
guest

molecule

might

therefore

enable

new
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Chapter I: Introduction

1.1. BACKGROUND
1.1.1. Synthetic Polymers
The evolution of mankind is shaped by the materials we develop and use. Around 3000 BC the
Stone Age gave way to the Bronze Age as humans began to use alloys of copper and tin to make
tools and weapons that were lighter, stronger and less brittle than their predecessors’. This was
then succeeded around 1000 BC by the Iron Age, with iron and steel becoming the new materials
of choice and leading to further changes in agricultural practices, warfare and beyond. It could be
argued that the introduction in 1907 of the first fully-synthetic and industrially-important polymer
– Bakelite,[1] developed by Leo Baekeland – marked the beginning of the Polymer Age. Today,
synthetic polymers – often erroneously referred to as “plastics” – are the most ubiquitous and
versatile class of materials, with their applications including advanced structural composites,
medical implants, clothing, domestic appliances, electronics and photonics, to name but a few.
Prior to 1920s there was virtually no scientific understanding of either naturally-occurring (e.g.
starch, cellulose, rubber and deoxyribonucleic acid (DNA)) or synthetic (e.g. Celluloid and
Bakelite) polymeric materials, the high apparent molecular weight of which was attributed to
aggregation of discrete small molecules. It was not until Staudinger’s proposal that polymers
(which he termed “Makromoleküle”) are comprised of long chains of repeating, covalently-linked
molecular sub-units (monomers),[2] that the concept of a “polymer” was finally and
unambiguously established. This was subsequently confirmed in the early 1930s when synthetic
genius Wallace H. Carothers of E. I. du Pont de Nemours & Company, Inc., developed
undisputable synthetic routes to produce such macromolecules, e.g., by (poly-)condensation,
yielding, among other materials, polyesters and polyamides.[3–6]
Another milestone development came in 1930s when Abitz and co-workers proposed the so-called
“fringed-micelle” model to describe the solid-state microstructure of (semi-)crystalline polymers.
This is shown schematically in Fig. 1.1, featuring inter-chain bundle-like crystallites embedded in
an otherwise-amorphous polymer matrix comprised of disordered segments of the
macromolecular chains.[7] In such structures, a single polymer chain would typically traverse
several crystallites, the number and size of which govern the polymer’s solid-state mechanical, as
well as other, properties. The fringed-micelle model was thus able to shed light onto several illunderstood observations, such as the swelling of polymers in appropriate solvents, low quality of
Bragg reflections, and low overall solid-state density compared with the calculated density of the
crystal unit cell.
Further important developments include the invention of low-density polyethylene (LDPE) which
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was the result of an accidental discovery by Fawcett and Gibson at Imperial Chemical Industries
(ICI) in 1933 when they reacted ethylene and benzaldehyde at high temperatures and pressures.[8]
The reaction was perfected by the beginning of World War II and LDPE played a crucial role as a
wiring insulator in British airbourne radar equipment, which allowed to reduce its weight and
improve signal strength by minimising power loss. Current uses of LDPE are many, of which
packaging, perhaps, represents the most ubiquitous.
In a similar fashion, polytetrafluoroethylene (PTFE) was serendipitously discovered by Roy
Plunkett and co-workers at DuPont in 1938 when they observed a drop in pressure within a
cylinder of tetrafluoroethylene.[9] The white powder found inside the cylinder did not initially find
any uses due its intractability but was recognised for its formidable resistance to chemicals and
heat. The situation changed in 1942 when the Manhattan Project, aimed at creating an atomic
bomb before Germany was able to do so, demanded a chemically-resistant and flexible material
that could be used to effectively confine and transport the highly corrosive uranium hexafluoride
gas in their Oak Ridge gas diffusion plant.[10] PTFE, later branded as Teflon®, provided many
miles of tubing that were essential for the project’s success. Since then, PTFE has found
widespread use in a diverse range of applications that include wiring insulation in aerospace and
computer industries, lubricant in machinery and non-stick coating for frying pans.
Tackling the physical properties discovered in the previous decade, the 1940s were marked by,
among other things, remarkable contributions of Paul J. Flory to the theory of physical chemistry
of polymers. Flory applied the concept of “excluded volume”, developed in 1930s by Werner
Kuhn,[11] to polymer chains and formulated, among a host of other issues, a model for polymer
networks and gels. Together with his work on the thermodynamics of polymer solutions, Flory’s
theoretical findings allowed for quantitative correlation of the physical properties of polymer
chains, as well as their phase behavior in melt and solutions, with their chemical structure.[12]
In a further major development in the 1950s, Ziegler and Natta demonstrated the first instance of
stereoregular polymerisation of olefins which yielded linear polyethylene (PE) and isotactic
polypropylene (PP).[13] Since then, the production and use of these materials have grown
tremendously; for example, polyethylene is currently produced worldwide on a scale of over 82
million tonnes per annum, i.e. over 11 kg per person!
Whilst the above-referred newly-created “synthetic polymers” found their applications – and
markets – in low-tech substituents of more traditional materials, a new era of polymers
commenced with the synthesis and processing of semi-rigid, lyotropic polyaramides developed at
DuPont in 1960s by Kwolek and Blades, the most well-known of which is Kevlar®.[14,15] This
marked the beginning of a new development for high-performance polymers and composites, with
11
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aramid fibers rapidly finding applications due to their high stiffness and high tensile-strength-toweight ratio. Furthermore, in the early 1980s Smith and Lemstra, at DSM, developed an
alternative solution-spinning technology to produce high-performance fibers of the intrinsically
flexible ultra-high molecular weight polyethylene (UHMWPE).[16] The resulting UHMWPE
fibers, branded as Dyneema® and Spectra®, are 50% stronger than the above-mentioned aramid
fibers and about 10 times stronger than steel based on the respective densities. Such highmechanical-performance polymers have since found use beyond simple packaging in demanding
applications such as personal armour, sails, parachutes, ropes and skis, to name but a few.
At this point, it is worth emphasising again that the above-mentioned polymers, as well as many
others, essentially were developed for their ease of processing, their low density in comparison
with metals and ceramics, and, among other attributes, their mechanical, barrier, and electricallyinsulating characteristics.

FIGURE 1.1: Schematic illustration of the fringed‐micelle model for semicrystalline polymers in
the solid‐state. Thick sets of lines depict ordered (i.e. crystalline) chain segments, while thin lines
correspond to disordered amorphous chain segments. Typical length of scale bar  10 nm.

1.1.2. Conjugated Semiconducting Polymers
The next epoch in polymer science and technology began in 1970s when Shirakawa, MacDiarmid
and Heeger produced highly-conductive films of polyacetylene and coined the term “synthetic
metals”,[17,18] although it is believed that the first discovery of a conductive all-organic material by
Letheby in 1862 went unnoticed.[19] Pioneering work by Tang in the 1980s yielded the first
organic light-emitting diode and the first organic solar cell, albeit based on small molecules rather
12
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than polymers.[20–22] Subsequent demonstration by Bradley and co-workers in 1990 of
electroluminescence from a diode structure based on a conjugated polymer active layer[23,24]
marked the origin of “plastic” electronics and triggered an explosion of scientific and
technological interest in these unique materials.[25–31]
Semiconducting conjugated polymers are distinct from elemental and compound inorganic
semiconductors in a number of important ways. One key feature is the option of low-temperature
processability that derives from relatively weak (typically van der Waals) inter-molecular
bonding; this allows the polymer chains in solid form to be readily separated in solution or melt
and then reassembled in, for example, films on a device substrate. It is an enabling characteristic
for printable/plastic electronics and has attracted major interest since the first report of solutionprocessed conjugated polymer light-emitting diodes.[24]
Conjugated polymers are ideally suited for a variety of applications due to the relatively
straightforward chemical tunability of their properties, mechanical flexibility and light weight.
Their large oscillator strengths lead to large absorption coefficients (105 cm–1) which allows
100 nm thick conjugated polymer films to efficiently absorb excitation light in, for example,
photovoltaic applications.[32] Their broad emission bandwidths can support short pulse optical
gain, which makes conjugated polymers suitable for applications in lasers.[26] Molecular
orientation and the resulting alignment of transition dipole moments enable highly polarised
absorption and emission of light which is of interest, for example, for display applications[33–35]
and security elements in banknotes.[36] With regard to fabrication, the polymeric nature of
conjugated polymers allows them to be solution-processed on large-area substrates, while roll-toroll processing can significantly increase production velocity and reduce the associated costs.[25,29]
A wide variety of conjugated-polymer-based devices has been reported to date; these include
light-emitting diodes (LEDs),[33] photodiodes,[37] solar cells,[32] lasers,[26] field-effect and lightemitting transistors,[38–40] sensors,[41] and photonic elements,[28,42] to name only the most important
device classes.

-conjugation
The special optical and electronic properties of conjugated polymers are due to a -electron
system that extends along the polymer backbone. In order to explain the origin of their properties,
it is necessary to take a step back and examine the processes of bonding and orbital hybridisation
in carbon. Chemical bonding of carbon proceeds via the intermediate step of orbital hybridisation
– mixing of atomic orbitals that creates new “hybrid” orbitals that support bond formation. Of
13
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particular interest is the sp2-type hybridisation of carbon, schematically illustrated in Fig. 1.2(a),
in which an electron is promoted from the 2s orbital into the empty 2p-shell. The 2s orbital then
mixes with the 2px and 2py orbitals, creating three hybrid sp2 orbitals that lie in plane at 120 to
each other (cf. green lobes in Fig. 1.2(b)). The remaining unhybridised 2pz orbital (cf. yellow
figure-8-shaped lobes in Fig. 1.2(b)) is then oriented perpendicular to the molecular plane. When
two sp2-hybridised carbons form a bond, two sp2 orbitals of adjacent carbons overlap, which fills
the orbital and forms a strong type of bond termed the “-bond” (cf. central green bond in the
representative ethane molecule in Fig. 2.1(b)). The 2pz orbitals of both carbons atoms also
overlap, forming a delocalised orbital above and below the molecular axis termed the “-bond”.
A second example worth considering at this point is that of benzene, shown schematically in Fig.
1.2(c), for which every sp2-hybridised carbon forms -bonds with two adjacent carbons and a
hydrogen. The unhybridised 2pz orbitals responsible for -bonding now overlap and form a ring
above and below the molecule. The overlap of several -orbitals across intervening -bonds is
termed “-conjugation”, with the -electrons correspondingly delocalised over a large group of
atoms. Besides conjugated polymers, large -conjugated systems are also found in materials such
as graphene and carbon nanotubes.[43]

FIGURE 1.2: Schematic illustration of ‐bonding and ‐conjugation. (a) sp2‐type hybridisation of
carbon; (b) ‐ and ‐bonding in ethene (hydrogen atoms omitted for clarity); (c) ‐conjugation in
benzene, originating from the overlap of several adjacent ‐bonds. [Image in (a) courtesy of Dr.
Ji‐Seon Kim]
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Electronic states and transitions in conjugated polymers
The -electron system that extends along large segments of conjugated polymer chains plays the
dominant role in determining their optoelectronic properties. The -bonding orbital (lower
energy), termed the highest occupied molecular orbital (HOMO), is analogous to the valence
band. The excited state, known as the -antibonding orbital (higher energy), corresponds to the
lowest unoccupied molecular orbital (LUMO) which, in turn, is analogous to the conduction band.
The typical HOMO-LUMO gap for conjugated polymers is in the range of 1.2–3 eV, as compared
with 0 eV for metals, 0.2–3.5 eV for inorganic semiconductors (e.g. 1.1 eV for silicon) and > 4eV
for insulating materials.
The fundamental excitations of conjugated polymer systems are schematically illustrated in Fig.
1.3(a). The basic charge-carriers in conjugated polymers are electron and hole polarons that
consist of the charge carrier itself and its accompanying molecular distortion, with the latter
originating from strong electron-phonon coupling due to the inherently “soft”, i.e. flexible, nature
of conjugated polymers. The change in molecular configuration around the polaron reduces the
overall energy of the system; hence, the electron and hole polaron energy levels exist inside the
HOMO-LUMO bandgap. Electron and hole polarons can be directly created by electrical
injection.
A geminate pair of electron and hole polarons strongly bound by Coulomb interaction is termed
an exciton. Colombic interaction provides the so-called “exciton binding energy” which shifts the
exciton energy levels still further into the HOMO-LUMO gap.
Excitons can be classified into singlets (total spin S = 0) and triplets (S = 1). Singlet excitons can
be directly created by photoexcitation and, in turn, undergo dipole-allowed radiative
recombination with typical lifetimes 100 ps.[44] Triplet excitons have symmetric spin
wavefunction which enforces their antisymmetric spatial wavefunction; the resulting decreased
overlap in the spatial distribution of electrons reduces Coulomb repulsion. Hence, the triplet state
is stabilised relative to the corresponding singlet state by a quantity termed the “exchange
energy”. Therefore, a T1 (i.e. first excited triplet) state lies deeper within the HOMO-LUMO gap
compared with the S1 (first excited singlet) state. Triplet excitons can be directly created by
electric injection; since the T1S0 transition is dipole-forbidden, triplet excitons typically have
longer lifetimes than singlet excitons.[44] Exciton formation causes -electrons to rearrange into
*-antibonding orbitals which simultaneously alters the geometry of the polymer chain. The
resulting change in chain geometry is driven by the transition from benzoid to quinoid ring
structure, schematically illustrated in Fig. 1.3(b) for the conjugated polymer poly(phenylene
vinylene), and leads to backbone planarisation for the chain segment that supports the exciton.
15
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FIGURE 1.3: Schematic illustration of the fundamental excitations in conjugated polymers. (a)
Pictogram demonstrating the relative energies and spin states of electron/hole polarons and
singlet/triplet excitons; electrons are shown by black circles with the arrows indicating their spin.
(b) Illustration of exciton formation within a single poly(phenylene vinylene) chain.

As an illustrative example, the optical absorption spectra of monodisperse poly(phenylene
vinylene) oligomers, i.e. chains with a precisely-defined number of repeat units, are shown in Fig.
1.4(a). The absorption band is assigned to the formation of the first excited singlet state (S0S1
transition). It is observed that the absorption band redshifts with increasing chain length, which is
straightforwardly interpreted as further stabilisation of the exciton inside the HOMO-LUMO gap
due to the increased along-chain distance over which the exciton is delocalised.[44]
However, the vibronic structure (i.e. periodic series of peaks) of the absorption spectra is seen to
be independent of chain length, indicating that it is fundamentally related to the chemical structure
of the repeat unit itself. As was mentioned above, strong electron-phonon coupling in polymeric
materials implies that exciton formation is accompanied by simultaneously-excited vibrations of
the polymer backbone. The vibronic structure seen in the absorption spectra in Fig. 1.4(a) is a
consequence of the Franck-Condon principle which states that the electronic transitions occur on
significantly faster timescales than the physical motion of atoms that constitute the polymer
backbone. The two possible scenarios are illustrated in Fig. 1.4(b) for two different degrees of
geometric relaxation between ground and excited singlet states, as quantified by the change in
configurational coordinate ΔQ. If both S0 and S1 electronic states correspond to essentially
equivalent chain configurations (ΔQ = 0) then only the vibrational ground state of S1 is excited.
16
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The corresponding absorption spectrum would only show a single sharp band, as is typically seen
for inorganic semiconductors. However, if the S0S1 transition results in a simultaneous
alteration of chain configuration (ΔQ > 0), as is generally seen for “soft” polymeric materials,
then there is a finite probability of transitions to additional, higher vibrational levels, with the
corresponding absorption spectrum featuring vibronic structure similar to poly(phenylene
vinylene) oligomers (cf. Fig. 1.4(a)).

FIGURE 1.4: Singlet excitons in conjugated polymers. (a) Optical absorption spectra of
phenylene vinylene oligomers (n = 2–5). (b) Illustration of the Franck‐Condon principle that
governs the coupling between electronic and vibrational transitions, with Q representing
configurational coordinate. [(a) and (b) adapted from [45, 46] respectively.]
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In general, however, conjugated polymers are highly polydisperse and possess a wide range of
chain lengths which, together with the effect of structural disorder, results in a broad distribution
of conjugation lengths. Therefore, optical absorption spectra of conjugated polymers typically
resemble a broad featureless band, as shown in Fig. 1.5. Singlet excitons in undiluted solid-state
samples can typically undergo energy transfer to lower HOMO-LUMO energy sites prior to their
radiative recombination. One of the principal exciton energy transfer mechanisms, effective on
length scales <10 nm, is termed Förster resonance energy transfer and involves a simultaneous
decay-excitation process occurring between two neighbouring chromophores.[46] Notably, Förster
transfer does not involve physical migration of the electron-hole pair constituting an exciton –
only the associated energy undergoes diffusion across the density of states. Consequently, while
optical absorption spectra probe the whole ensemble of chromophores within the sample,
photoluminescence (PL) spectra typically correspond to the lowest HOMO-LUMO energy
emitting species and, as shown in Fig. 1.5, display vibronic structure in accordance with the
Franck-Condon principle described above.

FIGURE 1.5: Comparison of absorption and photoluminescence (PL) spectra of conjugated
polymers. Peak‐normalised absorption (blue line) and PL (red line) spectra are shown for an in‐
plane isotropic film of “glassy”‐type poly(9,9‐dioctylfluorene), the chemical/conformational
structure of which is indicated in the inset (side‐chains omitted for clarity).

Structure-property relationships
The characteristics of excitations and excitation energy transfer in conjugated polymers are
extremely sensitive to intra- (i.e. chain conformation) and inter-chain (i.e. packing) order.
Therefore, understanding and controlling structure-property relationships of melt- or solutionprocessed conjugated polymers represents the central aspect of research on these materials:
essentially every published study on conjugated polymers deals to some extent with how their
18
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microstructure affects the overall optoelectronic properties and device performance,[47–49] although
systematic and rigorous studies performed, for example, on precisely-defined oligomers are few
and far between.[45,50,51]
As discussed above for an isolated conjugated polymer chain, photoexcitation of a choromophore
produces an intra-chain exciton. However, the situation is much more complex when there are
other chromophores in close proximity to the excited chromophore. Interaction between
chromophores can enable the formation of inter-chain excitations. For example, a commonlyobserved interchain excitation in which two adjacent chromophores share their -electrons in the
excited state but not in the ground state is termed an “excimer”.[52,53] Excimers typically have a
particular spectroscopic signature in the form of a strongly red-shifted broad fluorescence peak.
Since excimers are only weakly coupled to the ground state, they feature long recombination
lifetimes and poor fluorescence quantum efficiencies (although there are some notable
exceptions[54,55]), both of which are generally detrimental to device performance.[56] Another type
of interchain excitation in which -electrons in both ground and excited states are delocalised over
several chain segments, typically located on adjacent polymer chains, is termed an “aggregate”.
Aggregates typically feature a relatively weak absorption band and a red-shifted fluorescence
spectrum with minimal vibronic structure. Aggregates of conjugated polymers are generally
believed to be weakly emissive,[47,57] although recent reports of aggregation-induced
fluorescence[58,59] show that may not necessarily be the case. While aggregation of conjugated
polymers is frequently reported in the literature, the accepted definition of an “aggregate” remains
ambiguous: clusters of polymer chains, whether amorphous or possessing some degree of
crystalline order, are often referred to as aggregates regardless of whether they influence the
resulting optoelectronic properties to an appreciable degree.[47–49]
The synthetic process can further complicate structure-property relationships by yielding
polymers of different molecular weights, as well as degrees of polydispersity, regioregularity and
chemical purity. Molecular weight, i.e. (average) length of polymer chains, in particular can play
a key role in determining the polymer’s thermal properties, phase behavior and solid-state
crystalline packing, as well as the resulting optoelectronic properties.[50,51,60–62]
Furthermore, as a consequence of relatively weak interchain bonding in conjugated polymers,
their microstructure and optoelectronic properties are highly sensitive to fabrication and postprocessing conditions. Fabrication protocols determine such key solid-state parameters as density,
relative degree and type of crystallinity and macromolecular orientation.[47,63,64]
The presence of ordered chains or chain segments, whether inter- and intra-chain, in an otherwise
disordered (amorphous) chain ensemble can also affect charge-carrier mobility, fluorescence,
19
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refractive index and several other important properties.[47,65–69] As discussed above, inter-chain
order can correspond to, for example, macromolecular orientation or crystallinity. Intra-chain
order refers to chain segments possessing a distinct ordered chain conformation, i.e. a fixed
torsion angle between adjacent repeat units. In this respect, a multiple-monomer chain segment
possessing an ordered conformation could be considered as a 1-dimensional “crystalline entity”
embedded in an amorphous matrix. Changing the torsion angle between adjacent repeat units
alters the -orbital coupling along the chain segment and consequently affects absorption,
fluorescence, transition dipole orientation and other key optoelectronic properties.[48,65–68,70]
It should be noted that all of the above-mentioned structural factors are interrelated to some
degree; for example, the formation of intra-chain-ordered chain segments is often accompanied by
supramolecular aggregation/crystallisation. Isolating and exploring these phenomena presents an
interesting, complex and urgent challenge in the current research on conjugated polymers, which
motivated the work presented in this thesis.

1.2. POLYFLUORENES
Polyfluorenes are a widely studied family of conjugated polymers which are based around a
fluorene repeat unit, shown in Fig. 1.6(a). While the terminology has generated a great deal of
confusion over the years due to its audible similarity to “fluorine”, polyfluorenes were named this
way for their excellent fluorescent properties. By selecting appropriate copolymer units and
architectures (cf. Fig. 1.6(b–e)) the fluorescence of polyfluorenes can be tailored across the entire
visible spectrum as shown in Fig. 1.6(f). Conjugated polymers containing the fluorene unit have
strong potential in a wide variety of applications including displays and lighting,[68,71]
photodetection,[72] electronics,[69] sensing,[73,74] lasers and photonics.[68,69,75–77]
Dialkyl-substituted polyfluorenes, featuring alkyl side-chains attached at the 9-position of the
fluorene unit, have been studied somewhat more extensively than other types of polyfluorenes; the
most well-studied and widely used of these is poly(9,9-dioctylfluorene) (PFO). Typically, PFO
and other dialkyl-substituted polyfluorenes are synthesised by the Suzuki coupling[78] which yields
homopolymers and strictly-alternating copolymers of relatively high molecular weight and
chemical purity,[69,79] while Yamamoto coupling has also been used for synthesis of statistical
copolymers.[69,80,81] This class of polyfluorenes has been extensively investigated for their efficient
blue emission, excellent thermal stability and high charge-carrier mobility.[68,69,82]
The fluorene unit consists of two para-linked phenylene rings that are additionally bridged by the
carbon atom in the 9-position, thereby making it relatively rigid. However, neighbouring fluorene
20
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units within a polyfluorene chain are only linked by a single C-C bond, which allows for
considerable rotational freedom within the chain. Hence, PFO and a selection of other dialkylsubstituted polyfluorenes are also used as a unique “testbed” for studying structure-property
relationships, including the effect of intra-chain ordering on optoelectronic properties.[81,83]
Specifically, the so-called “-phase” chain conformation of PFO, i.e. that which corresponds to a
21-helical planar-zigzag-type geometry,[65,66] is especially well-defined and presents an interesting
system for studying the influence of chain-conformation on macroscopic photophysical and
optoelectronic properties; a detailed presentation of the -phase conformation is given in Chapter
II.[65,66,68,70,75,84]

FIGURE 1.6: Polyfluorene family of conjugated polymers. Chemical structures (a) fluorene, (b)
poly(9,9‐dioctylfluorene) (PFO), (c) poly(9,9‐dioctylfluorene‐co‐benzothiadiazole) (F8BT), (d)
poly(9,9‐dioctylfluorene‐co‐bithiophene) (F8T2), (e) fluorene copolymer comprising 50% 9,9‐
dioctylfluorene, 40% benzothiadiazole and 5% each of methyl‐substituted triphenylamine and
benzothiadiazole‐bis‐thiophene (Red F). (f) Photograph of fluorescence from a selection of
polyfluorene solutions under UV illumination. [Image courtesy of Dr. Xuhua Wang]
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1.3. SURVEY AND SCOPE OF THE THESIS
The focus of the research presented in this thesis is to develop comprehensive insight into the
structure-property relationships of poly(9,9-dioctylfluorene) (PFO) and how they are mediated by
the presence of the well-defined planar-zigzag-type “-phase” chain conformation. The formation
of the -phase and its effect on photophysical properties of PFO are evaluated using a range of
methods including spectroscopic techniques, microscopy, thermal analysis and X-ray diffraction.
The findings presented in this thesis highlight the benefits that can be gained from harnessing and
controlling the presence of -phase conformation of PFO and, for the first time, provide a detailed
examination of the mechanism responsible for its formation.
Chapter II presents a detailed overview of structure-property relationships of PFO and examines
the effect that the presence of a small fraction of -phase chain segments has on photophysical
properties of PFO films. Photophysical properties are evaluated using optical spectroscopy,
photoluminescence quantum efficiency, Raman spectroscopy and optical microscopy. The
generally accepted mechanism responsible for -phase formation is examined using mechanical
deformation and highlights our incomplete understanding of the underlying process.
In Chapter III an advanced form of dip-pen nanolithography is used to spatially pattern the phase conformation in PFO films on sub-micrometre scale. Conformational patterns are imaged
using confocal PL microscopy, and various processing parameters are optimised to improve the
patterning resolution. The increase in refractive index that accompanies -phase formation can
enable a range of novel photonic structures, two of which are theoretically modelled using
complex photonic dispersion calculations.
Chapter IV reports a study of isotropic and uniaxially oriented binary blend films comprising ≤1
wt% of PFO dispersed in both ultra-high molecular weight (UHMW) and linear-low-density
(LLD) polyethylene (PE). Polarised absorption, fluorescence and Raman spectroscopy, scanning
electron microscopy and X-ray diffraction are used to characterise the samples before and after
tensile deformation. Both PFO concentration and drawing temperature strongly affect the
alignment of PFO chains during the tensile drawing of the blend films. In both PE hosts,
crystallisation of PFO takes place during drawing; the resulting ordered chains show maximal
optical anisotropy. The results clarify the optimal PFO microstructure in oriented blends with PE
and the processing conditions required for achieving that characteristic.
Chapter V presents a discovery of polymer-solvent compound formation, occurring via cocrystallisation of polymer chains and selected small-molecular species, for PFO and a range of
organic solvents. The resulting crystallisation and gelation processes in PFO solutions are studied
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by differential scanning calorimetry, with X-ray diffraction providing additional information on
the resulting microstructure. It is demonstrated that solution-crystallisation of PFO occurs
following adoption of the planar-zigzag -phase chain conformation, which, due to its geometry,
creates periodic cavities that simultaneously accommodate the ordered inclusion of solvent
molecules of matching volume. The potential applications of PFO–solvent compounds,
comprising an ultra-regular molecular-level-dispersed arrangement of a semiconducting polymer
host and a small-molecular guest, are also discussed.
Chapter VI reports a study of solution-crystallisation for two polyfluorene polymers possessing
different side-chain structures. Thermal analysis and temperature-dependent optical spectroscopy
are used to clarify the nature of the crystallisation process, while X-ray diffraction and scanning
electron microscopy reveal important differences in the resulting microstructures. Using this
material system, we attempt to answer the fundamental ‘the chicken or the egg’ question: does
intra- (i.e. chain conformation) or inter- (i.e. crystalline lattice) chain order develop first during
solution-crystallisation? The presented results clarify the fundamental differences between the phase and other conformational/crystalline forms of polyfluorene and highlight the critical
influence of the side-chain structure on their solution-crystallisation behaviour.
Finally, in Chapter VII general conclusions and outlook are presented.
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2.1. INTRODUCTION
2.1.1. Conformational isomers of PFO
A consequence of relatively weak, typically van der Waals, interchain bonding in conjugated
polymers is that the solid-state microstructure can be highly sensitive to processing conditions
and, therefore, extremely complex. As a result, a range of amorphous/glassy, liquid-crystalline
(LC) and (semi-)crystalline phases are found for many conjugated polymers. This feature has also
been widely documented for poly(9,9-dioctylfluorene) (PFO) and, therewith, provides an
excellent research space within which to explore the influence of microstructure on photophysical
and optoelectronic properties.[1–5] The solid-state structure of PFO has been reported to include
“glassy,” “crystalline,” and “-phase” chain conformations,[6–14] the main differences between
which are summarised in Fig. 2.1 in terms of absorption and photoluminescence (PL) spectra, as
well as chain geometry.

FIGURE 2.1: Optical spectroscopy of PFO thin films possessing different solid‐state
microstructures. (a) Area‐normalised absorption spectra and (b) peak‐normalised PL spectra of
PFO thin films in as‐spin‐coated glassy state (blue lines with ), and with crystalline (black lines
with ) and ‐phase (red lines with ◧) chain segments introduced by the appropriate treatments
(see text). The differences between the three chain conformations are presented in (c) in terms
of their inter‐monomer torsion angle ɸ and basic thermal properties (note that the given values
can vary depending on the details of film processing and polymer molecular weight). The n‐octyl
side‐chains of PFO (C8H17) are omitted for clarity.
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Spin-coating PFO thin films from good solvents (Hildebrand parameter   9.1 to 9.3 cal1/2 cm–
3/2 [6,14]

)

with low boiling points, Tb, such as tetrahydrofuran (THF) (  9.1, Tb = 66 °C)[15] and

chloroform (  9.3, Tb = 61 °C),[15] typically results in glassy films that are isotropic within the
film plane.[16] Similar results can be obtained using toluene (  8.9, Tb = 110 °C), [15] especially
when, as for the results presented in Fig. 2.1 (blue lines), both solution and substrate are heated
prior to spin-coating.[17,18] The corresponding chain geometry, usually also referred to as “glassy”
in the literature, is wormlike with a broad distribution of intermonomer torsion angles centred
around ϕ  135.[10] This disordered chain conformation results in inhomogeneously-broadened
absorption spectra (peak at   383 nm) with correspondingly un-resolved vibronic structure and,
to a lesser degree (due to excitation migration prior to emission), PL spectra,[1,7,8] which typically
feature vibronic peaks at 422, 447 and 476 nm.
Crystalline PFO[1,10,11] formed by slow cooling from the nematic melt (crystallisation temperatures
Tc  90–140 C, depending on cooling rate and molecular weight of PFO;[11–13] see Chapters IV–
VI for further details) possesses a more extended chain conformation, characterised by
intermonomer torsion angle ϕ  150. The presence of crystalline PFO chain segments is
generally evidenced by a shoulder at 425 nm in the corresponding absorption spectra, and, in
keeping with the more extended conjugation length, red-shifted PL spectra with vibronic peaks at
432, 455 and 484 nm (cf. Fig. 2.1, black lines). We note that some variation in the spectroscopic
properties can be seen for different crystallisation conditions. A common visual signature of
crystalline PFO films is their increased haze originating from light scattering by the crystallites,
which is further evidenced by a scattering tail in the absorption spectra for  > 440 nm. Chen et
al. reported a detailed study of the thermal properties of PFO and its crystallisation from the
nematic melt.[11,12] Notably, it was reported that PFO crystallises into two closely-related
crystalline forms termed - and -phase that feature minor differences in molecular packing and
backbone coplanarity. Controlling the crystallisation temperature and/or cooling rate from the
nematic melt allows to selectively generate either one of the two crystalline forms.[11]
A particular conformational isomer of PFO termed the “-phase”[1,6,8–12,14] refers to a rigid chainextended geometry, with a well-defined[10] intermonomer torsion angle, which the majority of
studies have postulated to be ϕ = 180.[1,6,7,14,19] The resulting 21-helical geometry (i.e. planar
zigzag) has the n-octyl side-chains positioned on alternating sides of the backbone for adjacent
fluorene units. Due to its well-defined geometry and, therefore, low solid-state entropy, the phase conformation of PFO is metastable in the absence of solvent,[1,12,14] with a relatively low
melting temperature, Tmβ  80 C.[12] The -phase conformation can be introduced in solid-state
PFO by a variety of methods which will be discussed in detail below; most commonly, these are
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based on exposure of PFO to moderately good solvents or slowing down the kinetics of film
formation during solution-processing.[1,6,14]
The presence of the -phase conformation is readily identified by the resulting changes in optical
properties (cf. Fig 2.1, red lines). Its characteristic spectral features comprise a new red-shifted,
clearly resolved S0-S1 0-0 absorption peak at 435 nm, with its spectral position subject to a small
degree of variation for samples with low (430 nm[12]) and high (436 nm[20]) fractions of -phase
chain segments. The corresponding PL spectra exhibit enhanced vibronic structure and typically
feature vibronic peaks at 439, 466 and 498 nm.[1,12,18] The spectral characteristics of -phase chain
segments exhibit a close similarity to those of ‘ladder-type’ methyl-substituted poly(p-phenylene)
(MeLPPP), for which chain planarity is enforced by its chemical structure.[21] A MeLPPP chain
thus resembles an ideal -phase PFO chain segment and shows similarly well-resolved vibronic
structure in both absorption and PL spectra, with an even stronger overall spectral red-shift; for
example, its S0-S1 0-0 absorption peak appears at 453 nm for spin-coated MeLPPP films.
Efficient excitation energy transfer from the bulk glassy chain ensemble to the -phase chain
segments is known to be very efficient for undiluted PFO films,[8,22] with complete transfer
occurring within 5 ps.[8] As a consequence, -phase emission typically dominates PL spectra even
for extremely small ( 1 %) relative fractions of -phase chain segments. The final spectroscopic
characteristic of the -phase that deserves mention at this point is the reduced Stokes shift
between its absorption and PL emission spectra.
A closer look at the PL spectra for the three conformational isomers of PFO (see Fig.2.1(b))
reveals a decrease in the apparent Huang-Rhys parameter (i.e. the apparent magnitude of the 0-0
vibronic peak increases in relation to the 0-1 and 0-2 vibronics) as the average intermonomer
torsion angle is increased from 135 (glassy) to 150 (crystalline) and, finally, 180 (-phase).
The reduced apparent Huang-Rhys parameter for the -phase conformation of PFO indicates (i) a
more delocalised excited state relative to the other conformational isomers of PFO and (ii) a
minimal degree of geometric rearrangement associated with the S1-S0 PL transition, indicating
that both ground and excited states of the -phase correspond to, essentially, planar chain
geometries.[22,23]
We emphasise that the different chain conformations described above can in fact be adopted by
discrete chain segments and, for a relatively high molecular weight polymer, a single chain can
contain segments possessing different conformations. While there are further subtleties to the PFO
microstructural space arising from, for example, crystallisation conditions,[11] macromolecular
orientation[13,14,24,25] and blending with other polymers,[26–28] for the sake of clarity we will adopt
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the simplified nomenclature presented above and in Fig. 2.1. In order to further simplify the
terminology used throughout this thesis, the (predominantly) glassy PFO samples containing a
fraction of either -phase or crystalline chain segments will be simply referred to as “-phase
PFO” or “crystalline PFO” samples, regardless of the relative content of the particular
conformational isomer.

FIGURE 2.2: Structural modelling of the stable chain conformations of PFO. (a) Three principal
conformational isomers of PFO, characterised by the intermonomer torsion angles which
minimise the energies of the polymer backbone (adapted from [10]). Modelling was carried out
for PFO decamers in the gas phase. For torsion angles > 120 there are three distinct low‐energy
conformational species: C (glassy), C (melt‐crystallised), and C (‐phase). Inset shows a model
of the ‐phase conformation, highlighting the characteristic alignment of the n‐octyl side‐chains
along the backbone. (b–d) Raman vibrational spectroscopy‐based modelling of the conformation
of the n‐octyl side‐chains of PFO corresponding to its three principal conformational isomers;
sketches of the fluorene repeat unit are shown with the side‐chains in (b) all‐anti (aaa; glassy
PFO), (c) anti‐anti‐gauche (aag, melt‐crystallised PFO) and (d) anti‐gauche‐gauche (agg, ‐phase
PFO) conformations. (Adapted from [32]).

Winokur et al.[10] have reported a detailed structural modelling of the three principal
conformational isomers of PFO described above; one aspect of their results is shown in Fig.
2.2(a). They studied the range of stable chain conformations preferentially adopted by a large set
of PFO decamers (that is, a monodisperse set of PFO chain composed of 10 repeat units), as
defined by their average intermonomer torsion angles and the geometry of the n-octyl side-chains.
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While some of their results, e.g. the characteristic intermonomer torsion angles for glassy,
crystalline and -phase conformations, have already been discussed above, there are two
additional outcomes of their modelling that deserve further mention.
Firstly, while the glassy and crystalline conformations were found to correspond to a distribution
of intermonomer torsion angles, the -phase conformation is represented by a single point on the
torsion angle vs. energy diagram in Fig. 2.2(a). This indicates that the -phase conformation of
PFO is extremely well defined which, as will be discussed below, is highly interesting for
conjugated polymers, the optoelectronic properties of which can be strongly affected by the
incorporation of such ordered chain segments.[29] The precisely-defined nature of the -phase
conformation is further corroborated by the fact that its distinct S0-S1 0-0 absorption peak at 435
nm appears as a step change, rather than gradually red-shifting and narrowing relative to the main
absorption peak at 383 nm with increasing -phase fraction. Surprisingly, Winokur et al.
obtained a value of 165 for the intermonomer torsion angle for the -phase conformation of
PFO.[10] This appears counter-intuitive, given the identical length of both side-chains as well as
their characteristic symmetrical alignment along the polymer backbone (discussed in detail
below). Therefore, it has become commonly accepted[1,14] that the -phase conformation
corresponds to a 21 helix with the intermonomer torsion angle ϕ = 180, which has been further
confirmed by the more recent electron- and X-ray-diffraction studies.[19,30,31]
Secondly, Winokur et al.[10] have also predicted that the alignment of the n-octyl side-chain of
PFO also changes for the different (backbone) conformations of PFO. This was further
investigated in a subsequent theoretical and experimental Raman study,[32,33] the key results of
which are shown in Fig. 2.2(b–d). Raman frequencies for fluorene oligomers were calculated for
the three limiting conformations of the n-octyl side-chains and correlated with the intermonomer
torsion angles predicted for the three conformational isomers of PFO. It was found that the sidechains are fully extended for glassy PFO (all-anti conformation; cf. Fig. 2.2(b)), whereas they are
partially bent for the crystalline PFO (anti-anti-gauche conformation; cf. Fig. 2.2(c)). In the case
of the -phase conformation, the side-chains adopt the anti-gauche-gauche conformation and thus
align closely along the fluorene backbone, as shown in Fig. 2.2(d) and the inset of Fig. 2.2(a).
While it may appear arbitrary at this stage, it will be shown in Chapters V–VI that this
characteristic alignment of the side-chains along the backbone enables the formation polymersolvent compounds in PFO solutions which stabilises the -phase conformation (vide infra).
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2.1.2. The effect of -phase conformation on optoelectronic properties of PFO
Having described the differences between the three principal chain conformations that can be
adopted by PFO, we will now outline the key implications of inducing the -phase conformation
in solid-state PFO that motivate the research presented in this thesis. Controlling the -phase
fraction in PFO films is of significant interest for fundamental studies of conjugated polymer
photophysics as well as for practical applications, aimed at optimising the performance of PFObased devices.
For instance, the performance of polymer light-emitting diodes (PLEDs) based on PFO can be
significantly enhanced by introducing a small fraction of -phase chains segments into an
otherwise glassy PFO active layer. This is best illustrated by the results reported by Lu et al.[34]
who studied the effect of inducing a small ( 1.3%) fraction of -phase chain segments on the
efficiency and emission colour of a PLED based on a glassy PFO active layer. They observed that
both the external quantum efficiency (EQE) and luminance efficiency of the PLED increased by
300 % (i.e. from 1.1 to 3.3% and from 1.3 to 3.9 cd A–1, respectively) when -phase was induced
in the glassy PFO active layer, with an accompanying increase in maximum luminance from
12600 to 34300 cd m–2. An additional consequence of the spectral differences in photo- and
electro-luminescence of glassy and -phase PFO, notably the reduced emission intensity in the
500–650 nm spectral region for the latter, is that PLEDs based on the -phase-containing PFO had
an improved colour purity of blue emission. This property can be quantified by the so-called
Commission Internationale de l’Eclairage (CIE) x + y values, which in the study of Lu et al. were
0.283 and 0.323 for the -phase and glassy PLEDs respectively, with the norm for pure-blue
emission colour being x + y  0.3.[34] Similar improvements in PLED performance have also been
reported in subsequent studies where higher -phase fractions were induced in a glassy PFO
active layer.[20,35] Improved electron trapping efficiency and hole mobility have been proposed to
be partly responsible for the increased efficiency of PLEDs based on -phase PFO,[34] although
this has not been unequivocally determined.
Furthermore, the radiative recombination efficiency of singlet excitons is also likely to be higher
for the -phase-containing samples, where rapid excitation energy transfer to the lower HOMOLUMO transition energy -phase chain segments may reduce the likelihood of subsequent
migration-activated singlet quenching.[36]
Elsewhere it was shown that -phase can be straightforwardly induced in PFO films which have
been oriented in a liquid-crystalline (nematic) melt on rubbed alignment layers;[37] these films
could be subsequently integrated into PLED devices. Compared with the oriented PFO films
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featuring a quenched (i.e. frozen-in) nematic-glassy microstructure, the subsequent generation of
-phase segments resulted in a 1.13 increase in the integrated EL emission anisotropy and a twofold increase in luminance efficiency.[37]
Other studies have indicated that the thermal stability of PFO can be improved by blending it with
a low molecular weight polyphenyl ether (PPE), which has the simultaneous effect of generating a
fraction of -phase chain segments.[35] Annealing 1:1 wt/wt PFO-PPE blends at 140 C in air led
to minimal changes to the -phase PFO PL emission spectrum, whereas neat glassy PFO films
developed a strong green emission band (so-called “g-band”).[35] While the precise origin of the gband remains the subject of debate,[38,39] its presence is generally agreed to indicate thermooxidative conversion of 9,9-dialkylfluorene to 9-fluorenone moieties – a process which is known
to strongly reduce the colour purity of emission as well as the PL quantum efficiency (PLQE).[38]
When dispersed in an inert poly(methyl methacrylate) (PMMA) matrix, PFO in the -phase
conformation exhibits enhanced optical gain properties relative to a neat glassy PFO film due to
(i) increased magnitude of stimulated emission and (ii) a broader spectral region over which
optical gain occurs.[27] Such -phase-containing PFO blends with PMMA were also found to
allow ultrafast (300 GHz) optical gain switching in the spectral region of stimulated emission.[27]
-phase-containing PFO films have also been proposed as a highly promising material system for
realising electrically-pumped organic lasers. Rothe et al.[36] demonstrated that optimising the
relative fraction of -phase segments, as well as their intimate dispersal in a glassy PFO matrix,
allows amplified spontaneous emission (ASE) to occur from the S1-S0 0-0 vibronic mode of the phase (440 nm) at low temperature (20 K). The stimulated emission cross-section for -phase
emission at 440 nm exceeds that of glassy PFO at its S1-S0 0-1 vibronic peak as well as most other
conjugated polymers.[40] The reason is related to the remarkably narrow spectral distribution of the
S1-S0 0-0 vibronic mode of the -phase, with its correspondingly large stimulated emission crosssection resulting in lasing thresholds several orders of magnitude lower than for glassy PFO.
Spatial patterning of the -phase conformation in glassy PFO films has been proposed as a
promising approach towards realising so-called “conformational” metamaterials in which the
physical geometry of a molecule acts as a vector for refractive index change. Ryu et al.[9]
demonstrated that localised generation of -phase chain segments within a glassy film can be used
to define millimetre-scale spatial patterns of varying refractive index change while preserving film
planarity. The patterning resolution was improved to 250 m in a subsequent publication,[41]
although further reduction of pattern dimensions into the sub-micrometer scale is desirable for
realising novel photonic applications.[9]
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Finally, we note that PFO samples containing a fraction of -phase chain segments essentially
represent a “self-doped” donor-acceptor material system[3,22,34,36] well-suited for exploring energy
transfer processes, excitation dynamics and the interplay between microstructure and
photophysics.[3,8,18,22,34,36,42] Such studies are of fundamental importance for optimising the
performance of PFO-based devices as well as furthering our knowledge of conjugated polymer
photophysics .

2.1.2. Generating the -phase conformation in PFO
To date, the general understanding has been that PFO adopts the -phase conformation as a
response to mechanical or thermodynamic stress.[1,3,14] The (21-helical) -phase conformation is
elongated in comparison to any other (e.g. “wormlike” glassy) chain geometry due to the 19
dihedral angle between adjacent fluorene repeat units.[14] Therefore, adoption of the -phase
conformation was postulated to reduce the overall stress by minimising intra-chain steric
interactions, especially given the positioning of the n-octyl side-chains on the opposite sides of the
backbone for adjacent fluorene units.
The -phase conformation can be generated in solid PFO samples by a variety of methods, which
can be categorised into those that do or do not require the presence of solvent. The first
observations of -phase formation in PFO were reported by studies involving cooling spin-coated
PFO films on fused silica substrates to liquid nitrogen temperature (–196 °C) and slowly reheating
them to room temperature.[6] Repeated thermal cycling increased the relative intensity of the
spectroscopic signature of the -phase. Since slow re-heating rates were found to be essential for
-phase formation by this method, it was concluded that the change in chain conformation results
from mechanical stress being transferred to the film during re-heating, owing to a mismatch in
thermal expansion coefficients for the polymer film and the fused silica substrate.[1,6,14] This
method was used in several subsequent studies of the -phase conformation of PFO.[7,43–45]
However, it is the solvent-based methods of generating the -phase conformation that have
received the most attention, both from a practical and a research perspective. These are based on
processing PFO from solutions in poor or high-boiling-point solvents, as well as post-deposition
swelling of PFO films by good solvents.
Since numerous studies reported the formation of -phase in PFO solutions with poor solvents, it
is not surprising that spin-coating solutions in cyclohexane[6,14] ( = 8.2 cal1/2 cm–3/2) or
cyclopentanone[22] ( = 10.2 cal1/2 cm–3/2) preserves the -phase conformation after solvent
35

Chapter II: The -phase Chain Conformation of Poly(9,9-dioctylfluorene)

removal. Similarly, zone-casting or blade-coating -phase-rich PFO gels in, e.g. 1,2,4trichlorobenzene[46] ( = 9.9 cal1/2 cm–3/2) or -pinene[1] ( = 8.2 cal1/2 cm–3/2), also yields PFO
films possessing a high fraction chain segments in the -phase conformation.
Slowing down the kinetics of film formation during solution-processing is another proven method
of fabricating -phase-rich PFO films. For example, spin-coating PFO from solutions in
isodurene, a good solvent for PFO in terms of its Hildebrand solubility parameter ( = 9.3 cal1/2
cm–3/2) but featuring a rather high boiling point (Tb = 198 C), generates a relatively high fraction
of -phase in dried films.[22] This effect was proposed to be related to mechanical stress applied to
PFO chains during prolonged film drying,[22] although such explanation appears ambiguous at
best. A related strategy involves introducing high-boiling-point additives (typically 0.5–16 wt or
vol % relative to the amount of the good solvent) such as 1,8-diiodooctane[18,20,47] or polyphenyl
ether[35] into PFO solutions in good solvents, followed by spin-coating. In this case, an additional
effect that is likely to favour -phase formation in the resulting films is the reduction of the
overall solvent quality over time as the primary low-boiling-point good solvent evaporates first,
leaving behind the additive which, invariably, is a poor solvent for PFO.[20]
Post-deposition generation of -phase in PFO films is especially interesting since it allows to
directly determine the effect of -phase on the optoelectronic properties of the reference glassy,
quenched-nematic or melt-crystallised films. The related methods involve exposing PFO films to
good solvents in liquid or vapour form, with -phase thought to form as a result of “swelling
stress”. This approach also allows for spatial patterning of -phase in glassy PFO films which,
due to appreciably higher refractive index of -phase PFO outside the absorbing region,[9,41,48] has
been proposed as a promising means of fabricating chain-conformation-based conjugated polymer
nanophotonic elements.
Dipping glassy PFO films into solvent/non-solvent mixtures, such as THF–methanol[34,49] or
toluene–methanol,[49] for tens of seconds at a time was also shown to generate a small fraction of
-phase chains segments. The role of the non-solvent, i.e. methanol ( = 14.5 cal1/2 cm–3/2), is to
reduce the overall solvating power of the good solvent and thus avoid film dissolution. An
alternative method is based on exposure of PFO films to saturated vapours of moderately good
solvents such as THF,[1] n-octane,[50] chlorobenzene[41] and toluene.[3,8,9,11,17,50] Such procedure is
usually termed “solvent vapour annealing” in the literature. Caruso et al. reported an in-situ
fluorescence spectroscopy study of -phase formation in PFO films during such solvent vapour
annealing using toluene and n-octane.[50] In this process, the increase in PL intensity
corresponding to emission from the increasing fraction of -phase chain segments was observed
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to saturate after 10 min, although, due to efficient excitation energy transfer from the bulk glassy
chain segments,[8,22] this does not necessarily indicate that that the fraction of -phase chain
segments, which is better quantified by absorption spectroscopy, has also reached its maximum.
No -phase PL was seen to develop when n-butanol – a non-solvent for PFO ( = 11.4 cal1/2 cm–
3/2

) – was used in a similar vapour annealing procedure.[50]

Finally, a comment needs to be made regarding the generality of the -phase conformation across
the (9,9-dialkyl)fluorene family. Bright et al.[45] used temperature-dependent optical spectroscopy
to study -phase formation for polyfluorenes substituted with a range of linear di-n-alkyl sidechains (length RC = 6–10 carbon atoms) in methylcyclohexane (MCH) solutions and thermallycycled spin-coated films. They observed the spectroscopic signatures of -phase formation only
for polyfluorenes substituted with side-chains of length RC = 7–9 and attributed it to van der
Waals interactions between the alkyl side-chains providing sufficient energy to overcome the
steric energy barrier and planarise the polymer backbone. The -phase conformation did not form
in the case of RC = 6 (i.e. poly(9,9-dihexylfluorene)), in accordance with the previously
reported[10] modelling results, which was explained as insufficient van der Waals energy for
backbone planarisation due to shorter side-chains. Similarly, -phase did not form in the case of
RC = 10 (i.e. poly(9,9-decylfluorene)) which was interpreted as entanglements between long sidechains preventing backbone planarisation. Furthermore, both experimental[51] and modelling[10]
studies have shown that the -phase conformation cannot be formed by polyfluorenes substituted
with branched side-chains, also in the case of a statistical co-polymer, such as poly(9,9dioctylfluorene)-co-[9,9-bis(2-ethylhexyl)fluorene], for which ≤ 50% of the fluorene units were
not substituted with branched 2-ethylhexyl (F2/6) side-chains.

2.1.3. Objectives
The purpose of this chapter is to examine the spectroscopic properties of solid-state PFO
possessing varied fractions of -phase chain segments and highlight the complexity of behaviour
for this, in essence, self-doped material system. The current understanding of the underlying
processes of -phase formation in solid PFO samples will also be examined and evaluated with
the aim of further exploring its subtleties in the subsequent chapters. Furthermore, a detailed
investigation of -phase formation in PFO solutions will be presented in Chapters V–VI.
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2.2. EXPERIMENTAL
Materials: Poly(9,9-dioctylfluorene) (PFO) polymers were synthesised by the Suzuki route and
supplied by the Sumitomo Chemical Company Ltd or Cambridge Display Technology. All
polymers were subjected to extensive purification prior to shipment and were used as received.
Toluene (HPLC grade, >99.7%, VWR), decahydronaphthalene (“decalin”; reagent grade, mixture
of cis and trans isomers, Sigma-Aldrich), cyclohexane (HPLC grade, >99%, VWR) and 2-(iso)propanol (“IPA”; anhydrous, >99.5%, Sigma-Aldrich) were used as received.
Gel permeation chromatography (GPC): Polystyrene-equivalent GPC measurements were
carried out with a Viscotek instrument comprising a pump and a degasser (GPCmax VE2001), a
detector module (Viscotek 302 TDA) and three columns (2PLGel Mix-C and 1ViscoGEL
GMHHRN 18055). Polymer solutions in chloroform (including 0.1 vol % toluene as end marker)
were prepared with 1.2 mg/mL concentration; in order to ensure complete polymer dissolution,
the solutions were heated at 50 C for several minutes. Finally, the solutions were filtered
(Chromafil® PTFE filters, 0.45 m pore size) to remove any particles or undissolved chain
aggregates. The columns were kept at 35 C and a flow-rate of 1 mL/min was adopted. OmniSEC
software (Viscotek) was used to analyse the data using conventional calibration. N.B. Due to the
higher chain stiffness of PFO, its absolute molecular weight is a factor of 2.7 lower than the
polystyrene-equivalent value.[14] The number of repeat units for an average chain from each batch
of PFO used in this study was calculated from the corresponding stiffness-corrected absolute
values of number-average molecular weight Mn. The results are summarised in Table 2.1
Thermo-gravimetric analysis (TGA): TGA was carried out using a Mettler-Toledo TGA/SDTA
851e instrument under a nitrogen blanket at 2 C/min heating rates. Decomposition temperatures
for all the polyfluorene polymers used throughout this study were  330 C.
Thin film preparation: PFO thin films were spin-coated or drop-cast on fused silica substrates
(Spectrosil B®, UQG Optics Ltd) in ambient atmosphere (class 1000 cleanroom). Prior to film
deposition, the substrates were cleaned by immersion and sonication in 1:3 vol:vol mixtures of
Decon 90 detergent and deionised (DI) water, followed by thorough rinsing in DI water. The
processing parameters for controlling the fraction of -phase chain segments in the films are
detailed in Table 2.2. Briefly, in order to fabricate glassy PFO films maximally free from -phase,
both the solution of PFO in toluene and the substrates were placed on a hot-plate at 100 C for 2
min immediately prior to spin-coating. For fabricating -phase-containing PFO films, two related
approaches were used: (i) promoting slower solvent evaporation during/following film deposition
(i.e. spin-coating from unheated solutions or drop-casting) and (ii) post-deposition swelling of
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glassy films with a suitable solvent either by vapour-annealing or by immersing the films in
solvent–nonsolvent mixtures. After film deposition and/or post-deposition treatments, the films
were desiccated over several days to remove (most of) the residual solvent. Reference meltcrystallised PFO films (cf. Fig. 2.1) were prepared by cooling at 5 C min–1 from the nematic melt
at 230 C under nitrogen atmosphere. Film thicknesses were determined using a J. A. Woollam VVASE spectroscopic ellipsometer by fitting the Cauchy law to data in the 900–1600 nm nonabsorbing spectral region.
Optical spectroscopy: All measurements were carried out at room temperature in ambient
atmosphere. Absorption spectra were measured with a dual beam Shimadzu UV-2600
spectrophotometer equipped with an integrating sphere, which allows the spectra to be corrected
for reflection and scattering losses. To correct for specular reflection losses, a cleaned fused silica
substrate was used as a reflection standard since it is known to be essentially transparent in the
300–500 nm spectral region, implying that any deviation from 100% transmission is due to
specular reflection losses. Photoluminescence spectra were recorded in reflection geometry using
a Jobin Yvon Horiba Fluoromax-3 spectrofluorometer (excitation wavelength λex = 390 nm). Film
samples were positioned for 75 angle between the excitation beam and the normal to film plane.
Photoluminescence quantum efficiency (PLQE): PLQE for spin-coated PFO thin films was
measured with a Jobin Yvon Horiba Fluoromax-3 spectrofluorometer equipped with a diffuselyreflecting integrating sphere (barium sulfate (BaSO4) inner coating). Excitation wavelength λex =
390 nm. All instrumental settings, such as integration time, excitation/emission slit widths and
PMT voltage, were kept fixed throughout the measurements. The relative reflectivity of the
integrating sphere was measured using a calibrated halogen light source (HL-2000-CAL, Ocean
Optics). In each case, PLQE was calculated from the average of four measurements performed on
the same sample, which was carefully repositioned in the beam path prior to each spectral
acquisition, thereby allowing consecutive measurements to probe different areas of the film and
confirm its homogeneity. Further details of the experimental procedures and data analysis are
given in the text.
Raman spectroscopy: Raman spectroscopy measurements on PFO thin films spin-coated on
fused silica substrates were performed using a Renishaw inVia Raman microscope in backscattering configuration. The response of the system was calibrated using the 520 cm–1 peak of
silicon. A HeNe laser provided non-resonant continuous-wave excitation at 633 nm; unpolarised
excitation and detection were used. Excitation light was focused on the top surface of the films
using a 50 objective (NA = 0.75). The recorded spectra were averaged from 10 consecutive
acquisitions from the same spot; the integration time for each acquisition was 5 s. No major
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spectral changes occurred for any Raman spectra subsequently acquired from the same spot on the
film, on the basis of which it was inferred that minimal photodegradation occurred under the
experimental conditions. (N.B. If photodegradation were to occur, it would be evidenced as an
overall reduction in the scattered signal, as well as broadening and shift to higher wavenumber of
the 1605 cm–1 mode; these changes are attributed to thermally-activated chain scission and the
introduction of on-chain 9-fluorenone moieties which change the vibrational “fingerprint” of PFO
chains.[38,39,52]) Following acquisition, the spectra were background-corrected by subtracting a
linear baseline between 1880 and 980 cm–1.
Scanning confocal microscopy: Measurements were performed using a home-built setup,
described in detail in Chapter III. The output of a continuous-wave 640 nm diode laser was
injected into a 600 nm single-mode fiber and, subsequently, collimated and passed through a wiregrid polariser (NT68-750, Edmund Optics), after which it was focused on the sample via a 50
microscope objective. Samples were mounted on a piezoelectric stage and raster-scanned in the
focal plane. The transmitted light was collected by a second 50 objective and passed through a
second polariser (as above) aligned with its transmission axis orthogonal to that of the first
polariser (so-called “cross-polarised” geometry). Finally, the transmitted light was injected into a
multimode fiber (50 m core diameter) acting as the second pinhole in the confocal setup, and
directed to the avalanche photodiode (APD) detector. PL spectra of undrawn and drawn PFO
films were acquired using the same setup but with excitation at 375 nm provided by a 2.5 MHz
repetition rate diode laser (300–500 ps pulses; PicoQuant).
Mechanical deformation: PFO samples (gauge length = 5 mm) for mechanical testing were
fabricated by pressing neat polymer powder in a hot-press at 250 C, in the nematic melt range of
PFO, followed by quenching in a water-cooled (5 C) cold-press to consolidate the films.
Typical resulting film thicknesses were 90 m. The resulting films were subsequently cut to
yield the “dogbone” samples of required gauge length. Despite their processing at elevated
temperatures being carried out in ambient atmosphere, no significant green emission was
observed for the samples, thus indicating relatively minor thermo-oxidative degradation of PFO.
Tensile-drawing was carried out using an Instron model 5864 tensile tester equipped with a
temperature-programmable chamber. A constant elongation rate of 5 mm min–1 was used. The
samples were equilibrated at the chosen temperature for 10 min prior to mechanical tests being
carried out.
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Polymer

Mw
(kg/mol)

Mn
(kg/mol)

PDI

18k‐PFO

48

18

2.7

17

CDT

38k‐PFO

117

38

3.1

36

CDT

97k‐PFO

287

97

3.0

92

Sumitomo

P(F8:F1/4)

316

117

2.7

125

Sumitomo

Average number of repeat
units (from Mn/2.7)

Supplied by

TABLE 2.1: Basic properties of the polyfluorenes used in this study. Polystyrene‐equivalent
weight‐ (Mw) and number‐average (Mn) molecular weights, as well as the corresponding
polydispersity indices (PDI = Mw/Mn), are listed. The average number of repeat units in a single
chain was calculated from the reported Mn values after scaling them down by a factor of 2.7 due
to higher chain stiffness of PFO. To simplify the nomenclature, the PFO polymers used
throughout this study are prefixed by their number‐average molecular weight, e.g. “18k‐PFO” for
Mn = 18 kg/mol.

‐phase fraction

Fabrication / notes

Glassy

Spin‐coated from 13 g/L solution in toluene at 2300 rpm for 60 s. Both
solution and substrate were placed on a hot‐plate at 100 C for 2 min
immediately prior to spin‐coating. Film thickness 80 nm. So‐called “hot‐
spun”.

(0% ‐phase)

0.1% ‐phase

As above, but with the solution and substrate kept at room temperature
prior to spin‐coating. Film thickness 80 nm. So‐called “cold‐spun”.

0.8% ‐phase

Hot‐spun glassy film immersed for 1 min in 1:5 vol/vol mixture of
cyclohexane and isopropyl alcohol (IPA) ( = 8.2 and 11.5 cal1/2 cm–3/2
respectively). No film dissolution occurred.

7% ‐phase

Hot‐spun glassy film immersed for 1 min in 1:2 vol/vol mixture of
cyclohexane and IPA. No film dissolution occurred.

9% ‐phase

Hot‐spun glassy film exposed to saturated toluene vapour at 35 C for 24
h. So‐called “solvent vapour annealed”.

26% ‐phase

Drop‐cast from 0.2 wt % solution in decalin ( = 8.7 cal1/2 cm–3/2). High
boiling point of decalin (Tb  190 C) ensures slower film drying. Casting
30 L yielded a film 65 nm thick.

TABLE 2.2: Processing parameters used for inducing the‐phase conformation in PFO thin
films. The optical and photophysical properties of films fabricated according to these methods
are presented in Figs. 2.3–2.8.
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2.3. RESULTS AND DISCUSSION
2.3.1. Optical Spectroscopy
Optical absorption spectra of mixed-phase (that is, predominantly-glassy but containing a fraction
of -phase chain segments) solution-cast 18k-PFO films are shown in Fig. 2.3, centred on the S0S1 HOMO-LUMO transition peak for glassy PFO. All of the absorption spectra were corrected for
specular reflection and scattering losses (see Experimental), which can often obscure the finer
spectroscopic features, especially for small (< 1%) fractions of -phase chain segments, and
which also allows for straightforward spectral deconvolution.
The absorption spectra of mixed-phase PFO films are understood to comprise a linear
superposition of glassy and -phase contributions. To estimate the fraction of -phase chain
segments (hereafter simply referred to as “-phase fraction”) in a PFO thin film, the absorption
spectrum of the -phase chain segments was extracted by normalising the corresponding mixedphase and reference glassy absorption spectra (solid black and dashed blue lines in Fig. 2.3,
respectively) at 345 nm, followed by subtraction. The deconvolved -phase absorption spectra
are depicted by dotted red lines in Fig. 2.3. The -phase fraction is estimated from the ratio of
integrated spectral areas of the -phase, Aβ, and mixed-phase, Amixed, (where Amixed = Aglassy + Aβ)
absorption spectra, taking into account the relative difference in oscillator strength, fosc. Huang et
al.[53] used time-dependent density functional theory (DFT) to estimate that

= 1.08 

.

Consequently, the -phase fractions in PFO films were calculated by (1); the obtained values are
given in Table 2.2 and Fig. 2.3. We note that the -phase fractions estimated by this simple
method show good qualitative agreement with the results of Raman spectroscopy performed on
the same samples (vide infra; cf. Fig. 2.8).

β-phase fraction =

Aβ
Amixed



Aβ

Aβ  ( Amixed  Aβ ) 1.08

(1)

The absorption spectra in Fig. 2.3 indicate that the -phase chain conformation is well-defined
and distinct from the glassy conformation, as evidenced by, respectively, its narrow absorption
features and the large spectral shift (380 nm  > 430 nm) relative to the glassy conformation.
The step-like change in peak absorption wavelength between the glassy and -phase
conformations is also likely to indicate that the -phase conformation forms with certain
minimum segment length. This is consistent with the reports that -phase could not be induced in
solution-cast films of 3F8 and 5F8 (i.e. 9,9-dioctylfluorene oligomers consisting of three and five
repeat units, respectively) by the usual solvent vapour annealing method.[54]
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FIGURE 2.3: UV‐Vis absorption spectroscopy of mixed‐phase 18k‐PFO films. (a–e) The peak‐
normalised spectra are shown for PFO films with varied fractions of ‐phase chain segments
introduced by appropriate treatments (solid black lines; see Table 1 for details). In each case, the
absorption spectrum of an as‐spun glassy PFO film (dashed blue lines) of similar thickness is
normalised at 345 nm. The difference spectra correspond to absorption of the ‐phase chain
segments (dotted red lines). Taking the ratio of integrated spectral areas (see text for details)
allows the approximate fraction of ‐phase chain segments to be estimated; the deduced ‐
phase fractions are indicated in the top‐right corner of the respective panel. (f) Photograph of
glassy and 7% ‐phase films of similar thickness under white‐light illumination, showing the
apparent yellowing of the ‐phase film relative to the neat glassy film but without a significant
concomitant increase in light‐scattering.
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It is also worth noting that the S0-S1 0-0 absorption peak of the -phase undergoes a slight redshift
with increasing -phase fraction, e.g. from 430 nm (< 1% -phase) to 433 nm (7% -phase) and,
finally, 436 nm (26% -phase). This indicates that -phase conformation does not reach its
effective conjugation length (ECL) until the maximum obtained fractions, with ECL defined as
the minimum chromophore length required for saturation of optical and electronic properties.
Hence, we may conclude that increasing the -phase fraction in PFO films involves increasing
both the number and the along-chain length of -phase chain segments. The ECL of the -phase
conformation of PFO has been estimated to be 30  12 fluorene repeat units,[54] which actually
exceeds the average chain length (17 fluorene units based on Mn; see Table 2.1) of the 18k-PFO
polymer used in fabricating these thin-film samples.

FIGURE 2.4: PL spectroscopy of 18k‐PFO films. Peak‐normalised PL spectra of a glassy film and
mixed‐phase films with increasing fraction of ‐phase chain segments (‐phase fractions
indicated in the diagram). The spectra are offset for clarity. The dashed lines provide a guide to
the eye for the evolution of the relative intensities of glassy (423 nm; blue line) and ‐phase (438
nm; red line) S1‐S0 0‐0 vibronic peaks.
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The PL spectra corresponding to this series of mixed-phase films are shown in Fig. 2.4.
Remarkably, the S1-S0 0-0 peak of the -phase is already clearly seen for the films with the lowest
(0.1%) -phase fraction, and the PL spectra become completely dominated by -phase emission at
fractions >1%. This is partly due to direct photoexcitation of -phase chromophores, which have
non-negligible absorption at the excitation wavelength (λex = 390 nm), although rapid excitation
energy transfer from the higher HOMO-LUMO transition energy glassy chromophores is
understood to be the primary mechanism for populating the excited singlet state manifold of the
-phase.[8,22]

2.3.2. Photoluminescence Quantum Efficiency
Photoluminescence quantum efficiency (PLQE) is defined as the ratio of the number of emitted
photons per number of absorbed photons. PLQE is a fundamental material property and is related
to the probability of non-radiative decay for singlet excitons; as such, PLQE is highly sensitive to
the material’s chemical purity/composition, as well as any losses due to exciton quenching.[55]
Changes in excitation energy migration dynamics due to, for example, increased energetic
disorder, and/or the introduction of additional radiative decay pathways are also known to
strongly affect PLQE.[18,55] Clearly, a high PLQE value is required for maximising the external
efficiency ηext of conjugated-polymer-based light-emitting diodes, which is given by:[56]

ext    rs/t out  PLQE

(2)

where γ is the so-called charge balance factor, which is related to the number ratio of positive and
negative charges that are electrically injected into the polymer active layer (assuming that all
charge pairs form excitons); rs/t is the ratio of singlet to triplet excitons; ηout is the out-coupling
efficiency, representing the fraction of generated photons that can escape the device; and PLQE,
as described above, quantifies the fraction of singlet excitons that undergo radiative
recombination.
Previously Bansal et al.[18] have reported the variation of PLQE for predominantly-glassy PFO
films possessing different fractions ( 40%) of -phase chain segments. A general decrease in
PLQE with increasing -phase fraction was observed, with the typical PLQE values being 55%
(glassy films), 50% (10–20% -phase films) and 30% (40% -phase films). However, there are
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a number of problems pertaining to that study which may have compromised the reported results.
Firstly, PLQE was determined using the method described by Greenham et al.[57] which does not
explicitly correct for self-absorption of PL in the integrating-sphere-based measurements.
Secondly, the thicknesses of PFO films varied between 70 and 100 nm, which affects the relative
degree of PL self-absorption and, hence, the measured PLQE values. Thirdly, the fraction of phase chain segments in the samples was estimated from UV-Vis absorption measurements
without correcting the recorded absorption spectra for scattering and reflectivity losses, which
places considerable doubt on the reported -phase fractions.
With this in mind, PLQE of the glassy and mixed-phase films presented above was measured
using a modification of the method proposed by Kawamura et al.[58] This method involves two
separate measurements which are schematically illustrated in Fig. 2.5(a). The wavelength of the
excitation light is fixed at 390 nm and the detected intensity Idet is recorded in the 370–700 nm
spectral region. First, a measurement is carried out with the integrating sphere containing a precleaned fused silica substrate; thus the unattenuated intensity of the excitation light is recorded
(see black line and inset (1) in Fig. 2.5(a)). Second, a thin-film sample is placed in the integrating
sphere in the beam path of the excitation light, and the measurement is repeated with the same
instrumental settings, recording both the reduced intensity of the excitation light (due to
absorption in the film) and the photoexcited PL intensity (see red line and inset (2) in Fig. 2.5(a)).
The PLQE of the film is then calculated as the ratio of emitted and absorbed photons using (3)
700

PLQE 

I

395

(1)
ex

d 

385

 and

d

395

I

where

(2)
PL

(3)

395

I

(2)
ex

d

385

 are the integrated excitation and PL intensities respectively

(integration limits are indicated in nanometres) and the superscripts indicate the experimental
configuration as in the insets of Fig. 2.5(a).
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FIGURE 2.5: Photoluminescence quantum efficiency (PLQE) measurements on PFO films. (a)
Representative spectral data recorded for the 0.8% ‐phase film (as above) in the two separate
measurements required for measuring the PLQE; the two measurements are shown
schematically in the inset (see text for details). The detected intensity, Idet, in the 400–600 nm
spectral region is magnified20 for clarity. (b) The relative reflectivity spectrum of the
integrating sphere measured using a calibration white‐light source. (c) Comparison of the PL
spectra (normalised by their long‐wavelength tail) measured for the 0.8% ‐phase sample in the
integrating sphere (solid red line; corrected for sphere reflectivity) and in the standard reflection
geometry with the film sample positioned for a high (75) angle of incidence of the excitation
light (dashed black line). The increased degree of PL self‐absorption for the integrating‐sphere‐
based measurement is evident.

However, prior to calculating PLQE using (3), a number of sequential data-processing steps need
to be applied:
1. The recorded spectral intensities are corrected for the wavelength-dependent reflectivity
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of the integrating sphere by dividing Idet by the experimentally-determined reflectivity
calibration curve (cf. Fig. 2.5(b)).
2. The reflectivity-corrected PL intensities are then corrected for self-absorption using a
variation of the method proposed by Ahn et al.[59] Briefly, this involves normalisation by
the long-wavelength tail of the PL spectra recorded for the same sample (i) in the
integrating sphere and (ii) in the standard reflection geometry (cf. Fig. 2.4), for which a
high angle of incidence (75) and low film thickness (80 nm) ensure minimal PL selfabsorption; representative data is shown in Fig. 2.5(c). The difference between the
integrated areas of the two normalised PL spectra allows for the calculation of a selfabsorption correction factor. The reader is directed to [59] for a full description of the
required calculations. We note that the self-absorption correction method of Ahn et al.[59]
is preferred to the more commonly used procedure reported by de Mello et al.[60] since the
latter was shown to overestimate the resulting PLQE values.[59]
3. Finally, the integrals in equation (3) are converted to energy-scale in order to make the
spectral intensities representative of the number of detected photons. This involves
multiplying the reflectivity- and self-absorption-corrected spectral intensities by  ⁄
where  is wavelength,

,

is Planck’s constant and is the speed of light in vacuum.

FIGURE 2.6: PLQE of 18k‐PFO films with varied ‐phase fractions. The data for the as‐spun
glassy and ‐phase‐containing films is shown by blue and red symbols, respectively, with the
corresponding error bars indicated in each case.
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The PLQE values for the glassy and mixed-phase PFO films are shown in Fig. 2.6. It can be seen
that PLQE of most mixed-phase films (i.e. -phase fractions lower than 0.1% and greater than
10%) lies in the range of 53–56%, i.e. only marginally higher than that of glassy films, for which
PLQE  53%. Interestingly, PLQE of PFO films containing 7% -phase, fabricated by dipping
into room-temperature solvent/non-solvent mixtures (see Table 2.2), exhibit a substantially higher
PLQE of 67%, i.e. 13% higher compared with the other glassy or mixed-phase PFO films. This
suggests that dipping into solvent/non-solvent mixtures can be a promising approach to increasing
the brightness, colour purity and external quantum efficiency of PFO-based LEDs, as was indeed
already suggested in previous reports.[34]
At this stage, it is not clear whether the increased PLQE of 7% -phase films post-processed by
the dipping method is due to an optimal -phase fraction or a particular microstructural aspect of
the generated -phase chain segments, e.g. their dispersal in the predominantly-glassy films. This
suggests the need for further study of -phase formation and the effect of its microstructure on the
optoelectronic properties of PFO. The influence of molecular weight of PFO on the efficiency of
-phase formation, as well as the resulting microstructure and PLQE of the films, was not
investigated here and certainly deserves further study.

2.3.3. Raman Spectroscopy
Raman spectroscopy can probe the vibrational “fingerprint” of polymer chains which, in turn, is
sensitive to both chain conformation and supramolecular microstructure due to the associated
changes in polarisability and intra/inter-molecular force constants. Raman spectroscopy has
previously been performed on a range of solid-state PFO samples,[32,33,61–65] including those
containing a fraction of -phase chain segments. However, the above-mentioned reports generally
compared the Raman scattering spectra of a single mixed-phase sample, typically featuring a
relatively low -phase fraction,[62] with that of a reference glassy film. Therefore, we performed
Raman spectroscopy on the glassy and mixed-phase 18k-PFO films presented above in order to
systematically investigate the changes in Raman spectra as a function of -phase fraction in the
predominantly-glassy films.
Representative Raman scattering spectra for a glassy film (black lines) and two films with
moderate and high -phase fractions (blue and red lines, respectively) are shown in Fig. 2.7(a),
with expanded views of the same data given in Fig. 2.7 (b) and (c). Raman spectra of PFO
comprise two principal spectral regions: (i) low-wavenumber region (100–1000 cm–1)
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corresponding to the alkyl side-chains and (ii) high-wavenumber region (1000–1650cm–1)
corresponding to the fluorene backbone.[32,65] Although the low-wavenumber region can be highly
sensitive to changes in fluorene backbone conformation due to the associated changes in geometry
and vibrational modes of the alkyl side-chains, low signal intensity for this region complicates
data interpretation. In principle, this problem can be circumvented by using silver-coated frostedglass substrates in order to increase the signal by taking advantage of surface-enhanced Raman
scattering (SERS).[61] Nevertheless, our study focusses on the high-wavenumber region in an
attempt to correlate the changes in Raman spectra with the -phase fraction present in the PFO
films.

FIGURE 2.7: Raman spectroscopy of PFO thin films with different ‐phase fractions. (a) Raman
spectra of glassy (black line), and 7% (blue line) and 26% (red line) ‐phase films, peak‐
normalised by their respective 1605.5 cm–1 modes. (b, c) Expanded views of the data; samples
and normalisation as in (a). The arrows and symbols in (b) and (c) indicate the positions of the
1257 and 1580.7 cm–1 peaks respectively.
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Here we focus on two specific vibrational modes of PFO, indicated by the arrows in Fig. 2.7 (b,c).
First, the 1257 cm–1 mode, originating from a combination of C-H bending and C-C stretching
motion of the inter-ring bond within a fluorene repeat unit,[32,65] is known to be highly sensitive to
chain planarity.[65] Second, the 1580.7 cm–1 mode which, although not explicitly assigned to any
specific vibrational mode, shows a strong increase with -phase fraction (cf. Fig. 2.7(c)). In both
cases, we normalise the intensities of both above-mentioned modes to the intensity of the
corresponding 1605.5 cm–1 symmetric C-C ring-stretching mode, the intensity and position of
which are known to be insensitive to chain planarity.[61,65]

FIGURE 2.8: Correlation of Raman spectral features with ‐phase fraction. Intensity ratios of
selected Raman peaks as a function of the ‐phase fraction in the samples, with the latter
determined by UV‐Vis absorption spectroscopy. Data is shown for the intensity of the 1580.7 ()
and 1257 () cm–1 peaks relative to the intensity of the corresponding 1605.5 cm–1 mode.
Dotted red lines indicate linear fits to the data for ‐phase fractions < 10%. Inset shows an
expanded view of the 1257 cm–1 / 1605 cm–1 intensity ratio data for ‐phase fractions < 1%.

The Raman intensity ratios of the 1580.7 and 1257 cm–1 peaks relative to the intensity of the
corresponding 1605.5 cm–1 mode are shown in Fig. 2.8 as function of the estimated -phase
fraction in the films. The variation of both intensity ratios for -phase fractions < 10% is well
described by linear fits. We speculate that coarsening chain aggregation for the highest (26%) phase fractions[20] may be responsible for the apparent change in fit gradients; further studies are
needed to confirm this suggestion. The inset in Fig. 2.8 shows that the intensity ratios are highly
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sensitive to the presence of -phase chain segments and can straightforwardly highlight the
presence of even very minor, < 1%, fractions of -phase.
These results suggest that Raman spectroscopy may be a useful technique for determining the phase fraction in PFO samples when alternative techniques, e.g. UV-Vis absorption spectroscopy,
cannot be used. In Chapter III we will present a first demonstration of using Raman spectroscopy
for spatial mapping of μm-scale -phase patterns in glassy PFO films and, simultaneously,
estimating the -phase fraction in the patterns.

2.3.4. Thick PFO Films for Time-of-Flight (ToF) Hole Mobility Measurements
Thick (4–6 μm) 97k-PFO (Mn = 97 kg/mol; see Table 2.2) films were spin-cast for time-of-flight
(ToF) photocurrent measurements of hole mobility,[66] aimed at investigating the effect of the
presence of a fraction of -phase chain segments in (otherwise) glassy PFO films. With the
exception of confocal microscopy (cf. Fig. 2.9) and selected optical spectroscopy measurements
(not shown here), this work was performed by Samuel Foster (Department of Physics, Imperial
College London, UK).[17]
Four types of samples were fabricated, the optoelectronic and microstructural properties of which
are listed in Table 2.3. The processing details of hot-spun, cold-spun and solvent vapour annealed
samples generally match those for thin films (see Table 2.2), with a notable exception of solution
concentration, which was considerably higher for the thick films (65 g/L in toluene). The presence
of -phase chain segments in cold-spun and solvent vapour annealed films was confirmed by PL
spectroscopy (data not shown). While the high optical thickness of the films prevented UV-Vis
absorption spectroscopy analysis, the absorption spectra of the films were extracted by
spectroscopic ellipsometry (data not shown; measurements by Mariano Campoy-Quiles, ICMABCSIC, Barcelona, Spain) which showed that the -phase fraction was marginally higher for the
cold-spun films compared with solvent vapour annealed films.
It was observed that the presence of a fraction of -phase chain segments led to a drop in ToF
hole mobility by two orders of magnitude.[17] This was proposed to be an effect of the -phase
segments acting as a trap due to their corresponding HOMO level being shifted 150 meV into
the band gap of bulk glassy PFO.[17] However, additional effects due to supramolecular
microstructure of the generated -phase chain segments may also be important, i.e. whether the phase segments exist in a dispersed or aggregated/crystallised state. For the latter, hole mobility
can be further reduced by scattering from the grain boundaries of the crystallites, despite the fact
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that the hole mobility within the crystal may be as high or, indeed, higher than for the bulk glassy
material.
Optical/electronic
properties

Hot‐spun

Hot‐spun &
solvent vapour
annealed

Cold‐spun

Hot‐spun & melt‐
crystallised

‐phase









Light‐scattering









Thick 97k‐PFO film samples

ToF mobility
2

–1 –1

(cm V s )*

310

‐2

210

‐4

110

‐4

210

‐3

TABLE 2.3: Summary of optoelectronic and microstructural properties of the studied ToF PFO
samples. The  and  symbols indicate, respectively, whether the corresponding
structure/property is predominantly present or predominantly absent. *Time‐of‐flight hole
mobilities were measured by Samuel Foster.[17]

To this end, cross-polarised confocal microscopy was performed on these film samples in order to
elucidate the relative degree of inter-chain aggregation/crystallisation and its possible correlation
with -phase presence and the measured hole mobilities. The cross-polarised micrographs are
presented in Fig. 2.9. It can be seen that, while the hot-spun and solvent vapour annealed films are
essentially isotropic within the plane, the cold-spun films feature a strongly aggregated
microstructure, as is evident from the bright spots in the corresponding micrograph (see Fig.
2.9(c)). However, the hole mobilities were measured for both -phase-containing samples were
essentially equivalent, indicating that the “conformational trap” effect of the -phase plays a
dominant role in limiting charge carrier mobility.
Nevertheless, the presented results highlight our limited understanding of -phase formation in
the presence of solvent, i.e. during slow solvent evaporation in the case of cold-spun films or
solvent vapour annealing in another case. Furthermore, it remains unclear whether or not the
aggregates seen in the cold-spun film possess any crystalline order. These issues will be addressed
in detail in Chapters V–VI.
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FIGURE 2.9: Scanning confocal microscopy images of thick 97k‐PFO films: (a) hot‐spun, (b) hot‐
spun with subsequent solvent vapour annealing and (c) cold‐spun. Images were recorded in
cross‐polarised geometry. The scale bars correspond to 5 μm. The colour scale represents the
photon count rate.

2.3.5. Mechanical Deformation
As was discussed in the Introduction, -phase formation is currently understood to be primarily a
response to molecular-level mechanical stress applied to disordered glassy PFO chains.[1] In order
to test this hypothesis, we performed tensile drawing of melt-processed PFO films to determine
whether “true” mechanical stress generated by film deformation indeed induces -phase
formation.
Melt-processed PFO films were drawn at (i) room-temperature, which maintains the polymer
well-below its glass transition temperature (TgPFO  62 C)[12] and (ii) above Tg at 80 C. The
number-average molecular weights and calculated average number of repeat units in a single
chain for the three PFO polymers used are listed in Table 2.1.
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FIGURE 2.10: Mechanical and optical properties of melt‐processed PFO films. (a) Young’s
modulus, (b) tensile strength and (c) elongation at break as a function of the average number of
fluorene repeat units in a single chain (calculated from

; see Table 2.1); data is shown for

tensile tests performed at room‐temperature () and 80 C (). Dotted lines in (c) are guides to
the eye only. (d) PL spectra recorded for undrawn (solid black line) and room‐temperature‐
drawn ( = 1.25; solid blue line) films of 97k‐PFO. FFT smoothing (30‐point window) was applied
to the data. Also shown is the PL spectrum of a reference spin‐coated PFO thin film containing
7% ‐phase (dashed red line). The wavelengths corresponding to the S1‐S0 0‐1 vibronic peak are
indicated in the diagram.

Tensile drawing at temperatures above Tg softens the amorphous fraction of polymer and,
consequently, reduces its overall stiffness, as shown by the Young’s modulus data in Fig. 2.10(a).
Furthermore, the plot of tensile strength as a function of the average chain length in Fig. 2.10(b)
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shows that the tensile strength increases with the molecular weight of polymer in the expected
fashion.
The elongation at break for the three PFO samples is shown in Fig. 2.10(c) and displays the
expected increase with both the molecular weight and the drawing temperature, with the latter
occurring due to enhanced drawability of macromolecules above Tg. Also noteworthy is the fact
that the difference between tensile strength and elongation at break values obtained for
mechanical tests at 80 C and room-temperature is (i) negligible for the lowest molecular weight
PFO (18k-PFO) and (ii) increases for higher molecular weight PFO polymers. It is well known
that, in the melt, the molecular weight between entanglements, Me, is independent of chain length,
and the situation when Mn > Me allows additional factors, such as drawing temperature, to affect
the mechanical properties of the polymer. This indicates that, in the case of 18k-PFO the average
molecular weight is likely to be less-than or comparable to Me. From the data in Fig. 2.10(c) we
can estimate that Me lies in the range 18 < 2Me < 38 kg/mol, giving an Me estimate of 13
fluorene repeat units. This analysis is corroborated by the observation that Young’s modulus for
97k-PFO is lower compared to 38k-PFO (cf. Fig. 2.10(a)); such decrease in Young’s modulus is
expected for average molecular weights greater than Me due to the onset of entanglements and
chain folding.[67]
Having observed that 97k-PFO can be consistently drawn to draw ratios  > 1.25, we fabricated
97k-PFO films drawn to  = 1.25, i.e. to elongation prior to fracture. This is expected to prevent
chain recoil and preserve the orientation of chains imparted by tensile deformation.
PL spectra of undrawn and room-temperature-drawn films were recorded to determine whether
the application of mechanical stress induced the -phase conformation; results are shown in Fig.
2.10(d). Due to strong PL self-absorption, the positions of the respective S1-S0 0-1 vibronic peaks
represent the most reliable indicator of the samples’ photophysical properties. The PL spectrum of
the undrawn film is similar to that of PFO thin films crystallised from the nematic melt (cf. Fig.
2.1(b) and [11]) which is fully consistent with the processing history of the samples (see
Experimental). The PL spectrum of the drawn film does not indicate any substantial -phase
formation and features only a minor 2 nm redshift of its S1-S0 0-1 vibronic peak, which can be
attributed to chain extension allowing for marginally higher electronic delocalisation. The
reference PL spectrum of a -phase-containing PFO thin film shown in Fig. 2.10(d) further
highlights the spectroscopic differences between the -phase and the emitting species present
within the tensile-drawn films. We note that the well-resolved vibronic structure of the PL
spectrum of the drawn film excludes the possibility that the induced -phase fraction is simply too
small to resolved spectroscopically (cf. Fig. 2.4). We also note that the PL spectrum of a film
56

Chapter II: The -phase Chain Conformation of Poly(9,9-dioctylfluorene)

drawn at 80 C (above Tg) likewise did not feature the spectroscopic signature of -phase chain
segments (data not shown).
It must be emphasised that, although the undrawn PFO films were semi-crystalline rather than
glassy, -phase can nevertheless be induced in (presumably) the residual amorphous/glassy
regions by the usual methods such as solvent vapour annealing.[1,68] Hence, the results presented
here demonstrate that the application of mechanical stress to semi-crystalline PFO films does not
induce the -phase fraction despite our expectations based on previous reports.[1]

2.4. CONCLUSIONS
In summary, we have reported selected spectroscopic and photophysical properties of
predominantly-glassy PFO thin films possessing a gradually-varied fraction of -phase chain
segments introduced by a range of solvent-based methods. A method for extracting the -phase
fraction was also presented, with the results showing good qualitative agreement with those
derived from Raman spectroscopy performed on the same set of samples. The presented PL
quantum efficiency data highlighted the importance of carefully inducing and controlling the phase fraction in PFO films for improving the performance of PFO-based light-emitting devices.
With regard to Raman spectroscopy, we have shown that it can provide a useful alternative to
UV-Vis absorption and PL spectroscopy in confirming the presence of -phase chain segments in
glassy PFO films.
Furthermore, we have highlighted the limitations of our current understanding of the mechanism
responsible for the formation of -phase. The general assumption that -phase forms as a
response to applied mechanical stress did not receive experimental confirmation. It is also shown
that a comparable -phase fraction can correspond to drastically different supramolecular
microstructures, which can have a strong effect on the resulting optoelectronic properties, adding
yet another level of complexity to the structure-property relationships for PFO.
Taken together, these observations motivated additional, more detailed, studies of -phase
formation in solid-state PFO, as well as PFO solutions, which will be subsequently presented in
this thesis.
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3.1. INTRODUCTION
The bottom-up, molecular approach to structure formation offers interesting opportunities for
metamaterials fabrication without the need for conventional optical or electron beam lithography,
an important consideration where visible wavelength metamaterials, requiring nano-structuring,
are concerned. This should not be confused with the molecular analogue approach to structuredmetal-based, metamaterial design and function.[1] Typical embodiments use molecular assembly
to generate a template to guide metal particle array formation or the attachment of molecular units
to metal nanoparticles that enables their assembly into hierarchical structures. In the former
category, interesting recent work includes metal-organic framework structures[2] and in the latter,
bio-enabled assembly strategies.[3] However, these approaches do not use the optical properties of
the molecular component to define the interaction with electromagnetic radiation; that interaction
is still based on metals. In parallel, graphene-based molecular structures and carbon nanotubes
have been considered theoretically as replacements for the split ring and other basic units of
traditional metal metamaterials design but their assembly into suitable arrays was not discussed.[4]
Previous publications have introduced the concept of conformational metamaterials in which the
physical geometry (conformation) of a molecule acts as a vector for refractive index change. The
initial proof-of-concept publication[5] demonstrated that masked solvent vapour exposure could
then be used to define millimetre-scale spatial patterns of varying metamaterial content and hence
refractive index (and photoluminescence (PL) emission colour) within a planar film. The solventdiffusion-controlled pattern resolution led to a pseudo-Gaussian boundary index profile and
performing the patterning on top of a one-dimensional grating structure allowed spatial selection
of distributed feedback (DFB) lasing wavelength,[5] in essence a form of frequency-selective
surface. In a subsequent publication, the patterning resolution was improved to 250 μm using a
scanned, nozzle-based solvent vapour printing method.[6]
We now demonstrate the formation of spatial patterns of the -phase conformation in PFO on
length scales ≤ 500 nm using a novel dip-pen nanolithography (DPN) method, in which a liquid
solvent is used as ink. Unlike conventional DPN techniques in which patterning involves
deposition of material onto or its removal from a substrate, here the solvent ink temporarily
resides in contact with/swells an existing film and thereby induces the required local polymer
chain segment conformation change. Further reductions in length scale are anticipated, offering
the prospect of a versatile approach to visible wavelength, conformation-based, conjugated
polymer photonic elements.
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3.2. EXPERIMENTAL
Materials: PFO, synthesised by Suzuki coupling, was supplied by Cambridge Display
Technology and used as received. The sample used for this study had a polystyrene-equivalent gel
permeation chromatography measured number average molecular weight Mn = 28 kg/mol, with
polydispersity index = 2.9. Decalin (decahydronaphthalene; anhydrous, ≥ 99%, mixture of cis and
trans isomers) and IPA (anhydrous, 99.5%) were purchased from Sigma-Aldrich; HPLC-grade
cyclohexane (≥ 99.9%) and toluene (≥ 99.7%) were purchased from VWR. All solvents were used
as received.
Thin film fabrication: Toluene solutions of PFO (15 g l–1) were spin-coated on fused silica
substrates at 2000 r.p.m. to yield 90- to 100-nm-thickness films. In order to ensure that these were
high-quality glassy films, substantially free from -phase chain segments (as evidenced by PL
spectra), both the solution and substrates were placed on a hotplate at 100 °C for 2 min
immediately before spin-coating. In order to test the potential of decalin as ink for DPN
generation of -phase chain segments, we flooded the top surface of glassy PFO films (previously
spin-coated from hot toluene onto heated substrates) with the solvent and allowed it to slowly
evaporate in a fume hood before characterising the resulting optical properties.
Dip-pen nanolithography: Dip-pen nanolithography (DPN) patterning, schematically illustrated
in Fig. 3.1, was performed on a NanoInk NLP 2000 system, using Bio M pens. The combination
of a relatively low pen spring constant (0.6 N m–1) and minimal tip-to-film contact ensured that
little scratching of the polymer film occurred during writing. Decalin and cyclohexane/IPA (3:1
by volume) were loaded, in turn, into the inkwell reservoirs and the pens were inked for 5 s before
writing. Typical dwell times for writing individual dots were 1–20 s and 4  4 arrays of dots were
written to confirm reproducibility. Stripes were typically 40 μm in length and written at 0.1 μm s–1
DPN tip-speed. All DPN patterning was carried out under ambient conditions.

FIGURE 3.1: Schematic illustration of DPN operation. The ink molecules are transferred from
the tip onto the substrate via a water meniscus that forms at ambient conditions.
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Optical spectroscopy and characterisation: Absorption spectra were obtained for thin film
samples on fused silica substrates using a dual beam Shimadzu UV-2550 spectrophotometer. The
corresponding PL spectra were recorded in reflection geometry using a Jobin Yvon Horiba
Fluoromax 3 spectrofluorometer with monochromated excitation at 390 nm. Film thickness was
determined using a J. A. Woollam V-VASE spectroscopic ellipsometer by fitting the Cauchy law
to data in the 900–1600 nm non-absorbing spectral region.
Confocal microscopy: Confocal microscopy was performed on a home-built setup, a schematic
illustration of which is given in Fig. 3.2(a). The sample was mounted on a piezoelectric stage that
was raster-scanned with a typical integration time of 20 ms per 0.035  0.035 μm2 pixel area on
the film surface. A 2.5-MHz repetition rate diode laser (PicoQuant) with ~300–500 ps pulses at
375 nm was used as excitation source. The laser light was reflected, using a long-pass dichroic
mirror with reflection edge at 409 nm, onto a 100 microscope objective (NA = 0.8) that in turn
focussed the light onto the sample at normal incidence, illuminating a spot with diffraction-limited
diameter of 570 nm. The PL was collected through the same microscope objective and coupled
into a 50-mm diameter multimode fiber that acted as the second pinhole for the confocal
arrangement. The collected light was then guided onto an avalanche photodiode or into an
imaging system comprising a Princeton Instruments/Acton MicroSpec 2500i spectrometer
coupled to a Princeton Instruments PIXIS:100 back-illuminated camera. The response of the
spectrometer was measured using a calibrated halogen light source (HL-2000-CAL, Ocean
Optics).
When using the avalanche photodiode, in order to provide spectral contrast between glassy and phase PL emission, band-pass filters were inserted into the optical path between the fibre and the
photodiode. The overlap of the PL spectra (see Fig. 3.3(c)) means that although a band-pass filter
centred at 415 nm (capturing 0-0 vibronic emission from glassy PFO) rejects essentially all phase emission, there is not the same possibility for fully isolating the -phase emission. The best
that can be done is to place a 440 nm band-pass filter at the -phase 0-0 vibronic peak,
overlapping a trough in the glassy PFO spectrum between 0-0 and 0-1 vibronic peaks. The
discrimination turns out to be rather better than it appears for these normalised spectra as there is
an efficient energy transfer from glassy to -phase chain segments; hence as the fraction of phase segments grows the glassy emission is rapidly quenched.[7,8] PL spectra in the confocal
setup were acquired with the excitation laser spot centred on the required area of the film and an
integration time of 15 s. All measurements were carried out at room temperature in ambient
conditions.
The point spread function (PSF) of the confocal setup, representing the spatial resolution that
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applies to PL acquisition, was determined by measuring the scattering of the excitation laser light
from sub-wavelength size (~100 nm diameter) gold nanospheres; a representative image is shown
in Fig. 3.2(b). The point spread function (PSF), shown in Fig 3.2(c), was represented by an Airy
disk pattern with full width at half maximum (FWHM) of its first-order maximum  340 nm. We
note that these dimensions are larger than the theoretical minimum which is likely due to the
relatively large size of the pinhole (fiber core diameter = 50 μm) that was required to achieve a
satisfactory signal-to-noise ratio for the confocal PL microscopy measurements.
The -phase patterns imaged by confocal PL microscopy comprise a convolution of the “true” phase pattern, i.e. the area of the film containing a fraction of -phase chain segments, with the
PSF of the imaging system. Thus the dimensions of the “observed” -phase pattern will invariably
exceed those of the “true” pattern and, in order to estimate the “true” pattern dimensions, the PSF
needs to be deconvolved from the experimental data.
The “true” -phase profile was assumed to be a Gaussian or a rectangle (0, 1), depending on the
shape of the “observed” PL intensity profile. The “true” profile was then convolved with the PSF,
and the dimensions of the former were adjusted until a good fit with the experimental data was
obtained. The deconvolved -phase pattern dimensions reported below correspond to the FWHM
of the “true” Gaussian or rectangle profiles. As an example, PSF deconvolution is illustrated in
Fig. 3.7(b) for the smallest imaged -phase feature (vide infra).
Atomic force microscopy (AFM): AFM was carried out on a Park Systems NX10 microscope
operating in true non-contact mode and equipped with a 300-kHz tip.
Raman spectroscopy: Spectroscopic Raman mapping of DPN-patterned PFO thin films on fused
silica substrates was performed using a Renishaw inVia Raman microscope in back-scattering
configuration. The response of the system was calibrated was calibrated using the 520–1 peak of
silicon. HeNe laser provided non-resonant continuous-wave excitation at λex = 633 nm;
unpolarised excitation and detection were used. Excitation light was focused on the top surface of
the film using a 50 objective (NA = 0.75). Samples were mounted on a motorised stage which
was scanned in the focal plane of the excitation laser beam. Lateral resolution Rx,y in this case is
given by (1), yielding a value of 500 nm.

Rx , y 

0.61ex
NA
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Point-by-point–type Raman mapping was used,[9,10] in which the sample is raster-scanned in the
x/y–axes, with Raman spectra recorded at each x, y position. The recorded spectra were averaged
from 5 consecutive acquisitions from the same spot on the sample; integration time for each
acquisition was 1.5 s. As discussed in Chapter II, no photodegradation of PFO samples occurred
under these experimental conditions. Following acquisition, the spectra were backgroundcorrected by subtracting a linear baseline between 1880 and 980 cm–1.

FIGURE 3.2: Confocal PL microscopy. (a) Schematic illustration of the confocal microscopy setup
used for imaging the PL from DPN‐patterned films. (b) Microscopy image of a 100 nm diameter
gold sphere; both first‐order Airy disk maximum and minimum rings are observed. (c) Intensity
profile across the centre of the sphere as indicated by the dashed line in (b) (dashed black line),
and the corresponding Airy disk fit (solid red line) which represents the PSF of the imaging
system. The FWHM of PSF was estimated to be 340 nm.
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3.3. RESULTS
3.3.1. DPN Ink Selection for -phase Generation
Spin-coating PFO thin films from good solvents (Hildebrand parameter δ  9.1–9.3 cal1/2 cm–
3/2 [7,8]

)

with low-boiling points Tb, such as tetrahydrofuran (δ  9.1, Tb  66 °C)[11] and chloroform

(δ  9.3, Tb  61 °C),[11] typically results in glassy films that are isotropic within the plane.[12] PFO
chains in these films possess a broad distribution of torsionally connected molecular
conformations that results in inhomogeneously broadened absorption with correspondingly unresolved vibronic structure and, to a lesser degree (because of excitation migration before
emission), PL.[13–15]
Similar results can be obtained using toluene (δ  8.9, Tb  110 °C),[11] especially when, as here,
solution and substrate are heated before coating (see Fig. 3.3). These glassy films form the
baseline samples to which metamaterial physical structuring is then applied but unlike traditional
metal-based systems this structuring does not rely on removal of the baseline material.
The distinct -phase molecular conformation, which we use as our metamaterial vector for
refractive index change, can be induced in glassy films by a variety of methods that apply stress to
the polymer backbone, including differential thermal expansion[7,8,14] and solvent vapour
treatment.[5,6,13,15] The -phase conformation comprises a rigid, chain-extended structure with an
inter-monomer torsion angle of ~180°, such that the octyl substituents of neighbouring fluorene
units lie on alternating sides of the polymer backbone.[7,8,13–15] Winokur and colleagues have
predicted a specific alignment of these alkyl chains, alongside the conjugated backbone.[16]
Presence of the -phase conformation is readily identified by the resulting changes in optical
properties. Its characteristic spectral features comprise a new red-shifted, clearly resolved
absorption peak, enhanced vibronic structure and a small Stokes shift between absorption and PL
emission, as shown in Fig. 3.3.
In addition to thermal stress and solvent vapour treatment, it has been demonstrated that swelling
induced by dipping glassy PFO films into solvent–non-solvent mixtures, such as THF–
methanol[17,18] or toluene–methanol,[18] for tens of seconds at a time can generate -phase chains
with no appreciable dissolution of the film. These observations motivated our patterning strategy
to use a DPN instrument to deliver small quantities of solvent ink to the surface of a glassy PFO
film in order to locally induce the -phase conformation to thereby define a desired photonic
element. Key parameters to control in order to tune the magnitude of the index change and its
lateral resolution are the swelling stress, the solvent residence time and the tendency of the solvent
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to spread on the film surface. However, given that most solvent mixtures are not azeotropic, it was
decided to initially use a single solvent rather than a mixture to avoid the complications associated
with changes in the mixture ratio during drying. After considering a number of possibilities, we
selected decalin (decahydronaphthalene) as our DPN solvent ink. Decalin (δ  8.7 cal1/2 cm–3/2; Tb
 190 °C)[11] should be a moderately good solvent for PFO and its high boiling point will aid long
retention times under ambient conditions.

FIGURE 3.3: Optical properties of PFO thin films. (a) Absorption, (b) calculated refractive index
and (c) peak‐normalised PL spectra of a glassy PFO film (black lines with ●) spin‐coated from hot
toluene onto a heated fused silica substrate, and the same film after it has been structured by
immersion in decalin and dried under ambient conditions over several hours (red lines). The
horizontal arrows in (c) indicate the spectral position and band‐pass of the confocal microscopy
filters used to preferentially select glassy (415 nm) and ‐phase (440 nm) PL (vide infra). The
inset in (b) shows schematic representations of glassy (black) and ‐phase (red) chain segments
with their alkyl side‐chains (C8H17) omitted for clarity.
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In order to confirm the solvent’s suitability for generating -phase chain segments, optical
absorption and PL spectra were recorded for glassy PFO films before and after uniform
immersion in decalin. The results are shown in Fig. 3.3(a,c) for a film of ~90 nm thickness. The
glassy film shows a typical inhomogeneously broadened absorption band and a PL spectrum with
partially resolved vibronic peaks.[7,8,15] After decalin immersion, the film shows strong -phase
absorption features at 436 and 403 nm and the characteristic red-shifted -phase PL spectrum with
well-resolved vibronic peaks at 440, 466, 499 and 532 nm.[7,8,15] Immersion in decalin clearly
yields a high fraction of -phase chain segments, with the 436 nm absorption peak as-strong if not
stronger than previously reported,[13,15,19] confirming that decalin should be a good choice as DPN
solvent ink.
The refractive index spectra, obtained from the corresponding absorption spectra using a
Kramers–Kronig analysis,[20] are shown in Fig. 3.3(b). The introduction of -phase chain
segments following decalin soaking results in a distinct increase in refractive index relative to the
baseline glassy film: 10.9% at 450 nm falling to 5.5% at 475 nm, 4.1% at 500 nm and 2.2% at 600
nm. The utility of such index changes has previously been demonstrated for large-scale (relative
to emission wavelength) photonic environments.[5,6] However, as modelled below, patterning of
the -phase regions on a sub-micron scale enables considerable innovation in the photonic
element architecture.

3.3.2. -phase Patterning via DPN
Dip-pen nanolithography (DPN)[21,22] is a versatile technique that allows the precise deposition
(feature sizes down to 100 nm) of a range of materials from ink-immersed atomic force
microscopy (AFM) tips onto a variety of substrates using several different strategies. For
example, direct writing of conducting polymer solution inks produces conductive feature sizes
down to ~ 600nm on substrates including polyethylene terephthalate and polydimethylsiloxane,[23]
and composite inks comprising a pre-polymer carrier fluid and a starburst oligofluorene truxene
molecule can be cured after deposition to generate arrays of fluorescent microdomes on silica on
silicon substrates.[24] An alternative approach is to use DPN inks to etch patterns into a polymer
resist that then acts as a template for metal nanostructure fabrication.[25]
Our approach to the formation of -phase patterns on submicron length scales is based on a novel
DPN strategy, in which a liquid solvent is used as ink. Unlike the conventional DPN
techniques,[23–25] here a small amount of the solvent ink only temporarily resides in contact with
the polymer film. The accompanying swelling of the film assists a fraction of chain segments to
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adopt the -phase conformation. The metamaterial structuring is thereby expected to occur
simultaneously with photonic element patterning. Test elements comprising arrays of dots were
written with decalin ink as described in the Experimental section. Confocal PL microscopy was
used to probe their properties by filtered collection of emission light (cf. horizontal arrows in Fig.
3.3(c)) selected to be predominantly characteristic of the glassy polymer film (415 nm) or -phase
chain segments (440 nm); Fig. 3.4 presents typical results.

FIGURE 3.4: DPN patterning and imaging of a ‐phase dot. Confocal PL images of a ‐phase dot
element, patterned by DPN using decalin ink and a dwell time of 20 s, recorded with PL filtered
at (a) 440nm and (b) 415 nm. PL intensity profiles, IPL(λ), obtained by taking a slice through the
centre of the dot in the digitised image and presented here before deconvolution, are given in
(c) with filtering at 440 nm (red line) and 415 nm (black line with ●). PL spectra acquired from the
dot (red line) and the surrounding film (black line with ●) are shown in (d), with the respective
intensities at 440 nm set to the average PL intensities measured on/off the ‐phase dot in (a).

The images shown in Fig. 3.4(a,b) clearly demonstrate the local formation of -phase chain
segments as a result of DPN deposition of decalin droplets onto the surface of a glassy PFO film.
Photonic element patterning is thus indeed achieved simultaneously with metamaterial
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structuring. Filtering the PL at 440 nm (-phase 0-0 vibronic, Fig. 3.4(a)) reveals a strong
enhancement in detected intensity within the dot location. Conversely, filtering at 415nm (glassy
film 0-0 vibronic, Fig. 3.4(b)) shows a strong quenching in detected PL intensity within the dot.
Corresponding 440 nm and 415 nm PL intensity line profiles are shown in Fig. 3.4(c). Both
intensity profiles are smooth and continuous within the spatial resolution of the imaging system
and reveal no abrupt drops in intensity at the centre of the dot. On the basis of this, we infer that
the DPN dot-patterning process leads to negligible film scratching. Spectral data (see Fig. 3.4(d))
acquired at the dot location and from the surrounding area are also wholly consistent. The PL
emission from the dot is entirely -phase in origin while the surrounding film shows a typical
glassy spectrum, with partial self-absorption of its 0-0 vibronic (cf. Fig. 3.3(c)).
The dimensions of the patterned -phase dot element can be estimated from the 440 nm line
profile in Fig. 3.4(c) following deconvolution of the imaging system’s point spread function
(PSF). The full-width at half-maximum (FWHM) dot diameter d is deduced here to be ~1.05 μm.

3.3.3. DPN Process Parameters
Adjusting the DPN process parameters allows control over the size of the patterned -phase
elements. The dwell time for contact between the DPN tip and the polymer film surface strongly
affects the dot diameter that can be written; larger dots are formed for longer dwell times.
Reducing dwell time to 1 s produced -phase dots with a minimum diameter d  600 nm, as
deduced from the FWHM of 440 nm filtered PL profiles following PSF deconvolution (data not
shown here). The observed dependence is common for DPN and results from the ink transferred
to the film being essentially proportional to dwell time.[22,26,27]
Another factor that we have found to affect the size of the -phase dot elements is the tip-to-film
separation distance (that is, contact strength) maintained during patterning. The size and contrast
of features decreased with increasing tip-to-film separation distance because of an associated
hindrance of ink transport from the tip to the film surface; eventually no patterns could be
discerned. Our observations are again consistent with numerous earlier experimental and
theoretical studies of DPN patterning.[22,27–29] Given, however, the nature of the patterning process
we have adopted, in addition to element size, the relative fraction of -phase chain segments
generated and hence the metamaterial refractive index increment can also be tuned, although not
wholly independently of size. The efficient Förster resonant excitation transfer from glassy to phase chain segments conversely ensures that the PL emission spectrum switches abruptly once a
percent or few of -phase segments are formed.[7,13–17]
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FIGURE 3.5: DPN patterning and imaging of continuous ‐phase stripes. (a) Confocal PL image
of a ‐phase stripe element, DPN patterned using decalin ink at a writing speed of 0.1 μm s–1.
The image was recorded with PL filtered at 440 nm. (b) AFM topographic profile measured along
the path indicated by the dashed line in (a). The main panel shows the full film thickness profile,
whereas the inset provides a magnified view.

As discussed in more detail below, -phase stripe elements are also of interest for applications
such as waveguides (light propagation along a stripe) or refractive index gratings (light
propagation normal to a set of stripes). We have consequently investigated methods to write such
stripes. Figure 3.5(a) shows a confocal PL image (recorded with 440 nm filtered detection) for a
stripe written continuously with decalin ink at 0.1 μm s–1 DPN tip-speed across the surface. The
associated PL intensity cross-section (not shown) yields, after PSF deconvolution, a FWHM
width, w  1 μm.
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The corresponding effect of DPN patterning on film topography was investigated by AFM; Fig.
3.5(b) shows a typical film thickness profile across the -phase stripe element presented in Fig.
3.5(a). For completeness, the full AFM image is shown in Fig. 3.6. The average height of the
patterned region increases by ~5 nm relative to the surrounding film, likely as a result of chain
reorganisation. The root-mean-square roughness (RMS) values for the pristine and patterned
regions are 0.5 and 3.1 nm, respectively. An increase in film roughness is reportedly linked
closely with the formation of high -phase fractions because of increasing chain aggregation,[19]
an effect that may be partly responsible for the observations in Fig. 3.5(b). To confirm this, we
fabricated three reference PFO thin films, namely a glassy film and two films containing
approximately 6 and 32% -phase chain segments, respectively. The corresponding RMS
roughness values were 0.5, 0.6, and 9.9 nm, respectively. Tip–film interactions are also envisaged
to be important.

FIGURE 3.6: DPN patterning and film surface topography. AFM image of the surface a PFO film
following DPN patterning of a single continuous line at 0.1 μm s–1 writing speed using decalin as
ink. The image corresponds to the patterned line from which the fluorescence (cf. Fig. 3.5(a))
was collected and for which the topographic profile shown in Fig. 3.5(b) was measured. The
average width of the increased‐height area in the AFM image corresponds closely to the
deconvolved width (w  1 μm) of the corresponding ‐phase pattern, as determined by confocal
PL microscopy.

We note, however, that the -phase patterning-induced changes in topography are rather small;
the change in height corresponds to only 6% of film thickness, whereas the increase in film
roughness is equally minor. Moreover, were it to prove necessary to reduce any associated
scattering, remedial action in the form of mechanical rolling or lamination of a thin overlay could
be implemented. Further optimisation of the DPN method should also be explored.
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FIGURE 3.7: DPN patterning of ‐phase stripes using low‐boiling point solvents. (a) Confocal PL
image of a ‐phase stripe element, DPN patterned at 0.1 μm s–1 writing speed using a low‐boiling
point cyclohexane/IPA 3:1 (vol/vol) mixture ink. The image was recorded with PL filtered at 440
nm. (b) Peak‐normalised PL intensity cross‐section, IPL (●), obtained by taking a slice through the
centre of the line in the digitised image. The convolution of a Gaussian ‘true’ ‐phase profile
(solid red line; FWHM  400 nm) with the PSF (cf. Fig. 3.2(c); FWHM  340 nm) produces an
‘observed’ PL intensity profile (dashed red line) that fits the experimental data.

The dimensions of the -phase photonic elements are understood to depend strongly on the lateral
diffusion/dispersion of the solvent ink, facilitated by the high boiling point of decalin.
Consequently, we tested a second ink, comprising a lower boiling point, 3:1 (vol/vol) mixture of
cyclohexane (δ  8.2 cal1/2 cm–3/2; Tb  81 °C)[11] and isopropyl alcohol (IPA; δ  11.5 cal1/2 cm–
3/2

; Tb  83 °C)[11] that has previously also been successfully used to structure -phase chain

segments in glassy PFO films by immersion.[17] The corresponding PL image for a stripe element
patterned with this ink at the same 0.1 μm s–1 DPN tip-speed is shown in Fig. 6.7(a). The PSFdeconvolved PL intensity cross-section of the -phase stripe (cf. Fig. 4b) shows the anticipated
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reduction in FWHM width to w  400 nm. Interestingly, a lower contrast in detected PL intensity
is observed for the stripe in Fig. 3.7(a) relative to the decalin-patterned stripe image in Fig. 3.5(a),
indicating a reduced -phase fraction from the more rapid evaporation of solvent and heralding a
potential trade-off between feature size and index contrast. More work will be needed to assess
this situation.

3.3.4. Raman Mapping of -phase Patterns
In Chapter II it was shown that the relative intensity of certain Raman-active vibrational modes of
PFO is sensitive to chain conformation and varies linearly with -phase fraction between 0 and
10% (see Figs. 2.7 and 2.8).
Here we present the first proof-of-principle demonstration that spatial mapping of Raman
intensity ratios can be used to image -phase patterns in PFO films and simultaneously estimate
the fraction of -phase chain segments within the patterns. This approach can be especially useful
when alternative methods, namely UV-Vis transmission measurements, cannot be used due to, for
example, the particular substrate used.
Raman mapping was performed on a part of the film containing the -phase line DPN-patterned
using decalin, the PL of which was imaged in Fig. 3.5(a). For clarity, Raman mapping was
performed on the start of the line, i.e. at a point where the DPN tip touches the film in the initial
stage of line patterning. The corresponding Raman maps are shown in Fig. 3.8(a,b), with the
colour scale representing, respectively, the Raman intensity ratios at 1581 and 1257 cm–1 relative
to the main peak at 1606 cm–1. The tip of the DPN-patterned -phase line is clearly visible in both
images.
The corresponding Raman intensity ratio, rR, profiles are shown in Fig. 3.8(c). As discussed in
Chapter II, at a given point on the sample rR is related to the fraction of -phase chain segments
within the predominantly-glassy film. The profiles in Fig. 3.8(c) are consistent with the results of
confocal PL microscopy (cf. Fig. 3.5(a)) and suggest that the -phase fraction varies
perpendicular to the long axis of the DPN-patterned -phase lines, meaning that -phase fraction
reaches its maximal value at the centre of the line and reduces closer to its edges. We note that in
the case of the data presented in Fig. 3.8(c), the exact -phase fraction profile cannot be
determined unequivocally because the lateral spatial resolution of the Raman microscope (~500
nm; see Experimental) is comparable to the width (~ 1μm) of the imaged -phase line.
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FIGURE 3.8: Raman mapping of ‐phase line patterns. Raman maps of the ‐phase line
patterns, the PL of which was imaged by confocal microscopy in Fig. 3.5(a), recorded as the ratio
of Raman intensities rR at (a) 1581 cm–1 / 1606 cm–1 and (b) 1257 cm–1 / 1606 cm–1. (c) rR
intensity profiles, obtained by taking a slice through the digitised images in (a) and (b) at the
positions indicated by the dashed white lines, corresponding to intensity ratios 1581 cm–1 / 1606
cm–1 (black line) and 1257 cm–1 / 1606 cm–1 (red line). (d) Experimentally‐determined calibration
data for rR as a function of ‐phase fraction, presented previously in Fig. 2.7, for 1581 cm–1 /
1606 cm–1 () and 1257 cm–1 / 1606 cm–1 (). The maximum values of rR obtained in (c),
indicated by



and



for 1581 cm–1 / 1606 cm–1 and 1257 cm–1 / 1606 cm–1 intensity ratios

respectively, are placed on the lines of best fit (dashed blue lines).
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We now revisit the data presented in Fig. 2.8, and place the maximal rR values obtained from the
Raman mapping profiles in Fig. 3.8(c) onto the linear fits to the data for 1581 cm–1 / 1606 cm–1
and 1257 cm–1 / 1606 cm–1 intensity ratios as a function of the -phase fraction. The results are
shown in Fig. 3.8(d). Gratifyingly, comparable results are obtained for the maximal -phase
fraction in the DPN-patterned line for both intensity ratios. Thus, we estimate the maximal phase fraction in the line DPN-patterned using decalin (cf. Fig. 3.5) to be 7 ± 1 %. This
corresponds to a moderate amount of -phase chain segments. The reader is directed to Fig. 2.3(c)
for a representative absorption spectrum corresponding to this -phase fraction.
We note that the data for rR as a function of -phase fraction in Fig. 2.8 was obtained for films of
PFO polymer possessing a marginally lower molecular weight (Mn = 18 kg/mol). However,
identical rR values were obtained for glassy films of both polymers, from which we inferred that
the variation of Raman intensity ratios at 1581 and 1257 cm–1 relative to the 1606 cm–1 mode are
relatively insensitive to the molecular weight of PFO. Further experimental studies will be needed
to confirm this.

3.3.5. DPN-Patterned -phase Photonic Element Architectures
With the sub-micrometre patterning of metamaterial -phase PFO elements firmly demonstrated,
there emerge a number of photonic structures that can exploit the attendant refractive index
changes at this length scale. Perhaps the simplest, and one that extends from previous proof-ofconcept work,[5,6] is that -phase stripes formed within a glassy baseline film provide the basis for
simple waveguide structures that, with lateral line widths now < 1 mm, can support single
transverse modes. In addition, structures that offer a more sophisticated photonic environment are
possible and we numerically examine two variants that build on the results presented in Figs. 3.4
and 3.5. The modelling presented in this section was carried out by Dr. Paul Stavrinou (Imperial
College London, UK); for additional details, the reader is directed to the Supplementary
Information pertaining to [30].
The first example we consider is a one-dimensional photonic crystal lattice comprising an array of
parallel DPN-patterned -phase stripes arranged periodically with spacing Λ matched to the PFO
PL spectrum. The resulting diffraction grating is one in which physical corrugations of the film
are minimal and therefore refractive index modulation (phase) is key. From the point of view of
modal propagation within the film, the structure is in a class of open periodic optical waveguides;
these have considerable interest for applications requiring distributed Bragg reflectors, DFB
lasers, beam steering devices as well as output and input couplers.[31]
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A pertinent question is to what degree the refractive index contrast between -phase structured
and baseline glassy PFO is of practical interest in this context. Our analysis, based on modelling,
suggests that it can readily satisfy typical requirements. As an example, the full (complex)
photonic dispersion for transverse electric (TE) and transverse magnetic (TM) modes propagating
in a 150-nm thickness PFO film with periodically patterned -phase stripes ( = 290 nm, 75% fill
factor, -phase fraction as for the decalin-immersed reference film shown in Fig. 3.3) is displayed
in Fig. 3.9.

FIGURE 3.9: A thin‐film chain‐conformation‐based photonic grating structure. Full, complex
dispersion calculations for the TE‐ and TM‐guided modes are shown for a 150‐nm‐thick film,
periodically patterned with alternating stripes of ‐ and glassy‐phase PFO. A period of  = 290
nm was selected with the ‐ and glassy‐phase regions spanning, respectively, 75% and 25%. In
(a), the modal dispersion, displayed in a reduced zone scheme, highlights the distinct band gaps
(horizontal grey bars) for both TE (blue) and TM (red) modes. Propagation losses for both modes
are shown in (b) along with the absorption in the ‐phase region (dotted line). The unit cell of
the photonic structure is shown in (c), with the upper and lower red horizontal lines indicating
film interfaces with air and the substrate, respectively. The vertical solid black line delineates the
centre of a single period and the vertical dashed lines delineate the edges of the ‐phase stripe.
The stripe long axis runs into the page, in the y‐direction. The illustrative calculated field
distributions (|Hy(x,z)|2) at 454.5 and 458 nm (darker = larger modulus) clearly reveal the
characteristic standing wave patterns (and their spatial displacement) for wavelengths selected
to lie on either side of the TM band gap.
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In this reduced zone picture, clear band gaps appear at kx = 0 for both TE and TM modes as a
result of successful contra-coupling between the Floquet-Bloch space harmonics of the guided
modes (Fig. 3.9(a,b)). These specific band gaps (at kx = 0) are routinely used to instigate surface
emitting laser action for organic gain media within so-called second-order DFB geometries where
all but one of the space harmonics couple together to provide resonator action.[32,33] The calculated
propagation losses, shown in Fig. 3.9(b) for both TE (blue line) and TM (red line) modes, reveal,
as expected, spectrally-localised enhancements coincident with the band gaps in Fig. 3.9(a). This
peaked modal attenuation, at wavelengths beyond the absorption of the -phase material (dotted
line in Fig. 3.9(b)), defines the region of significant optical feedback. The resulting laser
properties, such as threshold and slope efficiency, can be further tuned through film thickness,
grating period and fill factor.
Additional evidence for the resonator properties of the modelled -phase stripe grating structure is
found in the field distributions calculated at band edge wavelengths as shown in Fig. 3.9(c) for the
TM gap. At the band edges, the group velocity approaches zero, generally indicating an absence
of real power transfer in the propagation direction. For second-order DFB geometries, this is only
partly correct, with one harmonic not involved in the contra-coupling but rather in the radiative
extraction of power out of the plane. Nevertheless there is sufficient coupling and pairing of the
remaining space harmonics close to the band edges to form standing waves along the propagation
direction as indicated in Fig. 3.9(c) for λ = 454.5 and 458 nm. The clear spatial shift in the field
distributions either side of the band gap is another characteristic feature of photonic structures.[34]
As a second example, we model the properties of two-dimensionally confined photonic structures
based on the -phase dot elements shown in Fig. 3.4. Assuming that the conformational changes
propagate vertically through the whole thickness of the film, these are more accurately -phase
cylinder elements, as shown schematically in Fig. 3.10(a). In practice, one cannot easily be sure
that the element has a uniform cross-section through the film but in previous reports,[5]
spectroscopically tracking the Fabry–Perot resonances from films up to 400 nm in thickness, we
found little evidence of inhomogeneities in the vertical distribution of -phase chain segments; at
least from an optical (refractive index) perspective. We have therefore approximated the structure
as a well-defined cylinder of arbitrary length, terminated at the film–air and film–substrate
interfaces.
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FIGURE 3.10: Propagation and radiation from ‐phase photonic cylinders. (a) Illustration of a ‐
phase vertical cylinder of diameter ϕ embedded within a thin film of glassy‐phase PFO. (b) Full‐
field dispersion of the supported optical modes propagating along the cylinder axis. The inset
shows the intensity distribution (darker = higher) of the HE11 mode for ϕ = 400 nm; the dashed
circle delineates the cylinder cross‐section and confirms the high degree of confinement. (c)
Calculated far‐field radiation profiles of HE11 (red) and HE21 (blue) guided modes emanating from
the cylinder cross‐sections at the thin film surface. Two cylinder diameters (ϕ = 400 and 800 nm)
are shown.

For optical wavelengths coincident with the PL emission (that is, λ = 440 nm), the system is
reminiscent of a basic step-index optical fibre (albeit in reality a rather short one), comprising a phase structured core and a (semi-infinite) glassy cladding (with properties as per Fig. 3.3).
Choosing a PL wavelength (460 nm) close to the -phase S1-S0 0-1 vibronic peak yields ncore =
1.869 and ncladding = 1.739. The resulting index step, n  7%, will clearly reduce for lower 80
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phase fractions but serves as a useful reference point for exploring application potential. Figure
3.10(b) shows the familiar modal dispersion for such a step-index fibre with light propagation
normal to the film; data are shown as a function of cylinder diameter, ϕ. Only a single, highly
confined, HE11 mode (cf. inset to Fig. 3.10(b)) is supported for ϕ < 500 nm, whereas for larger ϕ
more modes arise. For example, with ϕ = 800 nm, HE11, TE01, HE21 and TM01 modes are all
supported (cf. Fig. 3.10(b)). PFO chain segments with PL transition dipoles within the film plane
can couple to these modes, leading to radiation profiles that are mode-specific and that
consequently vary with ϕ. At the film top surface and for ϕ = 400 nm, only the fundamental HE11
mode is supported and the energy emerges from the cylinder cross-section with an angular
FWHM < 30° (cf. Fig. 3.10(c)). This is considerably more directional than expected for the usual
Lambertian emission from a plain surface (that is, typically with FWHM ~120°).[35] Increasing the
diameter of the -phase cylinder increases the number of modes supported, each mode with its
own far-field distribution, such that the overall angular width of the radiation profile increases.
For example, for ϕ = 800 nm, considering only the HE11 and HE21 modes leads to an angular
FWHM ~60° (Fig. 3.10(c)). Although we have focused here on the effect of varying the cylinder
diameter for a single emission wavelength, it is useful to recall that owing to the different
dispersions of the discrete set of optical modes, chosen wisely a cylinder’s dimensions can also
serve to angularly separate the spectral components of a typically broad conjugated polymer PL
spectrum.[36]

FIGURE 3.11: DPN patterning of ‐phase dot arrays. Confocal PL microscopy image of an array
of ‐phase dots, sequentially patterned by DPN using decalin as ink and a dwell time of 40 s. The
image was recorded with PL filtered at 440 nm. The average PSF‐deconvolved FWHM diameter
of the ‐phase dots is ~1 μm.

This last example highlights the ability to use the refractive index contrast between -phase
structured and baseline glassy PFO to define effective apertures that control both the spatial and
spectral properties of the emission from a uniform-chemical-composition planar thin film. In the
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case that the n features have dimensions < 1 μm, the resulting radiation profiles can become
highly directional. One interesting implementation would be to write an array of such emitting
apertures into the active layer of a polymer light emitting diode structure. A confocal PL
microscopy image of such an array of sequentially-patterned -phase dots is shown in Fig.3.11.

3.4. DISCUSSION
There are two important questions that arise in considering the future development of our novel
DPN approach to simultaneously structuring and patterning visible wavelength conjugated
polymer-based conformational metamaterials.
First, does this method have a plausible generality beyond the specific example illustrated here of
the generation of -phase chain segments in PFO? The answer to this question is yes, noting in
particular that similarly large changes in optical spectra can be induced by solvent vapour
treatment of thin film samples of certain alkoxy-/alkyl-phenyl substituted polythiophenes such as
poly(3-(2’-methoxy-5’-octylphenyl)thiophene).[37] Further work will need to be done to design
other suitably substituted conjugated polymer structures for which significant conformationinduced switching of optical response can be achieved but the prospects for this look very good.
Second, does this approach compare favourably with alternative nanopatterning methods? We
note here that -phase nano-patterns have also been reported using a copolymer comprising 9,9dioctylfluorene and 9,9-divinyloxyethoxyhexylfluorene units.[38] The -phase was generated
uniformly in glassy films of this copolymer by exposure to toluene vapour and selective crosslinking of vinyl-ether groups was subsequently performed by scanned electron beam exposure.
The films were finally developed with chloroform to leave a positive replica of the written pattern
within which the -phase conformation was retained. Clearly, our DPN process involves fewer
steps and, advantageously, retains a planar film format. To return to such a format using the
electron beam approach requires an additional back-filling step, as indeed performed by Kuehne
et al. using the same copolymer spin-coated from a good solvent to yield the complementary
baseline glassy phase. Again, therefore, the answer is yes and as a consequence we anticipate that
DPN using solvent inks to simultaneously structure and locally pattern the conformation of
conjugated polymer chain segments within thin film samples looks like an attractive approach to
generating nanoscale photonic elements. Looking forward, it will be beneficial to be able to
further reduce the feature sizes that can be routinely patterned; careful optimisation of the DPN
patterning process and surface chemistry are expected to be useful in that regard. In addition, the
uniformity and scalability of the process remains to be established. We note, however, that, in
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general, DPN has proven to be a relatively scalable process, with patterning heads comprising
arrays of thousands and even tens of thousands of tips sold commercially.

3.5. CONCLUSIONS
In summary, we demonstrate a novel approach to conformational-metamaterial-based photonic
elements defined by simultaneous structuring and spatial patterning of the chain conformation in
thin film PFO samples using local DPN delivery of selected solvent inks. Confocal microscopy of
the resulting patterns (both arrays of dots and stripes with minimum obtained feature sizes of
approximately 500 nm) reveals the expected changes in PL that accompany a switch from glassyto -phase chain segments, whereas AFM measurements show limited changes to film planarity, a
desirable feature for ease of integration. Decalin was shown to be suitable as solvent ink for DPN
patterning, capable of yielding a high -phase chain segment fraction, and a number of processing
parameters were optimised in order to reduce the dimensions of the patterned -phase elements
into the sub-micrometre scale. A lower-boiling-point cyclohexane/IPA (3:1 (vol/vol)) solventmixture ink was also used, allowing stripe line widths w  400 nm to be written.
Spatial mapping of Raman intensity ratios can provide an alternative means of imaging -phase
patterns in PFO films. Measurements performed on -phase lines DPN-patterned using decalin
showed that the maximal induced fraction of -phase is 7 ± 1 % and that -phase fraction varies
across the line. The latter would lead to a graded, i.e. smoothly-varying, increase in refractive
index.
Our DPN approach is expected to provide a practical means to fabricate a diverse range of
photonic element architectures. Detailed optical modelling was used to explore two specific
examples, namely a one-dimensional grating comprising alternating structured -phase and
baseline glassy stripes and a cylindrical -phase inclusion within an otherwise glassy film, and a
number of attractive features were highlighted. Future work will involve DPN fabrication and
optical characterisation of a number of PFO-based devices and will explore alternative
conformational-metamaterial classes including additional conjugated polymer systems.
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4.1. INTRODUCTION
A consequence of the weak, typically van der Waals, intermolecular bonding in conjugated
polymers that enables straightforward melt- or solution-based fabrication of plastic electronic
devices,[1] is that their solid-state microstructure can be extremely complex. This has been
demonstrated for poly(9,9-dioctylfluorene) (PFO), which, as discussed previously, can feature
glassy, crystalline and -phase microstructures.[2–15] Macromolecular orientation[14–17] and
blending with other polymers[18–20] can add another level of complexity to the structure-property
relationships of PFO.
With respect to uniaxial order, direct orientation of PFO chains has been demonstrated via heating
films into their thermotropic liquid-crystalline (LC) state on a variety of rubbed alignment layers
including

polyimide,

poly(p-phenylenevinylene)

and

poly(3,4-

ethylenedioxythiophene)/polystyrene-sulphonate.[14,15,17,21,22] Friction-transfer deposition[23,24] and
directional epitaxial crystallisation[25] have also been used. The resulting film structure can be
controlled to be predominantly glassy (after rapid quenching from the LC melt) or crystalline
(after slow cooling from the LC melt or following friction transfer and epitaxial crystallisation)
and -phase chains can be subsequently generated by the usual post-deposition treatments.[15,22,26]
Oriented PFO films prepared by these methods exhibit attractive properties such as improved hole
mobility,[16] enhanced optical gain,[27] and anisotropic light emission with polarisation ratios ≤ 50
achieved for LEDs based on oriented films.[17,26] They also demonstrate a large anisotropy in
refractive index that allows highly polarised, reduced-linewidth photoluminescence (PL) emission
from microcavity structures.[28,29]
Another approach to achieving uniaxial chain alignment is based on incorporation of the
conjugated polymer as a guest within an inert polymer matrix, followed by tensile drawing of the
blend. The resulting films have proven very useful for investigations of the anisotropic aspects of
conjugated

polymer

photophysics[30–33]

and

as

performance

enhancing,

polarising,

photoluminescent color filters for LC displays.[34–36] Ultra-high molecular weight polyethylene
(UHMWPE) is particularly suited as the matrix polymer for such studies because, when
appropriately processed, it allows for extraordinarily high degrees of uniaxial alignment. Films of
UHMWPE so-called “gel-processed” from semi-dilute solution can be easily stretched to over 100
times their original length due to the polymer’s high molecular weight, absence of branches and a
reduced density of entanglements.[37–39]
There have been several reports published on polyfluorenes (PFs) oriented in gel-processed blends
with UHMWPE. He et al.[40] reported a maximum PL emission anisotropy of 58 from oriented
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samples containing 0.5 wt % of low molecular weight (Mn = 9 kg/mol) PFO. King et al.[32] used
similar blends to study the orientation of transition dipole moments for poly(9,9-bis(2ethylhexyl)fluorene) (PF2/6) while Knaapila et al.[41] investigated the microstructure of these
blends. However, there are numerous ambiguities arising from these previous studies. In
particular, green emission, in the form of a so-called “g-band” PL component,[42] was observed for
both undrawn and/or drawn[32,40,41] blend films. While the precise origin of the g-band remains the
subject of debate,[42–45] its presence is uniformly agreed to signal the oxidation of 9,9dialkylfluorene to 9-fluorenone moieties, a process that can affect both the PL spectral
characteristics and degree of polarisation. The effect of phase-separation between the polyfluorene
and PE blend components on optical anisotropy is another issue that needs to be more fully
understood. Finally, He et al.[40] reported data that show that their undrawn UHMWPE-PFO
blends contain a moderate fraction of chains in the -phase conformation, while the drawn films
contain both crystalline and -phase PFO chains.[40] Both of these chain conformations strongly
influence the photoluminescent behavior of PFO due to efficient excitation transfer; however,
neither their origin nor their relative effect on the optical anisotropy in drawn blend films appear
to be well understood.
With this background in mind, we have undertaken a study of the photophysical properties of
undrawn and oriented samples of both (i) gel-processed PFO-UHMWPE blends (as studied by He
et al.[40,46]) and (ii) melt-processed blends of PFO with a linear-low-density polyethylene
(LLDPE). Melt-processed blends of LLDPE with conjugated polymers have previously been
shown to have a microstructure that differs substantially from that of gel-processed UHMWPE
blends,[47,48] but we are not aware of any studies of the anisotropic optical properties of oriented
LLDPE blends with PFO. We investigate the evolution of PFO microstructure and chain
conformation following tensile drawing in the two different PE hosts and the corresponding effect
on the optical anisotropy and PL depolarisation. We also examine the ways in which processing
parameters such as drawing temperature, drawing method and PFO concentration in the blend
need to be optimised for maximal optical anisotropy of the drawn blend films.

4.2 EXPERIMENTAL
Materials: PFO was supplied by the Sumitomo Chemical Company Ltd and used as received.
Synthesised by the Suzuki route, it was subjected to careful purification prior to shipment.
Polystyrene-equivalent gel permeation chromatography (GPC) measurements yielded a numberaverage molecular weight Mn = 97 kg/mol and polydispersity index = 3.0. Ultra-high molecular
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weight polyethylene (UHMWPE; StamylanTM 610, weight-average molecular weight Mw = 8.7 
103 kg/mol) and LLDPE (DowlexTM NG5056G, ρ = 0.921 g/cm3, commercial pellets containing a
minor fraction of the standard antioxidant) were obtained from DSM and the Dow Chemical
Company, respectively, and used as received. Decahydronaphthalene (decalin; reagent grade,
mixture of cis- and trans- isomers) was purchased from Sigma-Aldrich, and used as received.
Fabrication of blend films: UHMWPE-PFO blends were “gel-processed”[37–39] by quenching
semi-dilute solutions of both polymers in decalin. A 1 wt % total solute to solvent weight fraction
was targeted. Approximately 5 g of UHMWPE were added to 450 g of decalin in a roundbottomed flask along with 1 wt % (based on the UHMWPE content) of Irganox 1010 antioxidant
(BASF). After degassing, the mixture was placed in an oil bath at 135 °C and stirred under
nitrogen until a clear solution formed. It was then left to equilibrate for a further 45 min. The
required amount of PFO was dissolved in 50 g of decalin; the flask was placed into the same oilbath to aid dissolution. The two solutions were next combined and stirred for a further 10 min
under nitrogen. The PFO dispersed homogeneously in the mixture as readily demonstrated by
illumination with a UV lamp, yielding spatially homogeneous PL. The mixed solution was then
poured into a mold and allowed to cool, thereby forming a gel. Finally, after drying for several
days under ambient conditions, blend films of ~250 μm thickness were obtained.
To prepare the LLDPE-PFO blends, the required amounts of LLDPE and PFO were fed into a
recycling co-rotating twin-screw mini-extruder (Eindhoven University of Technology, The
Netherlands) in which they were melt-mixed at 210 °C for 10 min under nitrogen prior to
extrusion. The solidified extrudate was placed between two aluminum plates and compressionmolded in a hot press: initially at 230 °C for 10 min to melt the polymer blend and subsequently at
5 °C to consolidate the films. The resulting blend films were ~250 μm thick.
Tensile-drawing was carried out using an Instron model 5864 tensile tester equipped with a
temperature-programmable chamber. A constant elongation rate, determined by the cross-head
speed, was used for all experiments. Drawing by the hot-pin method was carried out in air over a
Kofler bench preheated to 130 °C.
Fabrication of reference thin films: Reference glassy PFO films were spin coated on fused silica
substrates from toluene solution (10 mg/mL) at 2000 rpm to yield ~100 nm thick films. Both
solution and substrates were placed on a hot-plate at 100 °C for 2 min immediately prior to spincoating in order to fully avoid the formation of -phase in the films. Reference films containing a
fraction of -phase chain segments were prepared by exposing glassy films to saturated toluene
vapour at 45 °C for 2 h. Reference crystalline PFO films were prepared by cooling PFO films at 5
°C min–1 from the nematic melt at 230 °C under nitrogen atmosphere.
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Optical spectroscopy: All measurements were carried out at room temperature in ambient
atmosphere. Absorption spectra were measured with a dual beam Shimadzu UV-2550
spectrophotometer. An ultra-broadband wire-grid polariser (NT68–750, Edmund Optics) was used
for polarised measurements. Samples were clamped between two fused silica slides in order to
reduce light scattering losses due to film corrugations. The polariser was kept in a fixed alignment
while the samples were rotated to measure absorption spectra parallel/perpendicular to the
orientation axis. A baseline correction file was generated for the polariser and the two fused silica
slides by recording their absorption spectrum. The absorption spectra of the drawn blend films
were further corrected by subtracting the spectra measured for the corresponding neat
polyethylene films of similar draw ratio and thickness. PL spectra were recorded in reflection
geometry using a Jobin Yvon Horiba Fluoromax-3 spectrofluorometer (excitation wavelength λex
= 390 nm unless stated otherwise). Films were mounted flat on a washer and wire-grid polarisers
(as above) were placed before and after the sample, with the incident excitation polarisation
aligned parallel to the film orientation axis and the PL emission polariser rotated about the beam
axis to measure PL spectra polarised parallel/perpendicular to the orientation axis. The
perpendicularly-polarised PL spectra were multiplied by the G1 factor,[49] which corrects them for
the polarisation preference of the detection system. The G1 factor was determined here for the
390–650 nm wavelength range using polarised PL measurements on dilute Coumarin 440 and
Coumarin 500 laser dye solutions in ethanol, both of which are expected to be isotropic emitters.
Raman spectroscopy: All measurements were performed using a Renishaw inVia Raman
microscope in back-scattering configuration. The response of the system was calibrated using the
520 cm21 peak of silicon. Linearly polarised emission from a HeNe laser at 633 nm was used as
the excitation; its polarisation direction was rotated by a λ/2-plate to measure Raman spectra
parallel/perpendicular to the orientation axis. Detection of the scattered light was not polarised.
Excitation light was focused with a 50 objective; exposure time was 3 s. No detectable
photodegradation of samples occurred under these conditions. Following acquisition, the spectra
were corrected by subtracting a flat dark-count background and further corrected for the
polarisation response of the spectrometer. The latter correction was obtained from performing the
same polarised measurements on an in-plane-isotropic spin-coated PFO thin film.
X-ray diffraction: Wide-angle X-ray diffraction (WAXD) was performed on an Oxford
Instruments Xcalibur PX diffractometer with Mo-Kα radiation (0.71 Å wavelength).
Scanning electron microscopy: The films were sputter-coated with a thin layer of platinum and
imaged using a JEOL JSM-6010LA microscope.
Differential scanning calorimetry: Measurements were performed on a Mettler Toledo
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DSC822e instrument (routinely calibrated using indium standards) using 10 °C/min heating and
cooling rates, and with constant nitrogen flow maintained. As a first step, the samples were
annealed at 200 °C for 30 min in order to melt the polymers and melt-mix the blend sample.

4.3. RESULTS AND DISCUSSION
4.3.1. Optical Spectroscopy of PFO-UHMWPE Blend Films.
Unoriented films
Blend films of PFO-UHMWPE were gel-processed from decalin solutions as described in the
Experimental section. Figure 4.1 presents the optical spectroscopy results for undrawn PFOUHMWPE blend films; Fig. 4.1(a) shows the UV–vis absorption spectrum (centered on the S0-S1
HOMO-LUMO transition of PFO) for an undrawn blend film containing 0.1 wt % PFO.
Comparison with the absorption spectrum of a 100 nm thickness spin-coated and solvent vapor
annealed PFO film reveals a narrower HOMO-LUMO peak for the blend sample. The linewidth is
expected to depend principally on the degree of inhomogeneous broadening, with the difference
plausibly attributed to a reduced broadening for the blend film as a consequence of its long (~5
days) drying time. Slow solvent loss may assist molecular relaxation, limiting the scope for
kinetically trapped non-equilibrium chain geometries that can easily occur in spin-coated films
due to very rapid solvent evaporation. It is also evident, just as for the reference thin film, that the
PFO-UHMWPE blend samples contain a small fraction of -phase chain segments, yielding a
characteristic -phase peak, which appears here at 432 nm.

FIGURE 4.1: Optical spectroscopy of unoriented PFO‐UHMWPE blend films. (a) Peak‐normalised
absorption spectra of an unoriented PFO‐UHMWPE blend film containing 0.1 wt % PFO (solid
black line) and a spin‐coated PFO thin film containing ~3% ‐phase chain segments (dashed red
line). (b) Peak‐normalised PL spectra of unoriented PFO‐UHMWPE films containing 1 (red line
with ●), 0.1 (black line), and 0.01 wt % (blue line with ) PFO.
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Figure 4.1(b) shows PL emission spectra of UHMWPE-based blends with PFO concentrations of
0.01–1 wt %. For the samples comprising 1 wt % PFO, the PL spectrum corresponds closely to
that for -phase-rich spin-coated films[4,9] but with a reduced magnitude and apparent sharpening
of the shortest wavelength S1-S0 0-0 vibronic peak due to strong self-absorption. It is known that
adoption of the -phase chain conformation can be enhanced in slow-drying films spin-coated
from high boiling point solvents such as cyclopentanone[50] or in the presence of high boiling
point additives such as diiodooctane.[51] Hence, the appearance of -phase chains in PFOUHMWPE blends cast from decalin solutions and dried over several days is expected. As the PFO
concentration in the blend reduces, the dominance of the -phase PL component decreases. This is
despite there still being clear evidence of a -phase absorption peak (cf. Fig. 4.1(a)), under which
circumstances for spin-coated films the -phase PL component normally still dominates.[51,52] This
suggests that dilution of PFO in the blend may hinder the normal, highly efficient, excitation
energy transfer to -phase chains. It is also noted that the vibronic peaks in the PL spectrum for
the most dilute sample with 0.01 wt % PFO are comparable to those of PFO solutions prepared
with standard solvents.[53] The variations in local dielectric environment are expected to play a
role in this. Heterogeneity in the dispersion of PFO within the matrix polymer may also be in part
responsible for the increase in inhomogeneous broadening that limits the PL vibronic peak
resolution for the 0.01 wt % PFO samples.
We also note that, contrary to previous reports for polyfluorenes in gel-processed blends with
UHMWPE,[32,40,41] we do not observe any g-band PL emission for any of the PFO-UHMWPE
blend films. The presence of 1 wt % (based on the UHMWPE content) Irganox 1010 antioxidant
in our samples may be the key factor here; its use was not reported in previous studies. Use of the
antioxidant did not lead to any observable changes in the absorption and PL spectra of PFO in the
blends. We cannot, however, extrapolate with complete confidence that this implies that no
oxidation of 9,9-dialkylfluorene to 9-fluorenone moieties occurred during processing; g-band
emission can also be avoided in blend films if any oxidised segments are sufficiently dispersed to
prevent excimer formation.[20]

Oriented films
Oriented PFO-UHMWPE blend films were prepared through tensile deformation at a constant
elongation rate as described in the Experimental section. Most of the data presented below is for 1
wt % PFO-UHMWPE blend films (where 1 wt % refers to the weight fraction of PFO in the
blend) because this relatively high PFO concentration allows for the broadest range of
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characterisation measurements to be conducted. A detailed investigation of more dilute (≤ 0.1 wt
% PFO) blend films is presented in section Crystallisation of PFO during Tensile Drawing.
To better understand the influence of drawing temperature, T, we studied 1 wt % PFO-UHMWPE
blend films oriented in two different temperature regimes: (i) T > 120 °C, corresponding to the
optimum[37–39] drawing temperature regime for UHMWPE and (ii) at a lower temperature, T = 65–
68 °C, chosen to be above the bulk PFO glass transition temperature TgPFO = 62 °C but below the
onset melting temperature of the -phase, Tm = 80 °C.[13] Hereafter for simplicity, films drawn at
temperatures above/below Tm will be referred to as hot-/cold-drawn, respectively.
Figure 4.2 shows the evolution of absorption spectra for hot- and cold-drawn PFO-UHMWPE
films with increasing draw ratio Λ, where Λ represents the ratio of sample lengths after and before
drawing. For both hot- and cold-drawn films there is a spectral distinction between parallel- and
perpendicular-polarised absorption; the perpendicular spectra more closely resemble the spectrum
of a blend film before drawing whilst the parallel-polarised spectra are redshifted, consistent with
uniaxial alignment of PFO chains allowing greater electronic delocalisation along the chain axis.
The overall optical dichroism (ratio between parallel and perpendicular absorption) increases with
draw ratio from 1 (undrawn films) to ~12 and 8 for Λ = 100 hot- and cold-drawn films,
respectively.
For hot-drawing (see Fig. 4.2(a), top panel) the intensity of the characteristic -phase absorption
peak seen for undrawn blend films (cf. Fig. 4.1(a)) reduces rapidly with draw ratio due to the
drawing temperature exceeding Tm. This is consistent with previous reports on oriented PFOUHMWPE blends where drawing temperatures T = 90–100 °C were used,[40,48] corresponding to
hot-drawing conditions, which explains the observed loss of -phase chain segments during
drawing.[40] Close inspection of the spectra reveals the appearance of a poorly-resolved absorption
shoulder centered at ~430 nm, most clearly visible in parallel-polarised spectra, which we
attribute to absorption by PFO chains crystallised during the drawing process. The origin and
relative orientation of these crystalline PFO chains is explored in detail in section PFO Dispersion
and Microstructure in the Blends.
As can be deduced from the spectra in Fig. 4.2(a), lower panel, cold-drawn films retain a fraction
of -phase chains, as evidenced by the peak centered at ~438 nm in both parallel- and
perpendicular-polarised spectra, due to the drawing taking place at temperatures below the bulk
melting temperature of the -phase. However, despite this fact, the relative intensity of the phase absorption peak is found to gradually reduce with draw ratio. For example, the inset in the
lower panel of Fig. 4.2(a) shows that for the perpendicular-polarised spectra the ratio of
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absorption intensities recorded at 438 nm (predominantly -phase) and 360 nm (predominantly
glassy), which approximately quantifies the fraction of -phase chain segments in the sample,
decreases with Λ. This indicates that, along with elevated drawing temperatures, chain motion
also contributes to removing the -phase conformation.
At this point, it is worth closely examining the nature of the glassy and -phase conformations to
understand their relative susceptibility to orientation by tensile drawing in a UHMWPE matrix. It
is interesting to note that the relative fraction of the -phase, that is, the intensity ratio of -phase
and bulk PFO absorption peaks, is always higher for the perpendicular-polarised absorption
spectra of drawn blend films – an observation that is supported by the corresponding PL data (see
Fig. 4.3). For example, the -phase peak is lost from the parallel-polarised spectrum for hotdrawing even at a relatively low draw ratio of 10, at which the peak is still clearly visible in the
perpendicular-polarised spectrum. We advance the following explanation (see Fig. 4.2(b)):
(i)

Tensile drawing forces the wormlike glassy PFO chains to orient along the drawing
axis; thus the apparent intensity of the bulk PFO absorption increases/decreases for
parallel-/perpendicular-polarised excitation, respectively.

(ii)

The -phase chain segment conformation of PFO is characterised by a unique intermonomer torsion angle[2,11] (see Chapter II) that would make a -phase segment
analogous to a 1D crystal embedded in a disordered matrix. Hence, it becomes clear
that the existing metastable -phase chain segments cannot be easily aligned because
any adverse physical motion of the chain might disrupt the well-defined conformation
of the -phase segment, converting it into a wormlike glassy segment. The removal of
-phase by chain motion would occur isotropically, that is, irrespective of the relative
chain orientation, and thus the magnitude of the -phase absorption peak decreases
equally for both parallel- and perpendicular-polarised spectra. We note that this
explanation is fully consistent with previous reports on oriented -phase PFO thin
films, in which -phase was invariably introduced by post-processing.[15,22,26]

The combined result is a higher relative fraction of -phase in the perpendicular-polarised spectra.
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FIGURE 4.2: Absorption spectroscopy of oriented PFO‐UHMWPE blend films. (a) Absorption
spectra of (top panel) hot‐ and (bottom panel) cold‐drawn 1 wt % PFO‐UHMWPE blend films,
recorded with the incident light polarised parallel (solid lines) and perpendicular (dashed lines) to
the drawing axis and normalised by the peak absorption of the respective parallel‐polarised
spectra. Data are shown for films with draw ratios  = 10 (black lines), 30 (blue lines with ●), and
100 (red lines with

).

The arrow in the lower panel indicates the position of the ‐phase

absorption peak (438 nm). The inset in the lower panel shows the percentage ratio, ρ, of
absorption intensities measured for the perpendicular‐polarised spectra at 438 (‐phase) and
360 nm (predominantly glassy). (b) Schematic illustration of the effect of drawing on the
absorption and relative fraction of the ‐phase chains, f, of PFO in undrawn (solid black line)
and drawn (dashed red lines; polarisations indicated) blends with UHMWPE. Arrows indicate the
direction of changes to the spectrum at the main PFO π‐π* HOMO‐LUMO peak and at the long
wavelength ‐phase peak.
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Fig. 4.3 presents the PL spectra for 1 wt % PFO-UHMWPE blend films hot- and cold-drawn to Λ
= 70, obtained under parallel-polarised excitation (incident E-vector oriented along the drawing
axis) and for both parallel- and perpendicular-polarised detection. Both of the hot-drawn blend
film PL spectra (with vibronic peaks at 433, 457, and 488 nm in the parallel- and at 436, 457, and
487 nm in the perpendicular-polarised detection data) are a superposition of the glassy PFO PL
spectrum (with vibronic peaks at 421, 447, and 476 nm as measured for a reference spin-coated
glassy film) and the PL of crystalline PFO. The spectroscopic signature of crystalline PFO in hotdrawn blend films was already observed as a shoulder at ~430 nm in the corresponding absorption
spectra (see Fig. 4.2(a), top panel). PL spectrum of crystalline PFO chains in hot-drawn blend
films is obtained by direct photoexcitation at this absorption shoulder and features a well-defined
vibronic progression with peaks at 435, 461, and 492 nm (data not shown).

FIGURE 4.3: PL spectroscopy of oriented PFO‐UHMWPE blend films. Polarised PL spectra of 1 wt
% PFO‐UHMWPE blend films hot‐ (black lines) and cold‐drawn (red lines with ●) to draw ratio Λ
= 70 showing emission polarised parallel (solid lines, peak‐normalised) and perpendicular
(dashed lines) to the drawing axis.

The PL spectrum of the cold-drawn blend film comprises a superposition of the typical -phase
PL spectrum (with vibronic peaks at 440, 465, and 500 nm[9]) and that of the hot-drawn blend
film. This observation is consistent with the retention of a -phase absorption peak at high draw
ratios, as shown in Fig. 4.2(a) (lower panel). The fact that the -phase PL does not totally
dominate the PL spectrum here indicates that excitation energy transfer is more limited in the
blend than it would be in a PFO thin film with a similar fraction of -phase chain segments.
Whether this is a signature of heterogeneity, or a change in excitation dynamics remains to be
resolved. We also note that the -phase PL contribution is stronger for the perpendicular-polarised
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PL spectrum which is consistent with the higher relative fraction of the -phase for chain
orientation perpendicular to the drawing axis (see Fig. 4.2(b) and the related discussion). We
further note that parallel-polarised excitation tends to downplay this effect.

FIGURE 4.4: PL emission anisotropy ratio of oriented PFO‐UHMWPE blend films. PL emission
anisotropy ratio, R, is shown for hot‐ (●) and cold‐drawn (○), 1 wt % PFO‐UHMWPE blend films
as a function of draw ratio, Λ. Representative error bars are shown for films with draw ratios Λ =
50 and 100.

The deduced variation in emission anisotropy is presented in Fig. 4.4 as a function of draw ratio
for both hot- and cold-drawn 1 wt % PFO-UHMWPE blend films. To allow direct comparison
with the data of He et al.[40] we have used a simplified PL emission anisotropy ratio, R, calculated
as the ratio of integrated intensities for the PL spectra polarised parallel and perpendicular to the
drawing axis, in both cases under parallel-polarised excitation.[54] In essence, R quantifies the
degree of PL emission depolarisation following parallel-polarised excitation.
We observe from Fig. 4.4 that for hot-drawn films R increases up to Λ = 70 and then begins to
saturate. For cold-drawn films, the increase in R is linear up to the highest draw ratios with no
apparent saturation, albeit that the increase with draw ratio has a shallower slope. The cold-drawn
films, for which the PL spectra have a substantial -phase emission component, show markedly
lower R values than hot-drawn blend films for which there is no -phase emission. This latter
situation, at first sight, appears to be at odds with the previously demonstrated higher natural
emission anisotropy of the -phase conformation associated with its more axial transition dipole
moment.[15] The reasons for this are related to the inability of the existing -phase chain segments
to be oriented by tensile drawing (as discussed above and in section PFO Dispersion and
Microstructure in the Blends below), which in turn means that their presence in drawn films
contributes strongly to PL emission depolarisation, thereby leading to a reduction of the
corresponding R value.
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At this point, we conclude the description of the evolution of microstructure and PL anisotropy
with draw ratio for PFO-UHMWPE blend films. Given the complexity of the observed behavior,
we sought to explore in greater detail the microstructure of the drawn blends as well as the other
factors that limit the optical anisotropy of these blends. Section Factors Influencing Optical
Anisotropy and Photoluminescence Depolarisation in Drawn PFO-UHMWPE Blend films
considers the role of drawing temperature and method on optical anisotropy and explores the
relationship between the blend film microstructure, PFO crystallisation, and PL emission
depolarisation.

4.3.2. Factors Influencing Optical Anisotropy and PL Depolarisation in Drawn PFOUHMWPE Blend Films
Drawing mechanics: tensile tester vs. hot-pin methods
The absence of branching in UHMWPE implies that orientation of the guest PFO polymer during
tensile drawing proceeds primarily through shear forces and, possibly, epitaxial phenomena. With
respect to shear forces, alignment of the guest within the UHMWPE matrix is expected to depend
on the drawing mechanics. In this section, we present a brief comparison between two of the main
uniaxial tensile drawing techniques.
In previous studies on oriented UHMWPE-polyfluorene blends,[32,40,41] drawing of films was
carried out by a “hot-pin” method. This typically involves manual stretching of the films over a
heated plate or bar, such as a Kofler bench, held at the required temperature. In our study,
however, we used a tensile tester fitted with a temperature programmable chamber. The subtle,
yet important, difference between these two methods is readily understood in terms of the
relationship between rate of elongation and incremental strain rate, with the latter defined as

d  d  l2  l1  d  l 
 
  
dt dt  l1  dt  l1 

(1)

where l2 and l1 are the sample lengths following and prior to incremental drawing, ε is the
incremental strain and Δl is the incremental elongation.
In the case of “hot-pin” drawing, l1 is defined by the length of sample contact with the hot plate
and thus remains constant. Assuming also an approximately constant rate of elongation, it can be
seen from (1) that the strain rate, and hence the orienting stress applied to the guest polymer, does
not vary with draw ratio.
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However, for drawing with a tensile tester using a constant elongation rate (i.e., constant Δl per
unit time), it can be seen from (1) that the strain rate decreases with increasing sample length. A
reduced strain rate at high draw ratios is expected to decrease the efficiency of guest orientation
by making chain recoil/relaxation more favorable. This fact may contribute to the observed
saturation of PL anisotropy at high draw ratios for the 1 wt % PFO-UHMWPE blend films hotdrawn with the tensile tester (see Fig. 4.4).
We confirmed the influence of drawing method through a direct comparison of samples oriented
by tensile tester and “hot-pin” drawing techniques. Table 1 reports the results for two samples cut
from a single undrawn blend film and then hot-drawn (at 130 °C) (i) using the tensile tester and
(ii) over a Kofler bench (hot-pin). Whilst the final draw ratios, 50 and 40, respectively for the
tensile tester and Kofler bench, were of a similar magnitude, a constant strain rate was maintained
for the hot-pin drawing. Drawing by the hot-pin method led to a significant improvement in PFO
orientation, as evidenced by a 1.4-fold increase in emission anisotropy relative to the Λ = 50
tensile-tester drawn sample. Polarised Raman measurements (see section Drawing Temperature:
Hot- vs. Cold-Drawing below) showed a similar 1.2-fold increase in the 1605 cm–1 PFO aromatic
ring stretching mode anisotropy. We note that this improvement in PFO orientation for the Λ = 40
hot-pin drawn film has been achieved despite the somewhat lower Raman anisotropy of the 1130
cm–1 PE symmetric C–C stretching mode, which confirms that the lower draw ratio of this film
relative to that of the tensile-tester drawn sample corresponds to a lower uniaxial order parameter.

Method

Temperature

Draw Ratio

(°C)

PL anisotropy

Raman Anisotropy

ratio R

1605 cm–1

1130 cm–1

Tensile tester

130

50

10.0

13.3

8.7

Hot‐pin

130

40

14.4

15.9

8.0

TABLE 4.1: Tensile‐tester vs. hot‐pin drawing. Comparison of the influence of tensile‐tester and
hot‐pin drawing methods on the PL emission and Raman scattering anisotropies of Λ = 40–50
PFO‐UHMWPE blend films.

Drawing temperature: hot- vs. cold-drawing
Temperature is known to strongly affect the drawability of polyethylenes. Studies on meltcrystallised linear polyethylene[55] showed that maximum, efficient deformation is possible only
within a relatively narrow temperature window. Similarly, although gel-processed UHMWPE
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films could be drawn even at room temperature,[56] their drawability was found to be significantly
improved for temperatures closer to the polymer melting temperature, Tm.[38] This is explained by
temperature-enhanced chain mobility facilitating chain alignment under the applied tensile stress.
Raman spectroscopy
The relative alignment of PFO and UHMWPE polymer chains in hot- and cold-drawn films was
studied using polarised Raman spectroscopy, a technique that relies on (i) there being spectrallyseparated characteristic vibrational modes associated with specific subunits of molecular structure
and (ii) these modes having vibrational displacement vectors linked to the local molecular
structure and its orientation. Molecular orientation can then be probed by the spectrally-resolved,
polarisation-selective excitation and detection of Raman scattered light.[57–59] UHMWPE and PFO
both have specific vibrational modes characterised by a uniaxial Raman scattering tensor, the
principal axis of which is closely aligned with the polymer backbone. In the case of PFO it is the
1605 cm–1 C–C ring-stretching mode that we use,[57,58] whereas for UHMWPE, it is the symmetric
C–C stretching mode at 1130 cm–1.[59]

FIGURE 4.5: Raman anisotropy of oriented PFO‐UHMWPE blend films. Draw ratio dependence
of the anisotropy of PFO 1605 cm–1 (circles) and UHMWPE 1130 cm–1 (triangles) Raman modes
measured for hot‐ (filled black symbols) and cold‐drawn (open red symbols) 1 wt % PFO‐
UHMWPE blend films. Representative error bars are shown for films with draw ratio Λ = 70.

Figure 4.5 presents Raman anisotropy data as a function of draw ratio for the 1130 and 1605 cm–1
vibrational modes measured for 1 wt % PFO-UHMWPE blend films following hot- and colddrawing. Raman anisotropies were calculated as the ratio of maximum intensities for Voigt fits to
the two Raman peaks measured with incident light polarised parallel and perpendicular to the
drawing axis. For completeness, representative spectral data is included in Fig. 4.6.
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It is clear from Fig. 4.5 that uniaxial alignment of UHMWPE chains proceeds far less efficiently
in the 65–68 °C cold-drawing regime than in the 125–140 °C hot-drawing regime. Alignment of
the matrix will strongly affect alignment of the PFO guest and it is then no surprise that PFO
chains are less well aligned for the cold-drawn samples. The fact that the anisotropy of the 1130
cm–1 mode is lower than that of the 1605 cm–1 mode for both hot- and cold-drawing is consistent
with the 1130 cm–1 mode not being fully aligned along the polyethylene chain axis.[59]

FIGURE 4.6: Polarised Raman spectroscopy. Raman spectra of (a) neat UHMWPE and (b) 1 wt%
PFO‐UHMWPE films hot‐drawn to draw ratio Λ = 70, recorded with the excitation light polarised
parallel (black lines) and perpendicular (red lines) to the drawing axis.

We also note that the 1605 cm–1 Raman mode anisotropy for both hot- and cold-drawn films
appears to saturate beyond Λ = 70. This is different to the corresponding PL emission anisotropy
data (cf. Fig. 4.4) where we see a similar saturation of R for hot-drawn films but not for colddrawn films, for which R increases with draw ratio over the entire range. This discrepancy in the
emission and Raman anisotropy data for the cold-drawn films is explained by the fundamental
difference between the two measurements: Raman anisotropy measurements probe the molecular
orientation of the entire ensemble of chains in the sample, while emission originates from a subset
of chains within the low energy tail of the density of states, following excitation energy transfer
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from the ensemble. Energetically low lying sites are expected to be those with more extended
conjugation[60] and/or those situated within a more polarisable local environment. As will be
shown in section PFO Dispersion and Microstructure in the Blends, the degree of orientation of
the minority low-energy crystalline and -phase chain segments can be substantially different to
that of the bulk glassy chain ensemble.
The combined PL emission and Raman anisotropy measurements show that macroscopic chain
orientation is not the only factor determining the optical anisotropy of the drawn blend films and
indicate that PFO microstructure in the blends is likely to be of key importance. Due to this
complexity of behavior and morphological heterogeneity of the system we refrain from presenting
the usual macroscopic chain order parameter calculations[57,58] which, in this case, are expected to
be inexact and misleading.

Wide-angle X-Ray Diffraction and Scanning Electron Microscopy
WAXD and SEM results, summarised in Fig. 4.7, provide further insight into the differences in
microstructure for PFO-UHMWPE blends drawn in the two temperature regimes. The equatorial
WAXD data for the blend films (see Fig. 4.7(a,d)) shows that in hot-drawn films UHMWPE very
rapidly adopts a double chain orientation[39,61] as evidenced by the systematic absence of the (200)
and (210) peaks and a concomitant enhancement of the (020) peak intensity, even for draw ratios
as low as 10.
Double orientation of UHMWPE films means that, in addition to near-perfect alignment of c-axis
in the drawing direction (i.e. fiber orientation), the b- and a-axis are also well-oriented parallel
and perpendicular to the film plane, respectively. Such morphological perfection is characteristic
of (near) single-crystalline order and signifies a very high degree of chain alignment and order.
Complete double orientation is not, however, observed for cold-drawn films even for draw ratios
up to 100, which, in agreement with the Raman anisotropy results presented in Fig. 4.5, indicates
a lower degree of chain alignment. We note that, due to its low concentration in the blend, we
could not observe any diffraction signal from PFO in the WAXD data for the blend films.
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FIGURE 4.7: Wide‐angle X‐ray diffraction and scanning electron microscopy. (a,d) Equatorial
WAXD patterns of 1 wt % PFO‐UHMWPE blend films with draw ratios Λ indicated. (b,c,e,f)
Scanning electron micrographs of Λ = 100 blend films with (b, e) 50 μm and (c, f) 10 μm scale
bars. The data is shown for hot‐ (upper panels) and cold‐drawn (lower panels) films.

The SEM micrographs of Λ = 100 blend films (see Fig. 4.7(b,c,e,f,)) show that hot-drawn film has
a smooth film surface with few defects in the highly-regular fibrillar texture. The striations that
appear approximately perpendicular to the drawing axis, seen most clearly in Fig. 4.7(c), are the
kink bands typically observed in highly oriented PE samples. Splicing of the film along the
drawing axis is evident, resulting from near-perfect chain orientation reducing the number of tie
chains. However, the cold-drawn film surface exhibits a large number of imperfections;
comparison with the SEM micrograph of an undrawn blend film (see Fig. 4.8) suggests that the
irregularities in the texture of the cold-drawn film are the residual unoriented regions of
UHMWPE. Their presence is easily understood to be the result of reduced chain mobility of PE in
the cold-drawing regime preventing the complete orientation of entangled regions. As will be
shown in the following section, the distinct microstructure of PFO located within these unoriented
regions leads to stronger PL depolarisation for the cold-drawn films.
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FIGURE 4.8: Scanning electron microscopy of undrawn PFO‐UHMWPE blend film. SEM
micrograph of an undrawn 1 wt% PFO‐UHMWPE blend film; scale bars (a) 50 μm and (b) 10 μm.

PFO dispersion and microstructure in the blends
The degree of dispersion of a conjugated polymer guest in a PE matrix is known to strongly affect
its orientation behavior during tensile drawing. Previous work by Montali et al. demonstrated that
phase-separation between the guest and host obstructs the achievement of high optical anisotropy
for the guest polymer.[35] These authors studied EHO-OPPE, a poly(2,5-dialkoxy-p-phenylene
ethynylene) derivative, in gel-processed blends with UHMWPE and found that efficient alignment
of the EHO-OPPE chains along the drawing direction occurs only following dispersal of any
phase-separated clusters existing within the undrawn film. This is expected to apply equally to
PFO-UHMWPE blends. Another consideration for PFO is the presence of lower HOMO-LUMO
transition energy crystalline and/or -phase conformations which, following efficient excitation
transfer from the bulk glassy chains, dominate the PL emission properties of blend films.
Polarised PL excitation (PLE) spectroscopy provides a versatile technique for observing the
changes in PL emission anisotropy as a function of excitation wavelength and, hence, the different
conformational and microstructural subsets of polymer chains that are excited at different
wavelengths. In a typical measurement, the excitation wavelength, λex, is scanned across the
absorption spectrum of the sample while the PL intensity is monitored at a fixed wavelength. The
polarisation of the excitation light is parallel to the drawing axis, while the PL is detected with
polarisations both parallel and perpendicular to the drawing axis. PLE anisotropy, calculated from
the ratio of the PL intensities polarised parallel and perpendicular to the drawing axis, provides
information about the relative PL depolarisation across the density of states, recognising of course
that (due to the off-axis component of the optical transition dipole) parallel-polarised excitation
can also excite perpendicularly-oriented chains. Despite its potential, we are not aware of any
polarised PLE data previously reported for oriented blends of UHMWPE and conjugated
polymers.
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FIGURE 4.9: Photoluminescence excitation spectroscopy. PLE spectra (black lines, left ordinate)
of (a) hot‐ and (b) cold‐drawn, Λ = 70, 1 wt % PFO‐UHMWPE blend films for emission polarised
parallel (solid lines) and perpendicular (dashed lines) to the drawing axis taken under parallel‐
polarised excitation. Also shown (red lines with ●, right ordinate), in each case, are the
corresponding PLE anisotropy spectra.

Polarised PLE spectra are presented in Fig. 4.9 for 1 wt % PFO-UHMWPE blend films hot- and
cold-drawn to draw ratio Λ = 70. The PLE spectra were measured for emission at 457 and 465 nm
for hot- and cold-drawn films corresponding to their respective S1-S0 0-1 vibronic peaks (see Fig.
4.3). Typically, for a homogeneous uniaxially-oriented ensemble of conjugated polymer chains,
excitation of the lowest energy chromophores limits depolarising energy transfer, resulting in
maximised values of PLE anisotropy at the red edge of the excitation spectrum.[62] Interestingly,
we do not observe this; for both hot- and cold-drawn films (see Fig. 4.9), PLE anisotropy is
constant over a large part of the excitation spectrum but then drops abruptly for λex ≥ 425 nm. The
position of the down-step for hot-drawn films closely matches the position of the shoulder
observed for both PLE and absorption spectra (see Fig. 4.2(a), top panel) at ~430 nm and
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attributed to a fraction of PFO chains that crystallised during the drawing process. For cold-drawn
films, there is a lower overall PLE anisotropy, consistent with the PL emission anisotropy data
presented in Fig. 4.4. The onset of the drop in PLE anisotropy occurs in the region of S0-S1 0-0 phase absorption (see Fig. 4.2(a), bottom panel), where the PLE spectra themselves also show,
albeit rather indistinctly, a shoulder due to the presence of -phase segments.
The PLE anisotropy data suggest that the crystalline and -phase chain segments found in hotand cold-drawn 1 wt % PFO-UHMWPE blend films are relatively poorly aligned with respect to
the drawing axis. This is a concern in relation to optical anisotropy, since the normally-efficient
excitation energy transfer that occurs from other chain segments will, as a consequence, tend to
reduce the PL anisotropy.
We propose that the poor relative alignment of crystalline and -phase PFO chain segments in
drawn 1 wt % PFO-UHMWPE blend films is a consequence of the initial phase-separated
microstructure of the undrawn blend film. Thermal analysis data, presented in Fig. 4.10, shows no
evidence for the miscibility of PFO and linear-low-density PE (LLDPE), which is expected due to
thermodynamic incompatibility of most macromolecules.[47,48] The DSC results presented in Fig.
4.10 are summarised in Table 4.2; clearly there is negligible change in LLDPE and PFO melting
temperatures due to their blending. The enthalpy of melting for PFO reduces by ~17% for the
blend sample, as is expected due to kinetically-hindered crystallisation following polymer
dilution.

FIGURE 4.10: Differential scanning calorimetry. DSC thermograms recorded for PFO, LLDPE and
a 5 wt% PFO‐LLDPE blend, with (a) second heating and (b) first cooling traces shown.
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Sample

PFO enthalpy of melting, ΔHmPFO, (J/g)

Tm (peak) (°C)
LLDPE

PFO

LLDPE

122.7

—

—

5 wt% PFO‐LLDPE

123.0

169.6

10.5

PFO

—

169.4

12.6

TABLE 4.2: Summary of peak melting temperatures, Tm, of LLDPE and PFO and enthalpy of
melting of PFO, ΔHmPFO, obtained from the DSC traces presented in Fig. 4.10.

Therefore, we conclude that casting a mixture of PFO and PE (whether UHMWPE or LLDPE)
from dilute solution followed by slow evaporation of solvent results in a phase-separated
microstructure for the dried blend film. As the solvent evaporates and the concentration of PFO in
the cast solution exceeds the value required for chain overlap,[63] gelation of PFO will occur. This
is known from the literature[15,63,64] to feature (i) the formation of physical cross-links and (ii) the
adoption of the -phase conformation by a fraction of chain segments. The microstructure of the
undrawn blend films is schematically illustrated in Fig. 4.11(a), the key element being the
existence of a fraction of PFO chains in phase-separated -phase-rich clusters.

FIGURE 4.11: Schematic illustration of chain dispersion and microstructure in 1 wt % PFO‐
UHMWPE blend films: (a) undrawn, (b) hot‐drawn, and (c) cold‐drawn. PE and glassy PFO chains
are represented by grey and blue lines, respectively. PFO clusters containing crystalline and ‐
phase chain segments are represented by paired black zig‐zag lines and red straight lines,
respectively. The relative fractions of crystalline and ‐phase chain segments are exaggerated.
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Hot-drawing the 1 wt % PFO-UHMWPE blend films results in an efficient and homogeneous
orientation of the UHMWPE matrix. However, the PFO used in this study melts with onset at 160
°C and this temperature does not change upon its incorporation into the PE matrix (see Fig. 4.10).
From previous reports on similar blends we expect that, since the drawing temperature is below
Tm of bulk PFO, the dispersion of phase-separated PFO clusters during drawing would proceed
solely through mechanical interaction with the orienting UHMWPE chains.[48,65] The resulting
inefficient dispersal of PFO clusters, combined with the reduction of strain rate at higher draw
ratios (see section Drawing Mechanics: Tensile Tester vs Hot-pin Methods), implies that clusters
of poorly oriented PFO chains can exist even in highly drawn 1 wt % PFO-UHMWPE films (cf.
schematic illustration in Fig. 4.11(b)). At the same time, since the drawing temperatures are
higher than the bulk Tg of PFO,[2,12,14] crystallisation of PFO should take place provided
confinement effects are not severe.[66] Such crystallisation would occur most rapidly in PFO-rich
clusters. Under these circumstances, excitation energy transfer to the poorly-oriented crystalline
PFO chains contained within these clusters would indeed lead to PL depolarisation, as
demonstrated in Fig. 4.9(a). Conversely, drawing temperatures above Tm ensure that no -phase
PFO chain segments are present in the hot-drawn blend films.
In the case of cold-drawn films, we consider that the lower mobility of UHMWPE chains at
reduced temperatures ensures that a fraction of poorly-aligned regions (cf. Fig. 4.7(e,f)) remain,
wherein there can exist phase-separated PFO clusters retaining a fraction of -phase chain
segments, as is schematically illustrated in Fig. 4.11(c). Tensile stress cannot be fully transferred
to the PFO chains contained within these clusters, limiting both their dispersal within the
UHMWPE host and their alignment. Moreover, since the -phase segments have a lower-lying
first electronic excited state than glassy PFO, we expect that they will be the preferred destination
for rapid excitation energy transfer from, conceivably, better oriented glassy chains, thereby also
contributing to the PL depolarisation observed in Fig. 4.9(b).

Crystallisation of PFO during tensile drawing
To further study crystallisation of PFO during tensile drawing, we prepared more dilute PFOUHMWPE blends containing 0.1 and 0.01 wt % PFO, which were subsequently hot- and colddrawn to draw ratio Λ = 50. PLE anisotropy spectra for the oriented films are shown in Fig. 4.12.
In stark contrast to the results for oriented blend films with higher PFO concentration (cf. Fig.
4.9), it is immediately clear that PLE anisotropy increases at the red-edge of the excitation
spectrum. This suggests that (i) phase-separated PFO clusters present in the corresponding
undrawn films are more readily dispersed during drawing and/or (ii) PFO clusters that remain are
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less readily populated by excitation energy transfer from well-aligned chains, at least to the degree
that they no longer strongly influence the resulting optical properties.[48] Whereas poorly-oriented
PFO clusters are believed to remain even in highly drawn 1 wt % PFO-UHMWPE films, in the
more dilute 0.1 wt % PFO-UHMWPE films the dispersal of PFO clusters is considered more
likely due to their smaller size, proportional to the PFO concentration in the blend. We also note
that, as for blend films with higher PFO concentration, the PLE anisotropy values of the drawn
0.1 wt % PFO-UHMWPE films are higher for the hot-drawing conditions due to more efficient
orientation of the UHMWPE matrix.

FIGURE 4.12: PLE anisotropy spectra of 0.1 wt % PFO‐UHMWPE blend films hot‐ (solid black line)
and cold‐drawn (solid red line with ●) to draw ratio Λ = 50. The PLE anisotropy of an even more
dilute (0.01 wt % PFO) blend film hot‐drawn to draw ratio Λ = 50 is also shown for reference
(dashed black line).

The PL spectra (see, for example, Fig. 4.13) of PFO-UHMWPE blend films containing 0.1 and
0.01 wt % PFO drawn to Λ = 50 were found to be a superposition of PL spectra from two emitting
species:
(i)

Glassy PFO chains, as found for glassy films spin-coated from solutions in good
solvents.[9]

(ii)

Crystalline PFO chains, the PL spectrum of which is clearly revealed by direct
photoexcitation at 432 nm, corresponding to the spectral position where absorption by
crystalline chains is prevalent.[4,12]
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We note that no -phase PL contribution was detected for these drawn films, suggesting that phase-rich PFO clusters present in the undrawn blend film are dispersed, thereby turning off
excitation energy transfer to -phase chain segments and/or eliminating the -phase conformation
altogether. The latter finding is consistent with the proposal that chain motion during drawing
removes the -phase conformation. The low PFO fraction and consequently small optical density
of these drawn films prevents us from using absorption spectroscopy to confirm the absence of phase segments.
Deconvolution of polarised PL spectra
To investigate the nature of the crystalline PFO chains and their effect on optical anisotropy, we
have used a simple PL deconvolution method to determine the relative contributions of crystalline
PFO to the overall PL emission spectra and correlated these results with PL emission anisotropy
ratios R measured for the same films.
The simplified PL deconvolution procedure we adopted involved fitting the PL spectra measured
for the blend films by a sum of two reference PL spectra: (refer also Fig. 4.13)
(i)

PL of crystalline PFO chains (green line in Fig. 4.13), obtained by photoexcitation at
432 nm, which corresponds to the spectral position where absorption by crystalline
chains is prevalent. These spectra were independently measured for each
corresponding blend film and, in the case of drawn films, for both polarisation
directions.

(ii)

PL of glassy PFO chains (blue line in Fig. 4.13), as measured for a reference spincoated glassy PFO film.

The relative magnitudes of these two constituent spectra were then adjusted in order for their sum
(red line in Fig. 4.13) to fit the overall PL spectrum measured for the corresponding blend film.
Keeping in mind that self-absorption can lead to strong reduction of PL intensity measured at the
low-wavelength side of the PL spectrum (see, for example, Fig. 4.1(b)), the fitting was done only
in the 445–650 nm spectral region.
The relative PL contribution of the crystalline PFO chains (shown in Table 4.3) was estimated
from the ratio of integrated intensities of the corresponding fitted crystalline and sum PL spectra.
To avoid inaccuracies associated with varying degrees of self-absorption for films of different
optical density, the integration was carried out only in the 445–650 nm spectral region.

111

Chapter IV: Microstructure and Photophysics of Poly(9,9-dioctylfluorene) within Oriented Polyethylene Hosts

FIGURE 4.13: Deconvolution of PL spectra, showing, as an example, the PL data measured for
the 0.1 wt% PFO‐UHMWPE blend film cold‐drawn to Λ = 50 for parallel‐polarised excitation and
detection. The measured PL spectrum data is shown by symbols (●) and the fitted glassy and
crystalline PFO PL spectra are shown by blue and green dashed lines, respectively. The sum fit
(red line) shows good agreement with the experimental data in the 445–650 nm spectral region
(unshaded area in the graph).

PFO fraction

Hot/cold

PL emission

PL crystalline fraction

in the blend

drawing

anisotropy ratio

Parallel‐

Perpendicular

Parallel/

(wt%)

regime

R (λex = 390 nm)

polarised

‐polarised

perpendicular

(%)

(%)

ratio

0.1

Hot

14

59

47

1.3

0.01

Hot

12

44

27

1.6

0.1

Cold

10

39

27

1.4

0.01

Cold

9

26

15

1.7

TABLE 4.3: Summary of PL anisotropy and PL crystalline fraction results for 0.1 and 0.01 wt%
PFO‐UHMWPE blend films hot‐ and cold‐drawn to draw ratio Λ = 50. Excitation was polarised
parallel to the drawing direction and deconvolution results are reported for parallel‐ and
perpendicular‐polarised emission.

The most important observation from the PL deconvolution results reported in Table 4.3 is that
the crystalline PL fraction is invariably higher in the parallel-polarised emission spectra, which
is strong evidence for PFO crystallisation under strain, whereby the polymer chains crystallise
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with their long axis preferentially oriented in the direction of the uniaxial mechanical deformation.
The fact that the overall PL emission anisotropy of the drawn blend films, quantified by R, is
proportional to the PL crystalline fraction in their respective parallel-polarised spectra confirms
our proposal that PFO crystallises during the drawing process, yielding the most well-oriented
subset of chains.
On a cautionary note, we should mention that, since we are dealing with PL measurements,
additional effects due to concentration dependent and anisotropic excitation energy transfer
cannot be ruled out. For example, the data in Table 4.3 also appears to suggest that the relative
anisotropy of the PL crystalline fraction is higher for the most dilute 0.01 wt % PFO-UHMWPE
blends. This is likely to be a result of increasing chain dilution limiting the occurrence of
depolarising excitation energy transfer following parallel-polarised excitation, which in turn leads
to underestimation of the crystalline fraction in the perpendicular-polarised PL spectra. For the
same reason, the smaller size of crystalline PFO domains in cold-drawn relative to hot-drawn
films (for a given concentration), resulting from reduced chain mobility at lower temperatures,
may also be responsible for the increase in crystalline PL fraction anisotropy due to more limited
depolarising excitation energy transfer within the smaller crystallites. Despite these nuances, we
consider that it remains highly plausible that PFO crystallisation occurs under strain in these
blends; our interpretation of polarised PL and PLE data here is further supported by absorption
dichroism measurements performed on oriented PFO-LLDPE films in section 4.3.3: Optical
Spectroscopy of PFO-LLDPE Blend Films.
Finally, we wish to outline the basic thermodynamics of PFO crystallisation during drawing in
UHMWPE-based blends and the implications thereof. The mechanical stretching of wormlike
glassy PFO chains “dissolved” in UHMWPE strongly reduces their conformational entropy, thus
also reducing the entropic penalty of crystallisation. At the same time, the chemical similarity
between PE and the alkyl side-chains of PFO implies that well-oriented UHMWPE fibers can
provide a nucleation surface for side-chain-driven epitaxial crystallisation of PFO. Epitaxial
crystallisation of PFO has already been observed in friction-transferred oriented films following
thermal annealing.[23] In this case, such crystallisation would be influenced by the usual
parameters, including concentration and temperature. As shown by the results in Table 4.3, for a
given concentration the crystalline PL fraction was lower for the cold-drawn samples, likely due
to the reduced chain mobility hindering efficient crystal growth. Crystallisation of PFO during
drawing in PFO-UHMWPE blends and its effect on the resulting optical properties certainly
deserve further exploration. For example, it is very likely that, due to stronger interchain bonding
within the crystal, crystallisation of PFO during drawing can prevent chain relaxation and thus
allow optimal alignment to occur. Such a situation also occurs in the drawing of precursor-route
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poly(p-phenylenevinylene)— further complicated by plasticisation with dialkylsulfide leaving
groups – and leads to unexpectedly high anisotropies for modest draw ratios.[67,68]

4.3.3 Optical Spectroscopy of PFO-LLDPE Blend Films
Melt-processed LLDPE-PFO blends containing 0.1 wt % PFO were prepared as described in the
Experimental section. The resulting films were subsequently drawn at 80 °C, above the PFO glass
transition temperature, to the maximum draw ratio (Λ = 10) achievable for this LLDPE molecular
weight. Absorption and PL spectra for both undrawn and drawn blend films are presented in Fig.
4.14.

FIGURE 4.14: Optical spectroscopy of PFO‐LLDPE blends films. Normalised (a) absorption and
(b) PL spectra of an undrawn 0.1 wt % PFO‐LLDPE blend film (red line with ●) and the same film
drawn to Λ = 10 (black lines) with the parallel‐ and perpendicular‐polarised spectra shown by
solid and dashed lines, respectively. (c) Peak‐normalised polarised absorption spectra of the 0.1
wt % PFO‐LLDPE blend film drawn to Λ = 10 (as above) and the absorption spectrum of an
undrawn blend film subjected to the thermal protocol of drawing without the application of
tensile stress (blue line with ).
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The absorption spectrum of the undrawn film shown in Fig. 4.14(a) is reminiscent of that of
crystalline PFO thin films, featuring a HOMO-LUMO absorption band with a more pronounced
red-edge than that for spin-coated glassy PFO films.[4,12] Closer inspection of the spectrum,
confirmed by its negative numerical second derivative,[31] also reveals the presence of a weak
absorption shoulder at ~431 nm, which we attribute to absorption by crystalline PFO chains.
Crystallisation of PFO is expected from the sample processing history, since the blends were
annealed at 230 °C, that is, within the PFO nematic melt temperature range,[2,5,12,14] followed by
cooling in the cold-press. The corresponding PL spectrum, as shown in Fig. 4.14(b), features
vibronic peaks at 436, 459, and 489 nm. Its vibronic structure comprises a superposition of the PL
emission spectra of (i) glassy PFO and (ii) crystalline PFO chains, consistent with the observed
absorption features in Fig. 4.14(a). Interestingly, the crystalline PL from the blend film, revealed
by direct photoexcitation of crystalline chains at 432 nm, features vibronic peaks at 436, 461 and
490 nm, redshifted by ~3 nm from the corresponding vibronic positions for crystalline PFO in
both melt-crystallised neat thin films[4,12] and hot-drawn PFO-UHMWPE blend films. While at
this stage it is hard to unambiguously identify the origin of this redshift, it is plausibly related to
crystals with longer c-axis coherence length formed as a result of either (i) the specific nucleation
by LLDPE and subsequent epitaxial crystallisation of PFO or (ii) crystallisation occurring under
strain due to material flow during melt compression molding. We note that -phase features are
absent from both absorption and PL spectra here due to the solvent-free processing of the blend
film at temperatures in excess of Tm.
Tensile drawing of the blend film results in distinctive changes in both absorption and PL spectra
as shown in Fig. 4.14(a,b), respectively. The PL spectra are redshifted, with well-resolved
vibronic peaks at 437, 462, and 493 nm for both parallel- and perpendicular-polarised spectra. The
redshift and improved resolution of the spectra are due to higher PFO crystallinity in the drawn
films and an associated increase in PL contribution from crystalline chains relative to glassy
chains (see Fig. 4.15). The PL emission anisotropy ratio, R = 4, is limited by the relatively low
draw ratio of these blend films. The main absorption band in the parallel-polarised spectrum of the
drawn blend film is narrowed and slightly red-shifted relative to the undrawn film. The peak
absorption is at 397 nm and a significant shoulder at ~431 nm, attributed to absorption by an
increased fraction of crystalline PFO chains, is seen.
With respect to PFO crystallisation, tensile drawing represents a superposition of two effects,
namely temperature and strain, with both influencing the crystallisation behavior of the guest
polymer. Figure 4.14(c) shows peak-normalised absorption spectra for the drawn film and a
reference undrawn blend film that has been subjected to the thermal protocol of drawing but
without the application of tensile stress. Comparison between these spectra shows that:
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(i)

The relative magnitudes of the red-edge crystalline shoulders match for the parallelpolarised and reference film spectra because PFO crystallisation takes place at the
same temperature. Taking into account the fact that the absorption spectrum of the
reference film also features the contribution from perpendicular oriented chains
implies that the relative fraction of crystalline PFO is higher in the drawn film,
consistent with strain-enhanced crystallisation.

(ii)

The main absorption bands agree more closely for the perpendicular-polarised and
reference film spectra because PFO crystallisation occurs in both cases under
quiescent conditions, that is, without the influence of strain.

The redshift and higher relative intensity of the crystalline shoulder in the parallel-polarised
absorption spectrum compared with the perpendicular-polarised spectrum confirm anisotropic
crystalline chain orientation and suggest preferential crystallisation of PFO along the drawing axis
under applied tensile stress.

FIGURE 4.15: Deconvolution of the PL spectra measured for (a) undrawn 0.1 wt% PFO‐LLDPE
blend film and (b) the same film drawn to Λ = 10 (parallel‐polarised excitation and detection).
The measured PL spectrum data are shown by symbols (●) and the fitted glassy and crystalline
PFO PL spectra are shown by blue and green dashed lines, respectively. The sum fit (red line)
shows good agreement with the experimental data in the 445–650 nm spectral region (unshaded
area in the graph).

The effect that PFO crystallisation under strain has on the optical anisotropy of oriented PFOLLDPE blend films is illustrated in Fig. 4.16. The absorption dichroism, D, calculated as the
intensity ratio of parallel- and perpendicular-polarised absorption has a spectrum (see Fig. 4.16(a))
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that peaks at 431 nm, coinciding with the spectral position of the crystalline absorption shoulder.
In addition, the PLE anisotropy spectrum, monitored at 457 nm corresponding to the S1-S0 0-1
vibronic peak, shows the expected increase at the red-edge of the excitation spectrum. Both of
these observations confirm that the PFO chains crystallised under strain exhibit a higher degree of
uniaxial orientation than the majority disordered chains. Due to their more extended conjugation
length and efficient excitation energy transfer from the majority, disordered chains, PL from
crystalline PFO chains contributes ~90% to the overall emission spectrum. A reasonably large PL
anisotropy, R = 4, is attained, given the modest Λ = 10 draw ratio.

FIGURE 4.16: Optical anisotropy in oriented PFO‐LLDPE blend films. Polarised (a) absorption
and (b) PLE spectra of a 0.1 wt % PFO‐LLDPE blend film drawn to Λ = 10 (black lines, left
ordinate) with the parallel‐ and perpendicular‐polarised spectra shown by solid and dashed lines
respectively. Also shown (red lines with ●, right ordinate) are the corresponding (a) dichroism, D,
and (b) PLE anisotropy spectra.

Comparison of the results obtained for both UHMWPE- and LLDPE-based blends shows that
PFO crystallises during drawing in both matrix PEs. In the absence of coarse phase-separation in
the undrawn films, which, as suggested by previous publications on similar blends,[47,48] can be
achieved by sufficient guest dilution and melt-quench blending for UHMWPE- and LLDPE-based
blends respectively, PFO chains crystallised under strain exhibit enhanced optical anisotropy
compared with the glassy or -phase chains. Regarding the -phase, we note that the melt-based
fabrication of PFO-LLDPE blend films prevents the formation of -phase chain segments, that in
oriented PFO-UHMWPE blend films are poorly aligned by drawing and consequently lead to PL
emission depolarisation following excitation energy transfer. Finally, the observation of a ~3 nm
relative shift in PL emission from PFO chains crystallised under strain in UHMWPE- and
LLDPE-based blends suggests that there may be interesting, and as yet unexplored, differences
between epitaxial crystallisation of PFO in the two blend types.
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4.4. CONCLUSIONS
In summary, we have demonstrated that the interplay between PFO concentration and chain
conformation, blend microstructure and processing conditions strongly influences the optical
anisotropy of PFO in tensile-drawn gel-processed blends with UHMWPE.
A major obstacle for efficient uniaxial alignment of PFO during tensile drawing is its existence in
phase-separated clusters in the undrawn blend films resulting from thermodynamic
incompatibility of the two polymers. As a result, tensile stress cannot be efficiently transferred to
PFO chains located within these clusters leading to their poor orientation and consequent PL
emission depolarisation. Reducing the concentration of PFO in the blend also reduces the size of
these clusters, thus allowing for their dispersal at moderate draw ratios and subsequently enabling
optimal chain alignment to occur.
Drawing at temperatures above 120 °C leads to optimal alignment of UHMWPE, with its double
chain orientation signifying an extremely high degree of chain ordering. Drawing at ~65 °C leads
to a less efficient orientation of the UHMWPE matrix and preserves minor regions of residual
poorly oriented chains. PFO chains within these regions, consequently, also remain poorly
oriented and retain a fraction of the -phase segments found in the undrawn films. Due to their
quasi-1D-crystalline structure, -phase chain segments of PFO are erased by both (i) drawing
temperatures exceeding the -phase melting temperature of 80 °C and (ii) physical chain motion.
The relationship between chain motion and the removal of the -phase chain segments remained
unclear from previous publications;[13] our results seem to confirm the link between the two
processes, with the implication being that the pre-existing -phase chain segments cannot be
oriented by tensile drawing. Retaining unoriented -phase segments in oriented PFO-UHMWPE
blends leads to PL emission depolarisation due to efficient exciton migration from the betteroriented, but higher HOMO-LUMO transition energy, glassy, and crystalline chain segments.
With regard to the drawing method, we have determined that maintaining constant elongation
rather than strain rate during drawing results in less efficient guest alignment due to more
preferential chain relaxation at high draw ratios.
We have also observed that PFO crystallisation occurs during tensile drawing. Following
dispersal of phase-separated PFO clusters, the crystallised PFO chain segments are closely aligned
with the drawing axis as a result of their crystallisation taking place under strain. Due to their
extended conformation and, hence, a lower energy electronic state relative to glassy chains, PL
emission occurs preferentially from the crystalline chain segments, yielding optimal PL emission
anisotropy for these blends. The chemical similarity between PE and the alkyl side-chains of PFO
118

Chapter IV: Microstructure and Photophysics of Poly(9,9-dioctylfluorene) within Oriented Polyethylene Hosts

may enable side-chain-driven epitaxial crystallisation of PFO to occur.
In addition, melt-processed PFO-LLDPE blends were fabricated and characterised for the first
time. Due to the melt-based fabrication, no -phase chain segments survive here and the PFO
chains are more-optimally dispersed in the undrawn blend films, leading to efficient orientation
during tensile drawing. Finally, our findings for crystallisation of PFO during tensile drawing of
these melt-processed PFO-LLDPE films are fully consistent with the corresponding observations
for gel-processed PFO-UHMWPE blends.
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5.1. INTRODUCTION
Poly(9,9-dioctylfluorene) (PFO) is a widely-studied conjugated polymer that exhibits a broad
range of desirable properties, such as efficient pure-blue photo- (PL) and electro-luminescence
(EL), high charge-carrier mobility and optical gain, good thermal stability and excellent
processability from solutions in common organic solvents.[1–3] It has further been shown that
solid-state PFO can be controllably fabricated in a range of glassy, liquid- and semi-crystalline
microstructures that directly influence the resulting optoelectronic properties.[4–11] These features
make PFO well-suited for applications in a variety of optoelectronic devices, such as LEDs,[12]
lasers,[3,13] sensors[14,15] and photonic elements,[16–18] while also allowing it to be used as a test-bed
for fundamental studies of conjugated polymer photophysics.[3,7,19] The 9,9-dioctylfluorene unit is
additionally found in a wide variety of copolymer structures.[20–22]
Solution-crystallisation of PFO, typically manifested as thermoreversible gelation,[23] has been
demonstrated for a range of organic solvents, such as cyclohexane,[5,6] α-pinene,[6]
dichloroethane,[24] methylcyclohexane (MCH)[25–27] and toluene.[28] In an early study Grell et al.[6]
tentatively excluded polymer-solvent compound formation as a contributory factor due to the
literature teaching that such process should occur only for good solvents;[29] this turns out not to
be the case (vide infra). The fundamentally intra-chain nature of the processes responsible for the
observed changes in absorption and PL spectra was nevertheless recognised, with the distinct
planar-zigzag -phase chain segment conformation shown to be a common feature of PFO–
cyclohexane gels, vapour-annealed or thermally-treated PFO and PFO:polystyrene dilute blend
films, and of vapour-annealed PFO quenched nematic glass fibres.[6]

Later studies used a

combination of light, X-ray and neutron scattering as well as optical spectroscopy to further
investigate the photophysical and structural properties of solution-crystallised PFO. In MCH and
toluene PFO was found to crystallise into sheet-like structures, usually referred to as “aggregates”,
with lateral dimensions on the order of 10–100 nm and thickness of a few nm.[25–28,30] Subsequent
agglomeration of these sheets into ribbon-like structures allowed thermo-reversible cross-linking
and gelation[24,31] but the sheet-like structures themselves invariably displayed the spectroscopic
and crystallographic signatures of -phase chain segments.[26,28] Despite the results of these
previous studies, solution-crystallisation of PFO has been rather poorly understood due to several
fundamental ambiguities. First, the number and nature of the phase-transitions that result in the
formation of crystalline structures in PFO solutions remains unclear. Second, although both intraand inter-chain structure formation, mediated by -phase chain segment and sheet-like domain
generation, respectively, has been observed upon solution crystallisation, the relationship between
these phenomena has not been unequivocally determined.
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This confused situation motivated our present study and we report below on the formation and
selected properties of solution-crystallised polymer-solvent compounds, comprising PFO and
particular organic solvents. Such compounds form by stoichiometric co-crystallisation of polymer
chains and small-molecular solvents, resulting in a composite molecular structure featuring weak,
typically van der Waals, bonding between the two components.[32,33] Depending on the details of
their microstructure as well as the scientific context of the study, these compounds have also been
termed crystallosolvates or polymer-solvent intercalates, clathrates and complexes.[32,33] Cellulose
represents one well-known example of a natural polymer that forms such compounds; synthetic
polymer examples include polyoxyethylene,[34] poly(methyl methacrylate),[29,35] poly(vinylidene
fluoride),[36] and polystyrene.[37–41] Despite their unique microstructure, polymer-solvent
compounds have, in general, only found relatively limited use as, for example, nanoporous
selectively-absorbing materials.[42,43] A number of other applications in sensing,[44,45] catalysis[46]
and packaging [47] have, however, been proposed recently.
Here we present the results of a systematic study of the formation and resulting microstructure of
PFO-solvent compounds, investigated by a combination of thermal analysis and X-ray diffraction.
We clarify the fundamental role played by the -phase conformation in compound formation. We
further describe how these findings augment the established understanding of PFO solution
processing and may allow consequent control of -phase chain segment fraction within resulting
films. While so-called bimolecular crystals/intercalates have been previously reported for
mixtures of, for instance, thiophene-based conjugated polymers and fullerene derivatives,[48,49] to
the best of our knowledge, PFO represents the first conjugated polymer for which polymersolvent compound formation is clearly demonstrated. We seek, therefore, to also outline new
approaches by which the unique molecular-level guest-host crystalline arrangement enabled by
compound formation might be exploited to improve the performance of conjugated polymerbased devices.

5.2. EXPERIMENTAL
Materials: Poly(9,9-dioctylfluorene) (PFO) was synthesised using the Suzuki coupling route by
the Sumitomo Chemical Company Ltd. The polymer was subjected to extensive purification prior
to shipment and was used as received. The number-average molecular weight, as determined by
polystyrene-equivalent gel-permeation chromatography (GPC), was 97 kg/mol, with a
polydispersity index = 3.0. Decahydronaphthalene (“decalin”) (> 98%, mixture of cis and trans
isomers, Acros Organics), toluene (99.7%, anhydrous, Sigma-Aldrich), n-dodecane (99%, Acros
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Organics), 1,2,4-trichlorobenzene (“oTCB”) (≥ 98%, Merck) and n-hexadecane (99%, ABCR)
were used as received.
Gel preparation and thermal analysis: Polymer solutions were prepared directly in the standard
low-pressure aluminium differential scanning calorimetry (DSC) crucibles. After addition of the
required amount of solvent, the crucibles were sealed and carefully weighed before and after
measurements to ensure that no solvent loss had occurred. DSC was carried out using a Mettler
Toledo DSC 822e instrument that was routinely calibrated using indium standards. As a first step,
all mixtures were annealed at temperatures near the boiling point of the solvent for ≥ 20 min to
ensure that homogeneous solutions were obtained. Standard 5 °C min–1 heating/cooling rates were
used, except for preparation of the so-called “slowly-crystallised” gel samples, processed for
maximal degrees of crystallinity. For these, the solutions were cooled at 1 °C min–1 and then
annealed at the corresponding crystallisation temperature for 45 min. Melting enthalpy, ∆Hm, of
free, i.e. crystallisable, solvent in these slowly crystallised gels was determined by integrating the
corresponding DSC heating thermograms in the –50 – 20 °C temperature range, which included
both the high- and low-temperature endothermal transitions (vide infra).
Optical microscopy: Temperature-dependent optical microscopy was carried out with a Leica
DMRX microscope equipped with a Linkam THMS600 hot-stage. Gel samples were sealed
between two coverslips, ensuring that no solvent loss occurred.
Photoluminescence spectroscopy: Photoluminescence (PL) spectra were measured using a Jasco
FP-8500 spectrofluorometer operating in a 90° optical geometry with excitation wavelength λex =
390 nm.
Critical-point drying of gels: Dried gels for X-ray diffraction measurements were prepared from
the slowly-crystallised as-prepared gels by supercritical drying using a CO2 critical-point dryer
(SPI Supplies). The sealed DSC crucibles containing the gel samples were opened and
immediately flushed with liquid CO2 at ~15 °C; the samples were then left for 2 h allowing
solvent exchange to take place. The temperature was then increased to 37 °C (below the glass
transition temperature Tg of neat PFO), allowing supercritical extraction of CO2. Due to the
limited miscibility of CO2 with the solvents used in this study, the drying process was repeated 3
times. To ensure data comparability, both as-prepared and dried gel samples were prepared for Xray diffraction measurements using solutions with identical starting concentrations.
X-ray diffraction: Wide-angle X-ray diffraction (WAXD) was performed on an Oxford
Instruments XCalibur PX diffractometer using Mo-Kα radiation (0.71 Å wavelength). Gel,
polymer and solvent reference samples were individually sealed inside glass capillary tubes
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(Hilgenberg; 1.5 mm diameter). Sample temperature was controlled using the Cryojet accessory
by streaming temperature-stabilised (± 0.1 °C accuracy) nitrogen gas over the capillary tube. The
measurements were principally carried out at –100 °C, corresponding to a temperature
substantially below the expected compound Tg. While it was not possible to directly measure Tg
for any of the compounds, we estimated the expected Tg values from the corresponding Tm values
using the empirical equation (1) which holds true for the majority of polymers.[50]

Tg / Tm  0.5  0.7
(1)

While the Tg values determined by this method are very approximate at best, we found that further
cooling of the gel samples below –100 °C did not lead to any noticeable changes in the diffraction
patterns. The samples were equilibrated at each temperature for 15 min prior to measurement and
20 min integration times were used to record the data. The two-dimensional diffraction patterns
were radially integrated following correction for background signal.

5.3. RESULTS
5.3.1. Thermal Analysis
Fig. 5.1(a) illustrates common manifestations of solution-crystallisation of PFO for the specific
case of PFO–decalin mixtures. Also shown in Fig. 5.1(b) are the chemical structure of PFO and
schematics of its two principal chain conformations. Differential scanning calorimetry (DSC)
thermograms (cf. Fig. 5.1(a)) reveal that the solution-crystallisation process is thermoreversible. A
crystallisation exotherm appears at 28 °C in the cooling trace and a melting endotherm at 82 °C in
the heating trace. We note further that the cross-polarised micrograph (bottom left) taken at 0 °C
on cooling shows strong crystallite scattering but no evidence for the occurrence of macroscopic
liquid-liquid (L-L) demixing and that the corresponding micrograph (top right) taken at 125 °C on
heating shows clear dissolution of the semi-crystalline microstructure resulting in an isotropic
solution.
The inset photographs of vials containing isotropic (bottom right) and crystallised (top left) PFO–
decalin mixtures under UV illumination show additionally that solution-crystallisation of PFO
leads to gelation, i.e. formation of a macroscopically-coherent “solid” structure, even at polymer
weight fractions in solution, cp, as low as the 0.005 value used for these photographs. The
occurrence of macroscopic gelation at such remarkably low polymer content clearly indicates the
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chain-extended nature of the crystalline polymer structures that are formed, as well as a high
degree of crystallinity. By comparison, macroscopic gelation of ultra-high molecular weight
polyethylene (UHMWPE) in decalin does not occur for the same polymer fraction,[51] despite the
fact that the chain contour length is > 23 times higher for UHMWPE relative to the PFO used in
this study. Hereafter, for the sake of simplicity, all crystallised PFO solutions will be simply
referred to as gels.

FIGURE 5.1: Solution‐crystallisation of PFO. (a) Illustration of the main aspects of the solution‐
crystallisation of PFO, showing, as a specific example, typical DSC thermograms and cross‐
polarised microscopy images (20 μm scale bars) for PFO–decalin (polymer weight fraction cp =
0.3). The dark isotropic crossed‐polarised image (top right) was taken at 125 °C and the bright
scattering image (bottom left) at 0 °C. Photographs of vials containing a (more dilute) cp = 0.005
PFO‐decalin gel (0 °C, upper left) and solution (125 °C, lower right) under UV illumination are also
presented, showing both the thermoreversible solidification and the change in fluorescence
colour upon gelation. (b) Schematic illustration of the disordered (i.e. wormlike) and β‐phase
chain conformations of PFO. The n‐octyl (C8H17) side‐chains are omitted for clarity.
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The photographs also show a distinct change in fluorescence colour between the solution and the
gel. While in the solution PFO chains typically adopt a disordered “wormlike” conformation with
a broad distribution of inter-monomer torsion angles, the gels invariably contain a substantial
fraction of PFO chain segments in the so-called -phase conformation; both chain geometries are
schematically illustrated in Fig. 5.1(b). The -phase conformation refers to a planar-zigzag chain
geometry, with a well-defined[10] inter-monomer torsion angle ϕ, which the majority of studies
have determined to be ϕ = 180°,[4–7,52] and a characteristic alignment of the octyl side-chains along
the backbone.[10,53] The red-shifted emission from -phase chain segments (arising from a more
extended conformation that supports greater electronic delocalisation) typically dominates PL due
to efficient excitation energy transfer from the disordered, i.e. higher HOMO-LUMO transition
energy, parts of the chain ensemble.[4,5,10,19]



()2

(cal1/2cm–3/2)

(cal cm–3)

PFO

9.2

–

Toluene

8.9

0.09

Decalin

8.7

0.25

oTCB

9.9

0.49

Hexadecane

8.0

1.44

Dodecane

7.8

1.96

Polymer/Solvent

TABLE 5.1: Hildebrand solubility parameters, δ, for PFO[4,5] and the solvents[54] used in our study.
(Δδ)2 is the squared difference between the solvent solubility parameter and that of PFO. Lower
(Δδ)2 values correspond to lower heats of mixing and, therefore, to higher solvent “quality”;
solvents are listed in quality order from good (top) to poor (bottom).
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FIGURE 5.2: Dissolution/melting and crystallisation of PFO solutions. (a) Temperature–
composition diagram, representing the variation of peak dissolution temperature T with polymer
weight fraction cp for mixtures of PFO and selected organic solvents. Data is shown for (in order
of expected decreasing solvent quality; see Table 5.1) toluene (), decalin (), oTCB (),
hexadecane () and dodecane (●). The temperature at which neat PFO undergoes its nematic to
isotropic melt transition is also indicated (, top right corner). For the sake of clarity, dissolution
temperature values are reported only for the endotherm with the highest peak heat flow. (b)
Heating and (c) cooling DSC thermograms for PFO–dodecane mixtures. The corresponding cp
values are indicated.
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In order to investigate the thermal transitions involved in the crystallisation and dissolution of
PFO, DSC was performed on mixtures with a range of different organic solvents. While all
previous reports were for relatively dilute (≤ 50 mg/mL) PFO solutions,[30] in this study the
mixtures were prepared (see Experimental section) over a much wider concentration range (e.g.
33–3540 mg mL–1 for PFO–dodecane). Figure 5.2(a) presents the temperature–composition
diagram for different PFO-solvent combinations, showing, in each case, the variation of peak
dissolution temperature with polymer weight fraction, cp (g/g). As expected,[55] addition of
solvents that exhibit a non-negligible interaction with the polymer leads to dissolution
temperatures that are much lower than the thermal transition to the isotropic melt (~340 °C )
observed for neat PFO. The magnitude of this temperature depression, judged from the cp < 0.2
section of the diagram, generally increases with solvent “quality”, quantified as the squared
difference, (Δδ)2, between the Hildebrand solubility parameters, δ, of PFO and solvent[4] (see
Table 5.1). Also of note are the distinct “kinks”, i.e. changes in gradient, seen most clearly for
dodecane and hexadecane at cp ≈ 0.45. As will be shown below, these are due to the occurrence,
typically at high polymer weight fractions, of dynamic recrystallisation/melting transitions prior to
complete dissolution. [N.B. This data will be subsequently revisited (cf. Fig. 5.12; vide infra),
when more rigorous, albeit non-equilibrium, temperature–composition “phase” diagrams will be
presented.]

FIGURE 5.3: Thermal analysis of PFO–decalin mixtures. (a) Heating and (b) cooling DSC
thermograms recorded for PFO–decalin mixtures with the corresponding polymer weight
fraction, cp, values indicated. Standard 5 °C min–1 rates were used.
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FIGURE 5.4: Thermal analysis of PFO–oTCB mixtures. (a) Heating and (b) cooling DSC
thermograms recorded for PFO–oTCB mixtures with the corresponding polymer weight fraction,
cp, values indicated. Standard 5 °C min–1 rates were used.

Representative heating and cooling DSC thermograms are shown for PFO–dodecane mixtures in
Fig. 5.2(b) and (c), respectively. Crystallisation is observed as a single exothermal peak in the
cooling thermograms up to cp = 0.83, at which point solution-crystallisation then coexists with the
standard melt-crystallisation of neat PFO into the so-called α-phase.[8] This coexistence results
from there being insufficient solvent in the mixture to form a uniform, stoichiometric, polymersolvent compound (vide infra). The process of gel melting/dissolution, as observed in the heating
thermograms, is, conversely, somewhat more complicated. For moderately good solvents, i.e.
toluene, decalin and 1,2,4-trichlorobenzene (oTCB), gel melting is observed as a single endotherm
(see Figs. 5.3 and 5.4). For moderately bad solvents, i.e. dodecane and hexadecane, two
overlapping endotherms are observed in the heating thermograms (cf. Fig. 5.2(b)). These were
investigated in a control experiment (see Fig. 5.5), in which a solution was crystallised at a
constant cooling rate and re-melted at varied (1–20 °C/min) heating rates. The relative magnitude
of the high-temperature endotherm was observed to decrease at higher heating rates, which
indicates that only the low-temperature endotherm corresponds to gel melting, whereas the hightemperature endotherm is due to the process of dynamic polymer recrystallisation and
simultaneous melting.[38] This assignment is corroborated by the fact that such behaviour at
low/moderate polymer weight fractions is only observed for the moderately bad solvents, in which
the driving force for PFO recrystallisation is increased for thermodynamic reasons.
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FIGURE 5.5: Dynamic recrystallisation and melting of PFO mixtures with poor solvents. Heating
rate dependence of DSC thermograms recorded for PFO gels in (a) dodecane and (b)
hexadecane. Mixtures were crystallised at constant 2 °C min–1 rates and re‐heated at the
indicated rates. Dashed red lines are a guide to the eye for the position of the low‐temperature
endotherm. The relative contribution of the high‐temperature endotherm is reduced when
higher heating rates are used. This is understood to be due to kinetically‐hindered
recrystallisation at high heating rates which in turn results in lower relative enthalpy of the high‐
temperature endotherm.

Finally we note that all studied PFO gels exhibited pure -phase PL, shown in Fig. 5.6, despite the
possible coexistence of α-phase crystalline chains for the gels with the highest cp; this is due to
preferential excitation energy transfer to the lower HOMO-LUMO transition energy -phase
chain segments. We also note that the solutions and gels did not exhibit any appreciable greenband (g-band) emission at ~535 nm,[56,57] even after repeated heating-cooling DSC cycles
followed by compaction and desiccation of the gel, indicating that thermo-oxidative degradation
of PFO was minimal (cf. Fig. 5.6). More detailed optical spectroscopy results will be presented in
Chapter VI, which specifically focusses on the differences in solution-crystallisation behaviour for
PFO and a related polyfluorene copolymer with a modified side-chain structure. However, at this
point we take it as implicit from the PL data that solution-crystallised PFO chains adopt the phase conformation. This is also confirmed by the close correspondence between X-ray
diffraction patterns recorded for PFO gels (vide infra) and the diffraction data reported elsewhere
for solution-grown -phase crystals.[26,52]
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FIGURE 5.6: Optical spectroscopy of PFO gels. PL spectrum of a slowly‐crystallised cp = 0.3 PFO‐
dodecane gel (solid black line) that has previously undergone repeated heating/cooling cycles in
the DSC between –50 and 160 °C. Prior to PL measurement, the gel was pressed into a film at
room‐temperature using a bench‐top hydraulic press and subsequently desiccated to ensure
that minimal amount of solvent remained in the film. Also shown is the PL spectrum of a drop‐
cast PFO thin film (dashed red line) which features a high (~30 %) fraction of ‐phase chain
segments.

5.3.2. Polymer-Solvent Compound Formation
As already discussed in the introduction, polymer-solvent compounds comprise a structure in
which the two components co-crystallise, with solvent molecules incorporated into along-chain or
between-chain cavities created by, for instance, a particular helical conformation of the polymer
backbone. Depending on solution concentration, there can additionally be so-called “free” solvent
molecules that can undergo the usual crystallisation/melting transitions expected for the neat
solvent. Crystallising and re-melting these free-solvent molecules allows for the free-solvent
melting enthalpy ∆Hm to be determined, thus providing additional information on gel composition
and structure.[35,37,58] Conversely, the solvent molecules involved in the structure of the compound
cannot undergo independent thermal transitions and, therefore, do not contribute to the measured
∆Hm.
A DSC study was carried out between –50 °C and 20 °C (spanning the free-solvent crystallisation
and melting temperature range for the selected solvents) for slowly-crystallised gels, i.e. those
possessing maximal degrees of crystallinity (see Experimental section). Figure 5.7(a) shows the
extracted variation of free-solvent ∆Hm with gel composition, expressed here as the PFO repeat
unit molar fraction xu, for gels with oTCB, dodecane and hexadecane. Plotting in this way helps to
confirm polymer-solvent compound formation[35,37,58] and allows the compound stoichiometry to
be readily determined.
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FIGURE 5.7: Free‐solvent melting. (a) Free‐solvent melting enthalpy, ΔHm, as a function of the
PFO repeat unit molar fraction, xu, for “slowly‐crystallised” PFO gels with dodecane (),
hexadecane () and oTCB (). Dashed lines indicate linear fits to the data. (b) Representative
DSC heating thermograms (offset for clarity), parametric in xu, for PFO–dodecane gels; the
extrapolated baselines (dotted lines) highlight the presence of additional (weak) endotherms for
some of the data.

Gibbs’ phase rules dictate that the enthalpy associated with the first-order melting transition of the
free-solvent should vary linearly with its concentration. It is indeed observed that increasing the
PFO molar fraction, xu, results in a linear diminution of ∆Hm. Extrapolating the linear fits (dashed
lines in Fig. 5.7(a)) to ∆Hm = 0 allows the PFO–solvent compound concentration xu* and,
therewith, stoichiometry (the number of solvent molecules per polymer repeat unit) to be
estimated; results are summarised in Table 5.2. We note that the reported stoichiometries may be
somewhat inaccurate since our analysis assumes full transformation of each solution into
polymer-solvent compound plus free-solvent and ignores the presence of any residual dissolved
polymer fraction for which a higher degree of solvation can be expected. This situation would
tend to overestimate the amount of solvent incorporated within the compound. Reassuringly,
however, the deduced stoichiometry values are consistent with the results of X-ray diffraction
analysis performed on the same samples (vide infra).
The DSC heating thermograms recorded in the free-solvent melting experiments for PFO–
dodecane gels are shown in Fig. 5.7(b). These reveal more complex behaviour than is evident
simply from the ∆Hm versus xu plots (cf. Fig. 5.7(a)). For xu = 0 we see a single melting
endotherm that peaks at –8 °C as expected for neat dodecane.[59] For concentrations in the range
0.19 < xu < 0.4 two endotherms are seen, one especially sharp peak close to –9 °C and a second
feature that broadens, weakens and shifts to lower temperatures as xu increases. These
observations point to free-solvent being present in the form of both a subset of very well-defined
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crystals (sharp endotherm) and a second broader distribution of crystals with a range of decreasing
sizes which, in accordance with Gibbs’ theory, melt at lower temperature than the quasi-infinite
crystals.[41] Finally, for xu = 0.67 no free-solvent melting is detectable (flat DSC thermogram) as
all of the solvent is trapped within polymer-solvent compounds.

Stoichiometry

c p*

(F8 : solvent)

(g/g)

0.51  0.01

1:1

0.70

Hexadecane 0.70  0.02

2:1

0.80

0.33  0.01

1:2

0.51

Solvent

Dodecane

oTCB

xu

TABLE 5.2: Compound concentrations, xu*, expressed in terms of the PFO repeat unit molar
fraction, and corresponding stoichiometries determined by (free) solvent melting enthalpy
measurements. To facilitate data comparison, xu* values are also given as polymer weight
fraction, cp*.

5.3.3. Microstructure
Wide-angle X-ray diffraction (WAXD) was used to determine the crystalline structure of the
PFO–solvent

compounds.

Slowly-crystallised

gel

samples

were

prepared

with

PFO

concentrations, xu , close to but marginally (~0.04) below their respective xu* values in order to
simultaneously minimise the presence of α-phase crystalline PFO and free-solvent. The resulting
gel diffraction patterns nevertheless still comprise contributions from: (i) PFO, including both
crystalline (i.e. polymer-solvent compound) and residual amorphous fractions, (ii) “free”, i.e.
crystallisable, solvent, and (iii) “trapped” solvent which can either be intercalated, i.e. cocrystallised, with the polymer (the compound case) or randomly dispersed in its amorphous
fraction (the no-compound case).

Deconvolution of WAXD data
In order to extract information on the crystalline packing (if any) of trapped solvent molecules
from the diffraction patterns of the as-prepared gels, we subtracted the corresponding normalised
diffraction patterns of the neat solvent and polymer, as shown in Fig. 5.8. The latter diffraction
pattern was obtained for dried polymer gels prepared by critical-point drying of the as-prepared
gels. This approach allows for interface-free removal of solvent and minimises the possibility of
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associated structural changes to the polymer.[32,60] We also note that both the as-prepared and
dried PFO gels exhibited essentially identical -phase-dominated PL spectra (not shown here) and
yielded WAXD patterns with closely corresponding reflection peaks for the polymer (see Fig.
5.8(b)).

FIGURE 5.8: Deconvolution of WAXD data. Illustration of the two‐step deconvolution method
applied to WAXD patterns recorded for PFO gels in order to extract the corresponding diffraction
patterns of the solvent in the compound; representative data is shown for xu ≈ 0.6 PFO–
hexadecane gel at –100 °C. (a) The diffraction pattern of the “free” (i.e. crystallisable) solvent
(blue line) is normalised and subtracted from the diffraction pattern of the as‐prepared gel (black
line); the difference pattern is shown (red line). (b) The diffraction pattern of the polymer (green
line; prepared by critical‐point drying of the as‐prepared gel) is normalised and subtracted from
the diffraction pattern of gel minus free solvent (black line, obtained in (a)); the difference (red
line) corresponds to the diffraction pattern of the “trapped” solvent, i.e. that which is involved in
the structure of the compound. In each case, the dashed rectangles indicate the regions
preferentially used for normalising the respective diffraction patterns.

Microstructure of PFO–solvent compounds
The corresponding set of diffraction patterns for a xu ≈ 0.6 PFO–hexadecane gel is shown in Fig.
5.9(a). The pattern for the trapped solvent features a strong reflection at d = 0.42 nm; note that this
peak is unique to the trapped solvent and does not have a counterpart in the diffraction pattern of
the free solvent. Equivalent reflections are seen at the same d-spacing for the trapped solvent in
dodecane and oTCB gels, thereby demonstrating the generality of the adopted structure for
different solvents and emphasising the dominant role of the solution-crystallised PFO chains in
determining this structure. A strong reflection at d = 0.42 nm has previously been observed for
solution-processed -phase-rich solid PFO samples[9,52,61] and was attributed to a c-axis backbone
137

Chapter V: Crystalline Polymer-Solvent Compound Formation for Poly(9,9-dioctylfluorene)

periodicity, corresponding, as it does, to half the length of the PFO repeat unit.[5] Specifically, Liu
et al.[52] used X-ray and selected-area electron diffraction (SAED) to study the structure of
solution-grown -phase crystals of monodisperse PFO oligomers. It was reported that, following
solvent removal, the -phase crystals comprised an orthorhombic unit cell with its c-axis length
(3.36 nm) corresponding to the length of four fully-extended fluorene repeat units. Hence, the
peak at d = 0.42 nm was indexed as the (008) reflection of the -phase chain segments within
these solution-grown crystals.[52]

FIGURE 5.9: Microstructure of PFO–solvent compounds. (a) The radially‐integrated WAXD
pattern (black line) recorded for a PFO–hexadecane gel, xu ≈ 0.6, at –100 °C (i.e. below the
expected glass transition temperature Tg of the compound and Tm of the solvent) together with
the corresponding normalised diffraction patterns for polymer (green line) and free‐solvent (blue
line) (see Experimental section for sample details). Also shown is the extracted diffraction
pattern of the “trapped” solvent (red line) obtained by subtraction of the polymer and free‐
solvent diffraction patterns from the as‐prepared gel data. (b) Schematic illustration of the PFO–
solvent compound, showing the β‐phase chain segments and the cavities that contain “trapped”,
i.e. intercalated, solvent (red circles). The (004) reflection observed for the solvent in the
compound (d = 0.42 nm) as well as the c‐axis periodicity of intercalated solvent molecules (4d =
1.68 nm) are also indicated, with the latter being equivalent to the length of two PFO repeat
units in the ‐phase conformation (see, for example, [6, 10, 52]). The chemical structures of the
solvents used in this study are shown at the bottom (left to right: decalin, toluene, oTCB,
dodecane and hexadecane). Note that, while the n‐alkanes are shown in their all‐trans
conformations, the intercalated solvent molecules are likely to be folded inside the cavities.
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Since the placement of solvent molecules within the PFO–solvent compound would be dictated by
the chain conformation of the polymer, we assign the d = 0.42 nm reflection observed for the
trapped solvent as the (004) reflection of the intercalated solvent molecules in the compound. In
this case, 4d corresponds to the c-axis periodicity of the intercalated solvent which, reassuringly,
is equivalent to the length of two PFO repeat units in the -phase conformation.[6,10] We note that
the angular resolution of our instrument prevents us from also observing the (001) reflection peak
for the intercalated solvent. An additional reason why the observed reflection is unlikely to be
related to solvent placement along the a- or b-axis is that, due to the different compound
stoichiometries and, hence, solvent volumes per cavity, the d-spacings along these axes would be
expected to vary between the three solvents.[60] Conversely, due to the rigid chain geometry of the
-phase, the d-spacings along the c-axis would be identical for different solvents and
stoichiometries, as indeed was observed experimentally. Additional WAXD data, notably for a
different solvent and two contrasting polymer side-chain structures, is presented in Chapter VI.
The proposed structure of the PFO-solvent compound is shown schematically in Fig. 5.9(b). The
planar-zigzag chain structure[4–7] and the alignment of the octyl side-chains along the
backbone[10,53] are unique to the -phase conformation. The packing distance of adjacent -phase
chain segments along the a-axis is consistent with the interdigitated model proposed previously
for -phase PFO.[24,52,62] Taken together, these two structural aspects lead to the formation of
cavities (red circles in Fig. 5.9(b)) which allow for the intercalation of small-molecular solvents of
appropriate volume, such as those used in this study (cf. chemical structures in the same figure).
As an additional check, we investigated shrinkage of the polymer unit cell upon critical-point
drying of the gels in dodecane, hexadecane and oTCB. The (100) reflection of PFO is wellresolved in all three gels and appears at d ≈ 1.26 nm. In the case of a polymer-solvent compound,
the amount by which d (100) shrinks following solvent removal is expected to be proportional to
the volume of solvent per cavity, Vc, in the as-prepared gel. On the other hand, if PFO does not
form a compound then the shrinkage of d (100) (if any) would not be correlated with Vc.
Figure 5.10 confirms that the decrease in Bragg distance for the (100) reflection of PFO is
proportional to Vc, calculated using the previously determined compound stoichiometries and the
known molar volumes for the respective solvents. The inset in Fig. 5.10 shows representative
WAXD data for the as-prepared and dried xu ≈ 0.3 PFO-oTCB gels. The increase in the width of
the (100) reflection following drying can be attributed to (i) decreasing crystal size due to the
disruptive effect of solvent removal, and (ii) distortion of the crystal lattice during unit cell
shrinkage.
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FIGURE 5.10: Drying of PFO–solvent compounds. Change in Bragg distance, d, of the (100) PFO
reflection peak following supercritical drying of the gels, plotted as a function of solvent volume
per cavity, Vc, of the polymer‐solvent compound. The dashed grey line serves as a guide to the
eye. Inset shows representative diffraction patterns of xu ≈ 0.3 PFO‐oTCB gels in the as‐prepared
state (black line) and following supercritical extraction of the solvent (red line). The arrow
indicates the shift of the (100) reflection. All data were recorded at –100 °C and for polymer
concentrations marginally (~0.04) below the corresponding compound concentrations xu*.

The volume of a single cavity in the PFO-solvent compound (cf. Fig. 5.9(b)) can be estimated
from the maximum obtained Vc value (two oTCB molecules per cavity) and the volume of
hexadecane which was found to be too large for a single cavity (F8 : solvent stoichiometry = 1 :
2). This yields an estimated cavity volume of 4.1–4.9 10–22 mL for the PFO-solvent compound.

Alternative estimate for cavity volume
As an additional check, the volume of a single cavity in PFO–solvent compounds can also be
estimated using a back-of-the-envelope calculation based on the dimensions of the compound
structure determined by WAXD, illustrated in Fig. 5.11.
The maximum length of a single cavity along the c-axis corresponds to 0.84 nm, i.e. the length of
a F8 repeat unit.[5,52] The spacing of adjacent PFO chains along the a-axis was calculated from the
(100) reflection in WAXD patterns recorded for as-prepared gels in dodecane, for which the
stoichiometry of 1 : 1 was measured. As is evident from Fig. 5.11, only a fraction of the length
along the a-axis would be available for the placement of intercalated solvent; thus, for the
estimation of cavity volume Vc, it was arbitrarily scaled by 75%. The spacing of adjacent chains
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along the b-axis is estimated as 0.4 nm, calculated from the (020) reflection in the WAXD
patterns recorded for the as-prepared PFO–dodecane gels. We note that these values closely
correspond to the dimensions of a solvent-free -phase crystal reported by Liu et al.[52]
Calculating Vc using these values yields:

Vc  (0.75  1.25)  0.4  0.84 nm 3  3.2  1022

(2)

The value of ~3  10–22 mL shows reasonable agreement with Vc ≈ 4.1–4.9  10–22 mL, estimated
using the calculated compound stoichiometries and molar volumes of the respective solvents.

FIGURE 5.11: Estimating cavity volume in PFO–solvent compounds. Schematic illustration of
chain structure and dimensions in a PFO–solvent compound (cf. Fig. 5.9(b)).

5.3.4. Phase Behaviour
Having confirmed the formation of polymer-solvent compounds with PFO by both thermal
analysis and WAXD, we now present selected data from Fig. 5.2(a) in the context of nonequilibrium temperature–composition “phase” diagrams, shown in Fig. 5.12.
The temperature–composition phase diagram for PFO–dodecane (cf. Fig. 5.12(a)) is characteristic
of an incongruently-melting compound, whereby the compound C transforms into another phase
(in this case a liquid plus semi-crystalline polymer (L + S2)) at concentrations below xu* prior to
its complete melting.[33] Such behaviour has been observed for syndiotactic polystyrene (sPS) gels
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in trans-decalin, for which a compound with stoichiometry 1 : 1 has been demonstrated.[41]
Conversely, the temperature–composition phase diagram for PFO–oTCB (cf. Fig. 5.12(b)) is
typical of a singular-melting compound, for which direct melting occurs, with maximum melting
temperature found at the compound concentration xu*.[33] This type of compound has been found
for sPS gels in tetralin[41] and toluene,[33] both featuring 1 : 1 stoichiometry. Typically,
incongruently-melting compounds are observed when poorer solvents are used[63] which is indeed
the case for PFO, considering the less-matched solubility parameter of dodecane compared with
oTCB (cf. Table 5.1). Interestingly, the ~25 °C difference in maximum Tm of the two compounds
shown in Fig. 5.12 suggests that the stability of the compound is higher for PFO–oTCB. One
possibility is that this is due to a higher volume of solvent per cavity in the compound (4.1  10–22
mL compared with 3.8  10–22 mL for dodecane) which results in stronger van der Waals bonding
between the polymer and intercalated solvent. An alternative explanation is that the stability of the
PFO compound is proportional to the solvent quality; this correlation has been proposed for sPS
compounds, although without considering the possible stoichiometric differences.[63]

FIGURE 5.12: Schematic non‐equilibrium temperature–composition phase diagrams for PFO
mixtures with (a) dodecane and (b) oTCB. Polymer concentration xu is expressed as the F8 repeat
unit molar fraction. Symbols represent melting temperatures; solid lines are guides to the eye
for the observed transitions while dashed lines indicate their probable extensions. The phases
are represented as follows: L, liquid solution or melt; S, (semi‐)crystalline solid; C, compound;
subscripts 1 and 2 refer to the solvent and polymer components, respectively.

On a cautionary note, we should emphasise that the presented phase diagrams can serve only as an
approximation to the equilibrium phase behaviour. First, although PFO gels were dealt with as
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two-component systems, strictly-speaking the polymer can hardly be treated as a single
component given its large polydispersity and incomplete formation of the -phase conformation.
Second, since the gels were prepared by dynamic crystallisation at finite cooling rates, their
reported melting temperatures do not represent equilibrium values. Nevertheless, as shown in
previous reports,[37,40] these non-equilibrium temperature-composition phase diagrams provide an
adequate qualitative indication of the phase behaviour.

5.4. DISCUSSION
Our demonstration of PFO-solvent compound formation stimulates discussion in two specific
directions:
(i) These observations substantially add to our understanding of the -phase conformation, and in
particular show that, due to its planar-zigzag geometry, this conformation allows intercalation of
solvent within along-chain cavities, thereby stabilising the backbone. In this respect, the situation
is similar to sPS-solvent compounds that feature chains in the helical, so-called δ-phase,
conformation. The δ-phase of sPS can be formed via crystallisation from solutions as well as by
exposure of amorphous or crystalline sPS films to an appropriate solvent in liquid or vapour
form.[32] The latter methods, namely immersion in solvent-nonsolvent mixtures and solvent
vapour annealing, are also commonly used to introduce the -phase conformation in solid-state
PFO.[6,12,17,18] Approaching -phase chain segment formation via crystallisation protocols may
stimulate new approaches to fabrication of solid-state PFO samples with -phase content greater
than the ~45% limit achieved to date.[11] Confirmation of the fundamental role played by solvent
in formation of the -phase and first elucidation of the stabilising effect of polymer-solvent
compound formation encourages further studies of solvent and processing temperature
optimisation.
For example, our preliminary results indicate that the solution-crystallisation rate of PFO,
quantified as the crystallisation half-time t1/2, is reduced in low molar volume solvents, as is
shown in Fig. 5.13. Crystallisation half-time is defined as the time elapsed from the onset of
crystallisation to the system reaching 50% degree of transformation, i.e. the value of relative
crystallinity = 50%. Thus, crystallisation half-time is inversely proportional to crystallisation rate.
Such observations add a new parameter axis to solvent selection and can be especially important
for fabrication when PFO films maximally free from -phase chain segments are required.[3,18]

143

Chapter V: Crystalline Polymer-Solvent Compound Formation for Poly(9,9-dioctylfluorene)

FIGURE 5.13: Non‐isothermal crystallisation half‐times, t1/2, measured by DSC for PFO solutions
(xu ≈ 0.05 ± 0.01) in solvents with different molar volumes Vm. Constant 1 °C/min cooling rates
were used.

On a separate note, it should be mentioned that the first observations of the -phase conformation
in PFO were made following thermal post-processing of glassy spin-coated PFO films via invacuo cooling to and re-heating from –196 °C.[4,6] Given the seemingly solvent-free formation of
the -phase in that case, as well as other observations of -phase formation during, for instance,
solution-casting on a water surface,[64,65] it would be most interesting to further study the
differences between these and more common solvent-based approaches to inducing -phase in
solid-state PFO.
(ii) The formation of a polymer-solvent compound is a molecular recognition process, for which
the critical solvent properties are: (a) appropriate volume and, to a lesser extent, (b) matching
solubility parameter. Hence, molecular PFO compounds might more generally be formed with the
organic solvent replaced by a small molecule of desired optoelectronic properties, thereby
allowing the fabrication of ultra-regular molecular-level blends comprising a PFO host and a
small-molecular guest. A judicious choice of guest molecule might therefore enable improved
device performance for PFO compounds in terms of, for example, charge-carrier injection and
transport, energy transfer, charge separation and stability against photo- or thermal-degradation.
This is expected to prove an interesting avenue for future research.

5.5. CONCLUSIONS
Polymer-solvent compound formation has been demonstrated for PFO and a range of organic
solvents, observed as solution crystallisation and accompanied by thermoreversible gelation. The
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crystalline structures in the gels consist of solvated -phase crystals, in which solvent molecules
are intercalated into the along-chain cavities characteristic of the PFO -phase chain
conformation. The properties (such as volume and solubility parameter) of the small-molecular
species were found to play a key role in compound formation, significantly affecting the
stoichiometry of the resulting compound, as well as its stability. Comparisons have been drawn
between the compound formation for PFO and similar phase behaviour in other systems, notably
those based on syndiotactic polystyrene. Our findings clarify the nature of the -phase
conformation and suggest new strategies for controllable solution-processing of PFO.
Having shown compound formation with simple molecules like 1,2,4-trichlorobenzene and
dodecane, future work will extend this approach to other guest molecules with similar
physicochemical properties (e.g. molecular volume) with the aim of engineering new
functionalities in solid-state PFO-based blends.
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6.1. INTRODUCTION
The possibility to process conjugated polymers from solution is one of the key drivers that has
stimulated research on printable/plastic electronics.[1–3] This arises through the corresponding
opportunity for cost-effective large-area processing, for example using gravure[4–7] and other highthroughput printing modalities. However, the phase behaviour of polymer solutions can be
extremely complex, with factors such as solvent quality, polymer concentration, and processing
temperature strongly affecting polymer chain conformation and the propensity for structure
formation in solution, both of which can ultimately influence the resulting solid-state properties
following solvent removal.[8–13] Solution processability of conjugated polymers is typically
enabled by the attachment of solubilising side-chains to the conjugated backbone;[14–16] the
alternative precursor-route approaches[17–20] are little used any more. The chemical structure of the
side-chains is an additional variable that dramatically influences the polymer’s overall solubility
as well as the range of possible chain conformations and packing geometries.
All of these considerations have been evidenced in the synthesis and characterisation of dialkylsubstituted polyfluorenes (PFs) – a family of polymers closely related to the generally-insoluble
poly(para-phenylene)s (PPPs) but which features a bridging carbon atom in the C-9 position
between alternating pairs of phenylene rings.[15,21] In addition to their outstanding optoelectronic
properties,[8,22–26] PFs have proven to be an excellent material system for studying the interplay
between various aspects of microstructure and photophysical properties.[26–34] While a diverse
range of side-chain substituents has been reported,[35,36] most of the studies have focussed on
dialkyl-substituted PFs, which exhibit solution- and solid-state microstructures that can include
several thermotropic liquid-crystalline forms, as well as the distinct and widely-studied -phase
conformation.[8,27,31,32,37–44]
In some cases, the distinction between crystalline structures formed in solution and solid-state can
become blurred since, for example, gels of these polymers may contain crystalline forms identical
to those that can also be obtained by melt-crystallisation, e.g. in the case of syndiotactic
polystyrene (sPS).[45] On the other hand, crystallisation is a kinetically-controlled process and,
hence, the solvent can play an important role in mediating inter-chain interactions. In special
cases, the solvent itself can co-crystallise with the polymer, leading to the formation of composite
solvated polymer crystals, commonly referred to as “polymer-solvent compounds”.[45,46]
In Chapter V we have demonstrated that poly(9,9-dioctylfluorene) (PFO; see Fig. 6.1(a)) can form
a polymer-solvent compound with organic solvents such as dodecane and 1,2,4-trichlorobenzene.
The common structural element in the reported PFO-solvent compounds is the existence of
crystalline domains comprising polymer chain segments in the -phase conformation. The term
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“-phase” refers to a planar-zigzag chain conformation (inter-monomer torsion angle ϕ = 180°)
featuring a co-planar orientation of the phenylene rings along the backbone with the octyl sidechains located on alternate sides for adjacent fluorene repeat units. We have shown in Chapter V
that the -phase conformation of PFO creates along-chain cavities that allow the ordered inclusion
of solvent molecules, thereby enabling the formation of a PFO–solvent compound.
However, several important questions regarding the mechanism of PFO solution-crystallisation
remain open. First, it has not been established conclusively that only the -phase conformation,
rather than any other structural feature, enables the formation of PFO-solvent compounds.
Second, the effect of inter-chain interactions on -phase formation remains unclear, tending in the
extreme to the potentially fundamental question: Does β-phase formation result from or cause
chain aggregation?
Many previous studies have reported that inducing the formation of -phase chain segments in
solutions or thin films of PFO correlates with chain aggregation phenomena.[8,31,41,44,47]
Conversely, -phase chain segments have also been reported to be generated in cooling/warming
cycles for PFO films on quartz substrates – a process speculated to rely on thermal stresses[28] –
and in solutions cast on a water surface and subsequently transferred to a substrate via the
Langmuir-Blodgett process.[48] The existence of a causal relationship between -phase chain
segment formation and aggregation has not been explored in much detail. In one study, Bright et
al.[49] used temperature-dependent optical spectroscopy to investigate the formation of the -phase
in di-n-alkyl-substituted PFs (side-chain length R = 6–10 carbon atoms) in methylcyclohexane
(MCH) solutions. They observed the spectroscopic signatures of -phase formation upon cooling
PF7, PF8 (i.e. PFO) and PF9 (that is, R = 7, 8 and 9 carbons atoms, respectively) solutions and
attributed the effect to van der Waals interactions between alkyl side chains providing sufficient
energy to overcome the steric energy barrier to planarisation of the backbone. They concluded,
thereby, that β-phase chain segments form as a result of inter-chain interaction. The fact that phase chain segments appear even in ultradilute solutions (~10 ng ml–1) where inter-chain
aggregation is extremely unlikely, was ascribed to chain folding allowing van der Waals
interactions between alkyl substituents located on different segments of the same chain. In another
study, Da Como et al.[50] investigated β-phase formation in thin films comprising an ultradilute
fraction of PFO dispersed in an inert polymer matrix. Exposing these films to solvent vapour led
to the formation of -phase chain segments that were characterised by low-temperature polarised
single-molecule fluorescence spectroscopy. It was reported that the -phase segments
preferentially formed in extended chains without spatial rearrangement of the PFO backbone,
implying that inter-chain interactions are not required. Earlier photoluminescence (PL) studies of
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PFO dispersed at 1% by weight in a polystyrene matrix had already concluded that the β-phase
spectroscopic features did not have an interchain origin.[27]
With this background in mind, we set out to compare solution-crystallisation in PFO and the
alternating copolymer poly(9,9-dioctylfluorene-co-9,9-di(2-methyl)butylfluorene) (see Fig. 6.1(b),
hereafter abbreviated as P(F8:F1/4) and previously as S50F8:50F5[26]), which comprises fluorene
units alternately 9,9-disubstituted with long (R = 8) linear and short (R = 5) branched alkyl sidechains. We investigate the influence of intra-chain (change in chain conformation) and inter-chain
(aggregation/crystallisation) structure formation and examine the relative differences in the
kinetics of the two processes, thus clarifying the principal distinction between the -phase and
other crystalline/conformational forms in relation to polymer-solvent compound formation.

6.2. EXPERIMENTAL
Materials:

Poly(9,9-dioctylfluorene)

(PFO)

and

poly(9,9-dioctylfluorene-co-9,9-di(2-

methyl)butylfluorene) (P(F8:F1/4)) were synthesised using the Suzuki route by the Sumitomo
Chemical Company Ltd; see [26] for details. Both polymers underwent extensive purification
prior to shipment and were used as received. The weight-average molecular weights (Mw) and the
corresponding polydispersity indices (PDI), as determined by polystyrene-equivalent gelpermeation chromatography, were: Mw = 287 kg/mol with PDI = 3.0 for PFO, and Mw = 316
kg/mol with PDI = 2.7 for P(F8:F1/4). Decahydronaphthalene (“decalin”) (98%, mixture of cis
and trans isomers, Acros Organics), n-dodecane (99%, Acros Organics) and n-hexadecane (99%,
ABCR) were used as received.
Optical characterisation of solutions and gels: The chain overlap concentration c* for PFO in
solution with a good solvent was estimated using:[51]

c 

M n
N A (4 / 3) Rg 3

(1)

where NA is Avogadro’s number and Mn′ is the number-average molecular weight reduced by a
factor of 2.7 to correct for the overestimation of the absolute molecular weight by polystyreneequivalent GPC as a consequence of the higher relative chain stiffness for PFO.[8] The radius of
gyration, Rg, assuming a wormlike chain structure,[8] was calculated using the Kratky–Porod
equation:[52]
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Rg 2 

l0lp M n
3M u

(2)

where l0 and lp are the repeat unit and chain persistence lengths, respectively (l0 = 0.84 nm[8] and lp
≈ 9.8 nm[31]), and Mu is the molar weight of the F8 repeat unit. This yielded an estimate of c* ≈
0.4 wt % for the PFO used in this study; the same c* value was assumed for P(F8:F1/4) due to the
absence of corresponding detailed structural information.
Dilute, isolated-polymer-chain solutions (cp ≪ c*) were prepared at a polymer weight fraction cp
= 0.01 wt % in decalin. Stirring at 70 °C ensured full dissolution. Gels were prepared from
semidilute decalin solutions (cp = 0.5 wt % ≈ c*) by allowing them to stand, undisturbed, at 5 °C.
Absorption spectra were recorded with a dual-beam Shimadzu UV-2600 spectrophotometer
equipped with a diffuse reflectivity (integrating sphere) attachment. PL spectra were measured
using a Jobin Yvon Horiba Fluoromax-3 spectrofluorometer operating in a 90° optical geometry
with excitation wavelength λex = 390 nm. PL quantum yields of the dilute solutions were
measured with the same spectrofluorometer equipped with an integrating sphere attachment. PL
self-absorption was corrected for using the procedure described in [53,54]. For these
measurements, dilute solutions were placed inside 1 mm path length quartz cuvettes (Hellma),
while gels were sealed between two quartz coverslips using ~100 µm spacers. All measurements
were carried out at room temperature.
Thermal analysis: Polymer solutions/gels for thermal analysis and X-ray diffraction were
prepared directly in the standard low-pressure aluminium differential scanning calorimetry (DSC)
crucibles. After the addition of the required amount of solvent, the crucibles were sealed and
carefully weighed before and after measurements to ensure that no solvent loss had occurred.
DSC was carried out using a Mettler Toledo DSC 822e instrument that was routinely calibrated
using indium standards. As the first step, all mixtures were annealed at temperatures near the
boiling point of the solvent for ≥ 20 min to ensure that homogeneous solutions were obtained.
Standard 5 °C min–1 heating/cooling rates were used, except for the preparation of the so-called
“slowly-crystallised” gel samples, intended to possess the maximal degrees of crystallinity, for
which the solutions were cooled at 1 °C min–1 and subsequently annealed at the corresponding
crystallisation temperature for 45 min. DSC on neat polymer samples was carried out under
nitrogen flow using 10 °C min–1 rates.
Critical-point drying of gels: Dried gels for X-ray diffraction measurements were prepared from
the slowly-crystallised gels by supercritical solvent extraction using a CO2 critical-point dryer
(SPI Supplies). The sealed DSC crucibles containing the gel samples were opened and
immediately flushed with liquid CO2 at ~15 °C; the samples were then left for 2 h allowing
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solvent exchange to take place. The temperature was then increased to 37 °C (below the Tg of both
neat PFO and P(F8:F1/4)) to enable supercritical extraction of CO2. Due to the limited miscibility
of CO2 with the solvents used in this study, the drying process was repeated three times. To
ensure better data comparability, the as-prepared and dried gel samples for X-ray diffraction
measurements were prepared using identical starting polymer concentration. Aerogels for
scanning electron microscopy were prepared from 0.5 wt % solutions in decalin using the same
critical-point drying procedure.
X-ray diffraction: Wide-angle X-ray diffraction (WAXD) was performed on an Oxford
Instruments XCalibur PX diffractometer using Mo-Kα radiation (0.71 Å wavelength). Sample
preparation and experimental procedure were as described in detail in Chapter V. PFO-dodecane
gels were prepared with concentration xu = 0.48, i.e. slightly below the compound concentration
xu*= 0.5, thus avoiding complications from solvent-deficient solution-crystallisation. P(F8:F1/4)dodecane gels were prepared with xu = 0.33. Measurements were carried out with the samples
cooled to –100 °C, which is below both Tm of the free solvent and the expected (see Chapter V for
details) Tg of the polymer-solvent compound. The two-dimensional diffraction patterns were
radially integrated following correction for background signal.
Scanning electron microscopy: Aerogel samples were mounted on carbon tape and sputtercoated with a thin platinum layer. Scanning electron microscopy (SEM) was performed with a
LEO 1530 Gemini instrument using secondary electron detection.
Temperature-dependent optical spectroscopy: Temperature-dependent PL and light-scattering
measurements on solutions/gels were performed on a 90°-optical geometry Jasco FP-8500
spectrofluorometer equipped with a thermostated cuvette holder (ETC-815). Polymer solutions in
dodecane (cp = 0.5 wt %) were sealed inside glass capillary tubes (Hilgenberg; 1.5 mm diameter)
and mounted upright inside a 10  10 mm quartz cuvette (Hellma). The cuvette was then filled
with hexadecane to provide thermal contact to the capillary. Confining the polymer solution
within a capillary tube of small cross-section was necessary to ensure (i) small optical density of
the sample in order to reduce PL self-absorption and (ii) minimal thermal inertia of the solution
during homogeneous gelation after quenching below the dissolution temperature. Solutions were
equilibrated for 15 min at 110 °C (above their dissolution temperature; see Fig. 6.3(a)); PL spectra
were recorded at this point to confirm that the solutions comprised well-dissolved polymer chains
with no observable emission due to -phase or crystalline chain segments. The solutions were
then quenched to the crystallisation temperature Tc = 50 °C, and the collection of PL and lightscattering spectra (integration time ≈ 15 s) was initiated. For PL, λex = 440 and 433 nm were used
for PFO and P(F8:F1/4) solutions, respectively, corresponding to spectral positions ~3 nm higher
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than the peak absorption of -phase and crystalline chains as determined by UV-Vis absorption
measurements (see Fig. 6.2). For light-scattering measurements, non-resonant excitation at λex =
500 nm was used. Unpolarised excitation and detection were used for both measurements.

6.3. RESULTS
6.3.1. Solid-state Thermal Properties
Figure 6.1 shows the chemical structures of PFO and P(F8:F1/4) and highlights the significant
differences in solid-state thermal properties associated with the selection of specific side-chain
substituents. Differential scanning calorimetry (DSC) thermograms for PFO are consistent with
previous reports[21,31,32] and show crystallisation into two polymorphs (so-called α- and α’-phase)
upon cooling from 300 °C (isotropic melt), with the nematic melt transition observed at ~170 °C
on subsequent heating. In contrast, P(F8:F1/4) does not crystallise upon cooling from 300 °C
(nematic melt) but features a glass transition (Tg ≈ 100 °C), resulting in a “nematic glass”
microstructure. The heating DSC trace of P(F8:F1/4) exhibits the features expected for a
quenched, slowly-crystallising polymer such as poly(lactic acid) (PLA).[55] These include a glass
transition at ~100 °C and two broad crystallisation peaks at 175 and 235 °C, followed by a
nematic melt transition at ~270 °C. The ~100 °C difference in the nematic melting temperatures
of PFO and P(F8:F1/4), as confirmed by temperature-dependent optical microscopy (not shown
here), may be attributed to lower melting entropy for P(F8:F1/4) due to its shorter side-chains.
The time-of-flight (TOF) hole mobilities measured for “glassy”, i.e. in-plane isotropic, films of
PFO and P(F8:F1/4) also differ by two orders of magnitude.[26]

FIGURE 6.1: Solid‐state properties of PFO and P(F8:F1/4). Chemical structure and first‐
cooling/second‐heating DSC thermograms (blue and red lines respectively) for neat, as‐
synthesised (a) PFO and (b) P(F8:F1/4). Time of flight (TOF) hole mobilities measured for “glassy”
films spin‐coated from room‐temperature toluene solutions are also listed; data from [26].
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6.3.2. Dilute Solutions
Dilute solutions of both polymers in decalin, a moderately good solvent,[56] were prepared with
concentration (expressed as polymer weight fraction) cp = 0.01 wt %, which is significantly below
the calculated chain overlap concentration c* (see Experimental section), thus minimising the
possibility of inter-chain interactions. Interestingly, the absorption and PL spectra of both
solutions are identical (see Fig. 6.2) with a featureless absorption band centred at 391 nm and PL
vibronic peaks at 415, 439 and 469 nm. The isolated chain conformation is expected to be
wormlike for dilute solutions of both polymers in moderately good solvents,[8,31] resulting in
comparable optical properties; the situation is very different for semidilute (cp ≈ c*) solutions
(vide infra). In addition, high (and equal) PL quantum efficiencies (PLQE ≈ 92 ± 1%) were
measured for both solutions, confirming their chemical purity.

FIGURE 6.2: Optical spectroscopy of solutions and gels. Absorption spectra of gels in decalin
containing 0.5 wt % (a) PFO (black line with ●) and (b) P(F8:F1/4) (red line with ). Also shown
are the corresponding spectra for dilute (0.01 wt % polymer) solutions in decalin (dashed blue
lines). Spectra are normalised at their short‐wavelength absorption tails. Also shown in (a) is the
difference spectrum (dotted black line) assigned to absorption by β‐phase chain segments. The
arrows in (a) and (b) indicate the spectral positions of site‐selective photoexcitation (440 and
433 nm respectively) used for the measurements presented in Figs. 6.7–6.8 (vide infra). (c) Peak‐
normalised PL spectra of the gels and solutions (same lines/symbols as above).
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6.3.3. Semidilute Solutions and Gels
Semidilute (cp = 0.5 wt %) solutions of PFO and P(F8:F1/4) in decalin were stored at 5 °C over
several days, yielding, respectively, a coherent yellow gel and a pale-yellow suspension of
microgels. We note, however, that, macroscopic gelation of P(F8:F1/4)-decalin solutions was also
possible at higher polymer concentrations. For the sake of simplicity, all solution-crystallised
polymer samples will hereafter be simply referred to as gels.
In comparison to that of the dilute solution, the PFO-decalin gel absorption spectrum (cf. Fig.
6.2(a)) features two additional peaks at 437 and 405 nm, which indicate the presence of chain
segments in the -phase conformation.[8] Normalising the gel and corresponding dilute solution
absorption spectra at their short-wavelength absorption tails (λ ≈ 300-330 nm) allows spectral
subtraction to reveal the -phase chain segment absorption. The latter constitutes a relatively high
fraction (~40 %) of the spectrally-integrated gel absorption, consistent with previous
reports.[8,57,58] The PL spectrum of the gel (cf. Fig. 6.2(c)) is wholly dominated by emission from
the -phase segments and features a well-defined vibronic progression with peaks at 439, 466 and
499 nm, fully consistent with previous reports for α-pinene gels and dilute guest-host dispersions
in polystyrene[27] and with there being efficient excitation state energy transfer to -phase
segments.[37] Compared with dilute solution, the PL spectrum of the -phase-rich gel exhibits a
reduced linewidth of the S1-S0 0-0 vibronic, indicating a smaller degree of conformational
disorder for the β-phase relative to the wormlike conformation in solution.[30,37,59] Together with
the small Stokes shift between -phase absorption and PL 0-0 vibronic peaks this further suggests
a rigid planar structure[30,37,59] as is also consistent with the reduced Huang-Rhys parameter
(implying a small degree of geometric rearrangement between ground and excited states).[30,37,59,60]
Finally, the observed red-shift in emission peaks is consistent with an increased conjugation
length.[30,37,59]
The absorption spectra of the P(F8:F1/4) gel and dilute solution, again normalised at their shortwavelength absorption tails are shown in Fig. 6.2(b). The P(F8:F1/4) gel exhibits a peak at 396
nm, with a shoulder at ~430 nm (confirmed by its negative numerical second derivative[34,61]) that
is attributed to absorption by solution-crystallised chain segments.[27,59] There is no evidence for a
-phase contribution. The PL spectrum of the gel, shown in Fig. 6.2(c), is red-shifted relative to
the dilute solution due to preferential emission from the crystalline chain segments and features
vibronic peaks at 433, 457 and 487 nm (consistent with reports for crystalline PFO films).[31,59]
Again, there is no evidence for a -phase contribution. The corresponding Huang-Rhys parameter
and S1-S0 0-0 vibronic linewidth are intermediate between those of the dilute solution and the phase-rich PFO gel, also consistent with previous comparisons for film samples.[31,59] For
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reference, we note that Chen et al.[31] reported melt-crystallised α’-phase PFO films with an
absorption shoulder at 426 nm and PL vibronic peaks at 432, 458 and 489 nm. This close
correspondence strongly supports the deduction that solution-crystallisation of P(F8:F1/4) results
in non-solvated polymer crystals, with the role of the solvent limited to facilitating the chain
mobility required for crystallisation to occur.
Consistent with the absence of -phase chain segments for the P(F8:F1/4) samples, it is known
that polyfluorenes disubstituted with 2-ethylhexyl branched alkyl side-chains also do not adopt the
-phase conformation and exhibit substantially different behaviour to PFO upon solutioncrystallisation.[62,63] In addition, the statistical co-polymer P(F8:F2/6) comprising a 1 : 1 ratio of
fluorene units substituted with di-n-octyl (F8) and di(2-ethylhexyl) (F2/6) side-chains has also
been reported not to form the -phase in semidilute MCH solutions.[63]

6.3.4. Phase Behaviour
Thermal analysis by DSC was used to further study the solution-crystallisation behaviour of PFO
and P(F8:F1/4) as a function of polymer fraction. For these and all subsequent measurements,
polymer solutions were prepared in dodecane – a moderately bad solvent for PFO (Hildebrand
solubility parameter δ = 7.8 cal1/2 cm–3/2)[64] that has the additional advantage of a relatively high
melting point (Tm = –10 °C), allowing solvent melting/dissolution experiments to be carried out.
Figure 6.3(a) shows dissolution temperatures, T, of PFO- and P(F8:F1/4)-dodecane gels as a
function of polymer concentration, expressed here as the polymer repeat unit molar fraction xu. To
facilitate data comparison, xu, PFO is based on the molar mass of the F8 repeat unit, whereas xu,
P(F8:F1/4) is calculated using half the molar mass of the copolymer repeat unit. As expected, T
increases with xu for both polymers.[65] Unlike the situation for PFO, crystallisation or melting of
P(F8:F1/4) does not occur for xu ≥ 0.5, indicating that solvent deficiency strongly hinders polymer
crystallisation due, most likely, to reduced chain mobility; this can also account for the absence of
melt-crystallisation in P(F8:F1/4) (cf. Fig. 6.1(b)). PL spectra recorded for semi-dilute PFO- and
P(F8:F1/4)-dodecane solutions and gels (cf. Fig. 6.4) are fully consistent with the results obtained
for decalin-based solutions and gels (cf. Fig. 6.2(c)).
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FIGURE 6.3: Thermal analysis. (a) Gel melting/dissolution temperature, T, and (b)
melting/dissolution enthalpy of the solvent, ΔHm, as a function of the polymer repeat unit molar
fraction, xu, for PFO‐ (●) and P(F8:F1/4)‐dodecane () gels. For the sake of clarity, (a) reports T
values only for the endotherm with the highest peak heat flow. The temperature at which neat
PFO undergoes the nematic‐isotropic melt transition (○) is also indicated in (a) (top right corner);
the corresponding transition is not seen for P(F8:F1/4) prior to the onset of thermal
decomposition at 340 °C. Dashed lines in (b) represent a linear fit and a guide to the eye,
respectively, for PFO and P(F8:F1/4) data.

Solvent melting/dissolution experiments, in which slowly-crystallised gels, i.e. those possessing
maximal degrees of crystallinity (see Experimental section), are further cooled below Tm of the
solvent and then reheated, recording the melting enthalpy of the solvent, ∆Hm, were described in
Chapter V (see Fig. 5.7). Briefly, ∆Hm quantifies the amount of “free”, i.e. crystallisable, solvent
which, in accordance with Gibbs’ phase rules, must decrease linearly with xu in the case of
solution-crystallisation by polymer-solvent compound formation.[66,67] As shown in Fig. 6.3(b),
the variation of ∆Hm with xu for PFO-dodecane can be described by a single linear fit with ∆Hm =
0 at xu ≈ 0.5, which indicates the formation of a polymer-solvent compound with stoichiometry of
1 : 1, i.e. one dodecane molecule per one F8 repeat unit. On the other hand, the corresponding
∆Hm data for P(F8:F1/4)-dodecane does not show linear variation with xu, indicating that solutioncrystallisation proceeds by an alternative mechanism involving the formation of non-solvated
polymer crystals, such as those that can typically be obtained by crystallisation from the melt. In
this case, the solvent is dispersed in the amorphous polymer regions. Hence, at increasing polymer
concentrations, a higher fraction of solvent molecules would be isolated on a molecular level
within the amorphous polymer phase and thus unable to crystallise, leading to the observed nonlinear decrease in ∆Hm with xu.
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FIGURE 6.4: PL spectroscopy of solutions and gels in dodecane. Peak‐normalised PL spectra (λex
= 390 nm) for 0.5 wt % solutions/gels of PFO (black lines) and P(F8:F1/4) (red lines) in dodecane.
Data is shown for isotropic solutions at 110 °C (dotted lines) and fully‐transformed gels at 40 °C
(solid lines), for which the temporal evolution of PL and scattering intensities has saturated.

6.3.5. X-Ray Diffraction
The solution-crystallisation mechanisms proposed above for the two polymers are corroborated by
the results of a wide-angle X-ray diffraction (WAXD) analysis of slowly-crystallised gels,
presented in Fig. 6.5. Diffraction patterns of the gels comprise a superposition of contributions
from three distinct components: (i) the polymer, including both crystalline and residual
amorphous parts; (ii) the free solvent and (iii) the trapped solvent, which can be either cocrystallised, i.e. incorporated with ordered polymer chains in a two-component periodic structure
(the compound case) or randomly dispersed among disordered polymer chains in an amorphous
structure (the no-compound case). To determine the crystalline structure of the trapped solvent,
the diffraction patterns of the as-prepared gels at –100 °C (below Tm of the solvent and the
expected Tg of the compound) were deconvolved by subtracting the corresponding normalised
diffraction patterns of neat solvent and dried gel. Dried polymer gels were obtained by criticalpoint drying of the as-prepared gels, which allows for interface-free removal of solvent and
minimal associated structural changes to the polymer.[68,69] A detailed description of the WAXD
analysis and deconvolution procedure was given in Chapter V.
As was the case for other PFO gels (see Chapter V), the diffraction pattern of the trapped solvent
for the PFO-dodecane gel, shown in Fig. 6.5(a), features a strong reflection at d = 0.43 nm that is
unique to the trapped solvent and does not have a counterpart in the diffraction pattern of the free
solvent. In Chapter V this reflection was assigned to the (004) reflection associated with the c-axis
periodicity of the solvent within the compound.
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On the other hand, although the diffraction pattern of the trapped solvent for the P(F8:F1/4)dodecane gel also features distinct reflections, these closely correspond to the diffraction pattern
of the free solvent, as shown by the dashed lines in Fig. 6.5(b), albeit with some changes to the
relative intensities of the peaks. This indicates that the trapped solvent in P(F8:F1/4)-dodecane gel
is not involved in a co-crystallised compound phase and is instead dispersed in the amorphous
polymer regions.
Thus, based on the results of optical spectroscopy, as well as thermal and WAXD analysis, we
conclude that solution-crystallisation of PFO and P(F8:F1/4) results, respectively, in solvated (i.e.
polymer-solvent compound) and non-solvated polymer crystals. The following sections will
examine the influence of the two different crystal types on gel microstructure and crystallisation
kinetics.

FIGURE 6.5: X‐ray diffraction. Radially‐integrated WAXD patterns recorded for (a) PFO (xu ≈ 0.48)
and (b) P(F8:F1/4) (xu ≈ 0.33) gels in dodecane (black lines) at –100 °C (below Tm of the solvent
and the expected Tg of the compound). The corresponding normalised diffraction patterns of the
polymer (green lines) and free solvent (blue lines) components are subtracted to reveal the
diffraction pattern of the trapped solvent (red lines). The dashed vertical black lines are a guide
to the eye for the relative positions of reflection peaks for “free” and “trapped”, i.e. co‐
crystallised, (for PFO) or dispersed (for P(F8:F1/4))) solvent.

161

Chapter VI: Influence of Side-Chain Structure on Solution-Crystallisation of Polyfluorenes

6.3.6. Microstructure
Aerogels of both polymers were fabricated by critical-point drying of the gels prepared from
semidilute (cp = 0.5 wt %) decalin mixtures. Their microstructure, which is expected to be fully
representative of polymer organisation in the as-prepared gels, was characterised by scanning
electron microscopy (SEM). In agreement with the distinct spectroscopic and diffraction
differences observed for the as-prepared gels of the two polymers, the microstructures of their
aerogels are also dissimilar, as shown by the SEM images in Fig. 6.6.

FIGURE 6.6: Microstructure of aerogels. SEM images of aerogels obtained by critical‐point
drying of polymer gels in decalin containing 0.5 wt % (a) PFO and (b) P(F8:F1/4). Arrows indicate
the typical sheet‐ and fiber‐type features, respectively. Scale bars correspond to 1 μm. (c)
Schematic illustration of the molecular arrangement proposed for the sheet‐like crystalline
domains formed for the PFO–solvent compound: ‐phase chain segments and the intercalated
solvent molecules are represented by black lines and red circles respectively, with δ indicating
sheet thickness.
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The PFO aerogel (cf. Fig. 6.6(a)) comprises sheet-like structures (typical sheet thickness δ ≈ 50 100 nm and lateral dimensions > 1 μm), whereas a more fibrillar microstructure is observed for
the P(F8:F1/4) aerogel (cf. Fig. 5(b); typical fiber diameter ϕ ≈ 100–200 nm). The formation of
sheet-like structures in solution-crystallised PFO has previously been proposed on the basis of
both small-angle neutron scattering (SANS)[58,62,70] and SEM[71] measurements, with the sheets
invariably displaying the optical and crystallographic characteristics of the -phase
conformation.[70,72] Notably, Knaapila et al.[72] reported that the fluorene backbones within the
sheets are π–π-stacked perpendicular to the sheet plane, in the sheet thickness direction.
Elsewhere, Liu et al.[43,73] provided a detailed analysis of orthorhombic solution-grown -phase
crystals of F8 oligomers. On the basis of these reports and the demonstration of PFO–solvent
compound formation in Chapter V, the molecular organisation within solution-crystallised PFO
sheets is proposed to be as depicted in Fig. 6.6(c). A single layer in the sheet comprises -phase
chain segments extended along the c-axis and assembled along the a-axis, with the phenylene
rings oriented in the ac-plane and the solvent molecules intercalated into along-chain cavities.
Given that our preparation of PFO-solvent compounds closely matched that of Liu et al.[43] who
reported that solution-grown -phase crystals correspond to an orthorhombic crystalline structure
irrespective of solvent choice and quality,[73] we propose that the structure of PFO-solvent
compounds similarly corresponds to an orthorhombic unit cell. In this case, subsequent layers
would be packed along the b-axis with, most likely, π-π stacking of adjacent β-phase fluorene
backbones and a concomitant alignment of the intercalated solvent molecules. The resulting
microstructure within the solution-crystallised PFO sheets would then feature a molecular-level
co-crystalline arrangement of the polymer and the small-molecular (solvent) species. This
predicted double-oriented microstructure would also be highly anisotropic, with the
polymer/solvent layers alternating along the a-axis and continuous along the b-axis. A more
detailed X-ray diffraction study will be needed, however, to fully determine the crystal structure
of the sheet-like domains in PFO–solvent compounds.
It is interesting to compare the microstructure of the PFO–solvent compound, as revealed by its
aerogel, with the typical observations for other polymer-solvent compounds. While a broad range
of microstructures has been reported, fibrillar-type compounds are most commonly observed.[74]
This aspect of microstructure has been extensively documented for sPS-based compounds. For
example, Daniel et al.[68] studied sPS gels prepared from chloroform and 1-chlorotetradecane (cp =
10 wt % in each case), which feature, respectively, solvated (i.e. polymer-solvent compound) and
non-solvated polymer crystals. Chloroform-based aerogels displayed a fibrillar microstructure
(fiber diameter ≈ 50–100 nm), with similar observations reported for sPS compounds with other
solvents such as tetrahydrofuran, 1,2-dichloroethane and trichloroethylene.[69] On the other hand,
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non-solvated polymer crystals in chlorotetradecane-based sPS aerogels featured a sheet-like
microstructure (sheet thickness ≈ 200–400 nm). Interestingly, the reverse situation is observed for
polyfluorene aerogels in Fig. 6.6. This is likely to be related to the differences in chemical
structure and, consequently, the range of stable chain conformations for sPS and the polyfluorenes
used in this study. The 21-helical geometry of the -phase chain conformation of PFO is
inherently “ribbon-like”, such that sheet-like PFO-solvent compound crystals are to be expected;
conversely, fiber-formation can be expected for other conformational motifs such as are present in
solution-crystallised P(F8:F1/4). The similarities to secondary structures in proteins are evident,
although in that case hydrogen bonding between chain segments plays an important role.

6.3.7. Crystallisation Kinetics
Having demonstrated the differences in solution-crystallisation for the two polyfluorenes, we use
time- and temperature-dependent spectroscopy to investigate the kinetics of these processes.
Semi-dilute solutions offer a trade-off between chain mobility, facilitated due to a low density of
entanglements, and adequate signal intensity.
To this end, 0.5 wt % solutions of both polymers in dodecane were sealed inside glass capillary
tubes, thus minimising their thermal inertia, and then mounted inside a cuvette filled with neat
solvent in order to provide thermal contact. The cuvette was placed inside a commercial 90°
excitation-detection geometry spectrofluorometer as illustrated in Fig. 6.7(a), with the cuvette
temperature controlled by the instrument’s software. Quenching the solutions below their
dissolution temperatures initiated crystallisation/gelation, involving two distinct steps:
(i)

Intra-chain structure formation, i.e. adoption by chain segments of a particular
conformation that is found in the resulting crystal. As was shown in Fig. 6.2, changes
in the chain conformation are evidenced by distinct changes in absorption and PL
emission

spectra.

In

order

to

monitor

conformational

changes

during

crystallisation/gelation, the quenched solutions were photoexcited directly at the
absorption peak/shoulder corresponding to solution-crystallised chain segments and
the resulting PL intensity was recorded at regular time intervals. Photoexcitation
wavelengths were 440 and 433 nm for PFO and P(F8:F1/4) solutions respectively;
their spectral position is indicated by the arrows in Fig. 6.2(a,b). As shown in Fig.
6.7(b) for a PFO solution quenched to 50 °C, the PL excited at λex = 440 nm increases
from essentially zero (solution) to a well-defined spectrum (fully transformed gel) that
features the characteristic -phase vibronic progression. Solutions of both polymers
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have negligible absorption at the respective λex values (cf. Fig. 6.2(a,b)). Thus, siteselective excitation and the resulting absence of significant excitation energy transfer
from amorphous/dissolved chains imply that the integrated PL intensity may be used
to quantify the relative fraction of PFO -phase or P(F8:F1/4) crystalline chain
segments that are formed during the solution-crystallisation process.
(ii)

Inter-chain structure formation, i.e. incorporation of chain segments into a crystalline
lattice. As confirmed by the representative photographs in Fig. 6.7(c), the solutions of
both polymers are transparent outside the absorbing spectral region while the gels are
turbid due to scattering by polymer-solvent compound or polymer crystals. In order to
monitor the emergence of crystals in quenched solutions, the scattering intensity for
non-resonant excitation (λex = 500 nm) was recorded as a function of time.
Representative data is shown in Fig. 6.7(c) for PFO solutions quenched to 50 °C. The
integrated intensity of the scattering peak increases by a factor of 9 as the solution
transforms into a crystalline gel. Due to imperfect index matching, however, the
scattering intensity for the solution (see Fig. 6.7(c), black curve) is non-zero and this
signal was taken as the baseline in our subsequent analysis. We note that the evolution
of light-scattering intensity during solution-crystallisation was found to be
independent of the exact choice of excitation wavelength in the 500–700 nm spectral
region (data not shown here).

We note that similar 90° geometry spectrofluorometer measurements have been reported by
others: For instance, Liao et al.[75] studied the different stages of filament formation for tau
protein in solution by monitoring time-dependent fluorescence and scattering. Elsewhere,
Saha et al.[76] investigated the kinetics of riboflavin-melamine supramolecular complex
formation by using PL measurements to follow the solution-gel transition. Finally, Huang et
al.[77] used similar time-dependent fluorescence measurements to study the phase behaviour of
a low-molecular-mass organogelator in dodecane. In the two latter examples, Avrami
analysis[78–80] was successfully applied to extract detailed information about crystallisation
kinetics.
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FIGURE 6.7: Probing solution‐crystallisation kinetics. (a) Schematic illustration of the cuvette‐
based sample holder and 90° measurement geometry used for time‐ and temperature‐
dependent optical spectroscopy on 0.5 wt % polyfluorene solutions/gels in dodecane.
Representative PL and light‐scattering data for a PFO solution quenched to 50 °C are shown in
(b) and (c) respectively. The excitation wavelength, λex, is indicated in each case. PL and
scattering spectra are reported for the solution (black line, smallest signal), and at the
corresponding onset (blue line) and completion (red line, largest signal) of gelation. Photographs
of the solution and the gel under (b) UV and (c) white‐light illumination are also shown.
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FIGURE 6.8: Time‐dependent PL and light‐scattering measurements performed on dodecane
solutions containing 0.5 wt % PFO (left column) and P(F8:F1/4) (right column) after quenching
from 110 to 50 °C at time t = 0, thereby initiating crystallisation/polymer‐solvent compound
formation. (a, d) Integrated PL (IPL, black lines) and light‐scattering (IS, ●, baseline corrected)
intensities as a function of t. Avrami plots are shown for the corresponding (b, e) PL and (c, f)
light‐scattering data. Experimental data (●) is shown for the 0.1 ≤ X ≤ 80% range, where X is the
relative degree of transformation. Linear fits to the data are also shown (dashed red lines), with
the gradient nA (Avrami exponent) value and the fitted X range indicated in each case.
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Figure 6.8(a,d) shows the time-evolution of the integrated PL and scattering intensities for
quenched PFO and P(F8:F1/4) solutions respectively. All curves feature a characteristic sigmoidal
profile. Of particular note is that for PFO the increase in PL intensity occurs substantially prior to
the increase in scattering. The onset of the latter approximately corresponds to the saturation in
PL intensity, as indicated by the dashed lines in Fig. 6.8(a). The scattering signal eventually
reaches a plateau at t ≈ 90 min. These features indicate that intra-chain order, i.e. the change in
chain conformation, develops prior to inter-chain crystallisation, implying that the formation of phase chain segments is not driven by inter-chain interactions. On the other hand, the data for
P(F8:F1/4) (cf. Fig. 6.8(d)) shows that, within experimental error, the PL and scattering intensity
curves overlap, both reaching a plateau at t ≈ 15 min. One might thus infer that intra-chain
conformational ordering and inter-chain crystallisation are closely linked in the case of
P(F8:F1/4).
Since the described experiments correspond to isothermal crystallisation conditions, Avrami
analysis can be applied to further highlight the differences in solution-crystallisation behaviour of
the two polymers. The data in Fig. 6.8(a,d) was fitted using the well-known Avrami equation
(3):[78–80]

ln(1  X (t ))   kA t nA

(3)

where X(t) is the relative degree of intra- or inter-chain transformation at time t, kA is a rate
constant and nA is the so-called Avrami exponent corresponding to a particular nucleation type
and growth geometry.
The Avrami plots for PFO are shown in Fig. 6.8(b,c). The kinetics of -phase chain segment
formation (i.e. intra-chain ordering) in Fig. 6.8(b) are well described by nA ≈ 3 which can
correspond to either (i) sporadic nucleation and two-dimensional growth or (ii) predetermined
nucleation and three-dimensional growth. We consider the former scenario to be less likely since
the two-dimensional (disk-like) growth geometry appears to be illogical. Hence we infer that
nucleation of -phase segments is predetermined, meaning that the nuclei develop simultaneously
upon cooling to the crystallisation temperature, followed by spherical (i.e. isotropically-occurring)
growth. On the contrary, nA ≈ 2 is found for the (inter-chain) PFO-solvent compound
crystallisation (cf. Fig. 6.8(c)). We interpret the latter, on the basis of the observed compound
formation and resulting microstructure, as sporadic nucleation and predominantly onedimensional crystal growth, envisaged to be orthogonal to the chain-extended -phase segment
axis (cf. Fig. 6.6(c)). The difference in the two Avrami exponents further confirms that -phase
segment formation is independent of, and takes precedence over, subsequent inter-chain assembly
into polymer-solvent compound crystalline domains.
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As expected, in the case of P(F8:F1/4) identical Avrami exponents are observed for both intrachain conformational ordering and inter-chain crystallisation (cf. Fig. 6.8(e,f) respectively). The
value of nA ≈ 2 corresponds to sporadic nucleation and predominantly one-dimensional growth,
envisaged to be orthogonal to the long axis of the chains.
We note that the observed time-dependence of intra- and inter-chain structure formation, as well
as the corresponding nA values, were also found for other crystallisation/quenching temperatures
(data not shown here). Furthermore, the Avrami exponents for inter-chain crystallisation of (more
concentrated) solutions, as well as neat PFO, were confirmed to be nA ≈ 2 by DSC analysis, the
results of which are presented in Figs. 6.9 and 6.10.

FIGURE 6.9: DSC‐based isothermal crystallisation experiments and Avrami plots for 11 wt %
PFO (left column) and 30 wt % P(F8:F1/4) (right column) solutions in dodecane. The solutions
were quenched to their respective crystallisation temperatures T (indicated in each case). (a, c)
Crystallisation exotherms recorded by DSC and the corresponding spline‐type baselines are
shown by solid and dashed lines respectively. Heat flow scale bars are also shown in each case.
(b, d) Avrami plots for the corresponding DSC data. Experimental data (●) and linear fits (dotted
red lines) are shown, with gradient nA, corresponding to the Avrami exponent, and the fitted X
range indicated in each case. X represents the degree of transformation, quantified by the
relative crystallinity in the sample at time t.
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FIGURE 6.10: Isothermal crystallisation experiments and Avrami plots for neat PFO, carried out
at T = 152 °C following quenching from the nematic melt at 200 °C. (a) DSC thermogram (solid
line) and the corresponding spline‐type baseline (dashed line). (b) Avrami plot, showing
experimental data (●) and the linear fit (dotted red line) in the indicated X range; gradient nA,
corresponding to the Avrami exponent, as also given.

To summarise the observations above, solution-crystallisation of both polyfluorenes is
schematically illustrated in Fig. 6.11. In the case of PFO, solution-crystallisation by polymersolvent compound formation involves two discrete steps (cf. Fig. 6.11(a)), both of which
presumably minimise the system’s Gibbs free energy. As the first step, upon cooling the solution
to a certain temperature, a fraction of isolated wormlike PFO chains undergo intra-chain ordering,
forming -phase segments with the molecular solvent simultaneously intercalated into alongchain cavities. This physically-bound solvent stabilises the -phase conformation in the absence
of inter-chain interactions. Predetermined-nucleation together with adoption of the specific chain
geometry required for the formation of a stoichiometric polymer-solvent compound imply that,
instead of evolving gradually from a disordered wormlike state, the β-phase conformation of PFO
is intrinsically well-defined and largely crystallisation-condition-invariant in terms of its intermonomer torsion angle. The reduced entropy of a PFO solution rich with highly ordered, isolated
-phase chain segments in turn increases the thermodynamic driving force for inter-chain
association and leads to the second solution-crystallisation step, namely the formation of solvated
sheet-like -phase crystals.
In the case of non-solvated polymer crystals formed during solution-crystallisation of P(F8:F1/4),
shown schematically in Fig. 6.11(b), the chain conformation is stabilised only by its simultaneous
incorporation into a crystalline lattice. Therefore, the primary nuclei are most likely to be pairs of
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chain segments, formed either as a result of chain folding or inter-chain association, that feature
both intra- and inter-chain conformational/crystalline order. Subsequent crystal growth proceeds
by attachment of additional conformationally-ordered chain segments to the primary nuclei. For
both polyfluorenes, crystal growth continues until the mobility of residual disordered chains is
arrested by macroscopic thermoreversible cross-linking (i.e. gelation) of the solutions, subject to
polymer concentration and degree of undercooling.

FIGURE 6.11: Schematic illustration of the steps occurring for solution‐crystallisation of (a) PFO
and (b) P(F8:F1/4). Disordered polymer chains and solvent molecules are depicted, respectively,
as blue lines and red dots; polymer chain segments with intra‐chain order are depicted as black
zigzags or lines. Left panels show the identical starting solutions; central panels show the
formation of primary nuclei, and right panels show the final stage of crystal growth and the
accompanying thermoreversible gelation.

6.4. DISCUSSION
There are several implications of the results presented in this study that deserve additional
comment, pertaining both to our understanding of the -phase conformation of PFO and to our
ability to realise controllable solution-processing of polyfluorenes.
First, our findings corroborate the reports by Grell et al.[27] and Da Como et al.[50] of -phase
formation in isolated PFO chains dispersed in an inert polymer matrix upon exposure of the
samples to solvent vapour. In the latter study the -phase conformation was found to
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preferentially form in already-extended chain segments. This is consistent with PFO-solvent
compound formation; the intercalation of solvent should be facilitated by the minimal need for
structural rearrangement. The fact that the formation of -phase occurs independently of interchain interactions also has an important implication for the recently-demonstrated sub-micronscale spatial patterning of the β-phase conformation in PFO films by localised exposure to liquid
solvent.[56] Our results suggest that the ultimate resolution limit of that dip-pen nanolithographybased patterning technique may be the physical dimensions of a single PFO chain.
Second, the reported details of PFO solution-crystallisation inform approaches to growing large
crystals. Such samples would feature maximal fractions of highly-ordered -phase chain segments
with concomitant attractive optoelectronic properties. As demonstrated recently for poly(3hexylthiophene) (P3HT),[81] the fabrication procedure is likely to be based on ultraslow
crystallisation of PFO from dilute solutions at low undercooling, leading to correspondingly low
nucleation densities. Alternatively, the use of a crystallisable solvent and crystallisation under
thermal gradients can also be advantageous in allowing directional epitaxial solutioncrystallisation.[82] Cross-linkable linear side chains could, provided solvent-polymer compound
formation is not disturbed, enable the crystalline ordered β-phase structure to be locked-in.[36]

6.5. CONCLUSIONS
In summary, we have demonstrated fundamental differences in solution-crystallisation behaviour
for two polyfluorenes resulting from changes to the structure of their alkyl side-chains.
Solution-crystallisation of PFO, substituted with linear octyl side-chains, occurs via polymersolvent compound formation and involves two discrete steps, as demonstrated by in-situ
spectroscopic monitoring of isothermal crystallisation. Our results show that the first step involves
the formation of isolated -phase chain segments in the absence of significant inter-chain
aggregation/crystallisation due to the chain conformation being stabilised by physically bound
solvent intercalated into along-chain cavities. This step is characterised by an Avrami exponent nA
≈ 3, corresponding to predetermined nucleation and three-dimensional growth. The reduction in
entropy due to the presence of comparatively-rigid -phase chain segments leads to the second
crystallisation step, namely inter-chain aggregation/crystallisation of -phase segments, which is
described by an Avrami exponent nA ≈ 2, corresponding to sporadic nucleation and onedimensional growth.
In the case of P(F8:F1/4), introducing branched 2-methylbutyl alkyl side-chains on alternating
fluorene repeat units prevents the formation of the -phase conformation and results in an
172

Chapter VI: Influence of Side-Chain Structure on Solution-Crystallisation of Polyfluorenes

alternative conformational motif, the spectroscopic signature of which bears similarity to that of
PFO crystallised from the nematic melt. The aforementioned chain conformation does not allow
for the formation of along-chain cavities and, therefore, solution-crystallisation of P(F8:F1/4) is
found to result in non-solvated polymer crystals. In this crystallisation process, both intra- and
inter-chain order (that is, chain conformation and polymer crystals, respectively) develop
simultaneously since, in the absence of co-crystallisation with the solvent, both of these structural
elements are required for the formation of stable crystal nuclei. For isothermal solutioncrystallisation conditions, both intra- and inter-chain crystallisation of P(F8:F1/4) are described by
nA ≈ 2, corresponding to sporadic nucleation and one-dimensional growth.
Our findings clarify the nature of the -phase chain conformation of PFO, corroborating that it is
distinct from other conformational isomers. In solution, the solvent molecules can physically bind
at predetermined positions (cavities) along the -phase segment, thereby stabilising the preciselydefined chain geometry.
Looking ahead, it would be of interest to use a broader range of scattering techniques to further
study the interplay between intra- and inter-chain structure formation during solutioncrystallisation of PFO. Investigating how a judicious control of solution-crystallisation conditions
can be used to control the microstructure of -phase domains should also be beneficial for
optimising the optoelectronic properties of solution-processed PFO-based devices.
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7.1. CONCLUSIONS
This thesis presented a comprehensive study of structure-property relationships of poly(9,9dioctylfluorene) (PFO), focusing particularly on controlling the presence and microstructure of its
“-phase” conformational isomer and analyzing its effect on optoelectronic and photophysical
properties.
In Chapter II we have reported selected spectroscopic and photophysical properties of
predominantly-glassy PFO thin films possessing a gradually-varied fraction of -phase chain
segments introduced by a range of solvent-based methods. A method for extracting the -phase
fraction was also presented, with the results showing good qualitative agreement with those
derived from spectroscopic Raman analysis performed on the same set of samples. The reported
PL quantum efficiency (PLQE) data highlighted the importance of carefully controlling both the
fraction and microstructure of -phase chain segments in PFO films for improving the
performance of PFO-based light-emitting devices.
In Chapter III we demonstrated a novel approach to fabricating conformational-metamaterialbased photonic elements defined by spatial patterning of the chain conformation, accompanied by
simultaneous refractive index structuring, in thin film PFO samples using local delivery of
selected solvent inks by dip-pen nanolithography (DPN). Decalin was shown to be suitable as
solvent ink for DPN patterning, capable of yielding a high -phase chain segment fraction, and a
number of processing parameters were optimised in order to reduce the dimensions of the
patterned

-phase

elements

into

the

sub-micrometre

scale.

A

lower-boiling-point

cyclohexane/IPA (3:1 (vol/vol)) solvent-mixture ink was also used, allowing feature sizes ≈ 400
nm to be written. AFM measurements showed limited changes to film planarity following DPN
patterning, a desirable feature for ease of integration. Spatial mapping of selected Raman intensity
ratios was also shown to provide a useful technique for imaging the -phase patterns in PFO
films. The demonstrated DPN approach is expected to provide a practical means to fabricate a
diverse range of photonic element architectures, two of which were theoretically modelled using
complex photonic dispersion calculations.
In Chapter IV we showed that the interplay between PFO concentration and chain conformation,
blend microstructure and processing conditions strongly influences the optical anisotropy of PFO
in tensile-drawn gel-processed blends with ultra-high molecular weight polyethylene
(UHMWPE). A major obstacle for efficient uniaxial alignment of PFO during tensile drawing was
found to be its existence in phase-separated clusters in the undrawn blend films resulting from
thermodynamic incompatibility of the two polymers. As a result, tensile stress cannot be
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efficiently transferred to PFO chains located within these clusters leading to their poor orientation
and consequent PL emission depolarisation. Reducing the concentration of PFO in the blend also
reduces the size of these clusters, thus allowing for their dispersal at moderate draw ratios and
subsequently enabling optimal chain alignment to occur. We have also observed that PFO
crystallisation occurs during tensile drawing. Following dispersal of phase-separated PFO
clusters, the crystallised PFO chain segments are closely aligned with the drawing axis as a result
of their crystallisation taking place under strain. Due to their extended conformation and, hence, a
lower energy electronic state relative to glassy chains, PL emission occurs preferentially from the
crystalline chain segments, yielding optimal PL emission anisotropy for these blends. The
chemical similarity between UHMWPE and the alkyl side-chains of PFO may enable side-chaindriven epitaxial crystallisation of PFO to occur.
In Chapter V polymer-solvent compound formation was demonstrated for PFO and a range of
organic solvents, observed as solution crystallisation and accompanied by thermoreversible
gelation. The crystalline structures in the gels consist of solvated -phase crystals, in which
solvent molecules are intercalated into the along-chain cavities characteristic of the PFO -phase
chain conformation. The properties (such as volume and solubility parameter) of the smallmolecular species were found to play a key role in compound formation, significantly affecting
the stoichiometry of the resulting compound, as well as its stability. Comparisons have been
drawn between the compound formation for PFO and similar phase behaviour in other systems,
notably those based on syndiotactic polystyrene. Our findings clarified the nature of the -phase
conformation and suggested new strategies for controllable solution-processing of PFO.
In Chapter VI we studied the fundamental differences in solution-crystallisation behaviour for
two polyfluorenes resulting from changes to the structure of their alkyl side-chains.
Solution-crystallisation of PFO, substituted with linear octyl side-chains, was shown to occur via
polymer-solvent compound formation and involved two discrete steps, as demonstrated by in-situ
spectroscopic monitoring of isothermal crystallisation. Our results show that the first step involves
the formation of isolated -phase chain segments in the absence of significant inter-chain
aggregation/crystallisation due to the chain conformation being stabilised by physically bound
solvent intercalated into along-chain cavities. The reduction in entropy due to the presence of
comparatively-rigid -phase chain segments leads to the second crystallisation step, namely interchain aggregation/crystallisation of -phase segments.
In

the

case

of

poly(9,9-dioctylfluorene-co-9,9-di(2-methyl)butylfluorene)

(P(F8:F1/4)),

introducing branched 2-methylbutyl alkyl side-chains on alternating fluorene repeat units
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prevented the formation of the -phase conformation and resulted in an alternative conformational
motif, the spectroscopic signature of which bears similarity to that of PFO crystallised from the
nematic melt. The aforementioned chain conformation does not allow for the formation of alongchain cavities and, therefore, solution-crystallisation of P(F8:F1/4) is found to result in nonsolvated polymer crystals. In this crystallisation process, both intra- and inter-chain order (that is,
chain conformation and polymer crystals, respectively) develop simultaneously since, in the
absence of co-crystallisation with the solvent, both of these structural elements are required for
the formation of stable crystal nuclei.
These findings elucidate the nature of the -phase chain conformation of PFO, corroborating that
it is distinct from other conformational isomers. In solution, the solvent molecules can physically
bind at predetermined positions (cavities) along the -phase segment, thereby stabilising the
precisely-defined chain geometry.

7.2. OUTLOOK
7.2.1. Optimising Photoluminescence Efficiency of -phase-rich PFO Thin Films
In Chapter II we reported that photoluminescence quantum efficiency (PLQE) of PFO thin films
strongly depends on both the -phase fraction and the specific post-processing that was
undertaken to generate -phase chain segments. For instance (see Table 2.2 and Fig. 2.6):
(i)

Dipping (i.e. immersing) a glassy film in a cyclohexane : isopropanol (1 : 2 vol/vol)
mixture at 20 °C for 1 min resulted in a ~7 % -phase fraction and PLQE = 69%

(ii)

Exposing a glassy film to saturated toluene vapour at 35 °C for 24 hours resulted in a
~10 % -phase fraction and PLQE = 54%

A 3% difference in -phase fraction corresponded to a substantial 15% difference in PLQE.
Evidently, the microstructure, i.e. size and dispersal, of -phase domains is the key factor here;
optimising the microstructure and the resulting PLQE is of significant interest for improving the
efficiency of PFO-based light-emitting devices.[1]
Assuming no variations due to the different amount of solvent in contact with the film for the
dipping and solvent vapour annealing methods, the resulting microstructure of -phase domains
would be strongly affected by two factors, namely temperature and solvent quality. Figure 7.1
shows the classical bell-shaped crystal growth rate curve which originates from a superposition of
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(i) nucleation term which increases with the degree of undercooling and (ii) mobility term which
reduces with the degree of undercooling. Based on their respective temperatures, the dipping and
solvent vapour annealing methods are placed at the two extreme positions on the curve to
illustrate the expected differences in microstructure of comparable (7–10%) -phase fractions that
were induced.

FIGURE 7.1: Schematic illustration of ‐phase crystal growth rate as a function of temperature
(solid red line). Nucleation and mobility terms are shown by dotted red lines. The approximate
points on the growth rate curve corresponding to the dipping and solvent vapour annealing
methods of generating the ‐phase chain segments in glassy PFO films are indicated. The
corresponding PLQE values (cf. Fig. 2.6) are also given.

In the case of the dipping method, the nucleation term dominates; therefore the resulting
microstructure is expected to feature a high number of small well-dispersed -phase clusters or
isolated -phase chain segments. Minimal chain mobility at reduced temperatures would imply
that -phase can only be generated in already-extended chain segments, consistent with the
observations of Da Como et al.[2] We further note that lower overall solvent quality in the case of
the dipping method (δ ≈ 10.4 cal1/2 cm–3/2 as compared with δ ≈ 8.9 cal1/2 cm–3/2 for toluene used
for vapour annealing) would also favour a high nucleation density for -phase chain segments.
Conversely, in the case of vapour annealing with toluene the mobility term is expected to
dominate. Since the resulting -phase fraction for the two methods was comparable, the
microstructure of the vapour-annealed films is expected to feature a small number of relatively
large -phase domains, the formation of which is facilitated by increased chain mobility. The
better-matched Hildebrand solubility parameter of toluene would also favour a lower nucleation
density.
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Upon photoexcitation of the bulk glassy chains (as was done for the PLQE measurements; see
Experimental section of Chapter II) the -phase segments/domains would be rapidly populated by
efficient excitation energy transfer.[3] However, it may be expected that the larger size of -phase
domains in vapour-annealed PFO films would additionally allow for subsequent migrationactivated nonradiative quenching within the -phase domains which indeed may be responsible
for the lower PLQE values measured for these films.
To confirm this proposal, the influence of post-processing method and temperature on PLQE of phase-rich PFO thin films will need to be systematically investigated. An appropriate study may
involve exposing glassy PFO films to (i) toluene vapour and (ii) liquid toluene-methanol
mixtures[4] at varied temperatures and measuring the resulting PLQE. An accompanying study of
excitation energy transfer processes in these films by polarised PL lifetime analysis[5] would also
be useful.

7.2.2. Sub-wavelength-scale Spatial Patterning of the -phase Conformation in PFO
Thin Films
With regard to the dip-pen-nanolithography-based patterning of the -phase conformation in PFO
films demonstrated in Chapter III, it would be of interest to further reduce pattern dimensions
below the present ~400 nm limit. This presents a challenge from both the patterning and imaging
perspectives.
Humidity is known to strong affect the width of the water meniscus that forms between the DPN
tip and the film, and supports ink transport.[6] As shown schematically in Fig. 7.2, reducing the
humidity also reduces the width of the water meniscus and, consequently, the area over which the
ink is deposited. While the reported DPN patterning was carried out at ambient (~40%) humidity,
flushing the DPN chamber of the NLP2000 instrument with dry nitrogen may enable smaller phase patterns to be written using the same solvent inks.
The reported confocal PL microscopy method (see Chapter III) would no longer be suitable for
imaging these sub-resolution -phase patterns. An alternative technique based on scanning nearfield optical microscopy (SNOM), illustrated in Fig. 7.3, is proposed. This is based on
photoexcitation of the top surface of the film via a SNOM probe and collection of the transmitted
light with a high-numerical-aperture objective. The spatial resolution of the light collected in the
far-field is determined primarily by the dimensions of the SNOM probe and is expected to be ≈
50–100 nm.[7]
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The fluorescence spectrum of a mercury lamp features a sharp line at 436 nm (so-called “G-line”)
which closely matches the spectral position of the S0-S1 0-0 absorption peak of the -phase
(~433–435 nm; cf. Fig. 2.3). To this end, it may be of interest to image the sub-resolution -phase
patterns by monitoring the decrease in transmission of light at ~436 nm. This approach may offer
an additional advantage of allowing the -phase fraction in the patterns to be estimated following
calibration of light transmitted at 436 nm as a function of -phase fraction and film thickness.

FIGURE 7.2: Illustration of the influence of humidity upon the size of the water meniscus and
patterning resolution in dip‐pen nanolithography. The cases of (a) high and (b) low humidity are
presented. Water meniscus is shown in blue and the transported ink molecules are depicted by
red circles.

FIGURE 7.3: Scanning near‐field optical microscopy‐based imaging of sub‐resolution ‐phase
patterns. DPN‐patterned film is excited via a SNOM probe and the transmitted light is collected
by an objective.
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7.2.3. Oriented PFO–Polyethylene Blends
The tensile-oriented blends of PFO and UHMWPE reported in Chapter IV are unlikely to be
suited for applications such as photoluminescent polarisers due to the relatively low (< 25) PL
emission anisotropy of PFO even at maximal draw ratios of UHMWPE. Besides the PL
depolarisation effects in Chapter IV, this is also fundamentally due to the fact that PFO does not
follow so-called “pseudo-affine” deformation in these blends which is known to enable maximal
deformation of the guest at modest draw ratios.[8] Pseudo-affine deformation is enabled by two
factors that are absent for the reported PFO–UHMWPE blends: (i) intimate dispersal of the guest
in the polyethylene matrix (i.e. lack of coarse phase-separation between the two components) and
(ii) melting temperature of the guest equal to or below the drawing temperature (typically 120–
140 °C for UHMWPE).[8] Intimate guest-host dispersal can be achieved by melt-extrusion
processing of PFO with linear-low-density polyethylene (LLDPE). Melting temperature of PFO
can, in principle, be reduced by the introduction of appropriate copolymer units.
On a separate note, the demonstrated anisotropic crystallisation of PFO under strain encourages a
subsequent investigation of whether generating the -phase under applied tensile stress (e.g. by
solvent vapour annealing) in already-oriented PFO–UHMWPE blends may improve the resulting
PL emission anisotropy. In this case, the improvement in optical anisotropy would be due to the
preferentially-uniaxial formation of -phase chain segments as well as the axially-aligned
transition dipole moment of the -phase conformation.[9]

7.2.4. Molecular PFO–Solvent Compounds
As discussed in Chapter V, the formation of a polymer-solvent compound is a molecular
recognition process, for which the critical solvent properties are: (i) appropriate volume and, to a
lesser extent, (ii) matching solubility parameter. Hence, molecular PFO compounds might more
generally be formed with the organic solvent replaced by a small molecule of desired
optoelectronic properties, thereby allowing the fabrication of ultra-regular molecular-level blends
comprising a PFO host and a small-molecular guest. A judicious choice of guest molecule might
therefore enable improved device performance for PFO compounds in terms of, for example,
charge-carrier injection and transport, energy transfer, charge separation and stability against
photo- or thermal-degradation.
Furthermore, it would be of interest to correlate the formation of the -phase conformation by cocrystallisation/complexation with the solvent with the other reported methods of generating the -
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phase. Notably, the first observations of the -phase conformation in PFO were made following
thermal post-processing of glassy spin-coated PFO films via in-vacuo cooling to and re-heating
from -196 °C.[9,10] Given the seemingly solvent-free formation of the -phase in that case, as well
as other observations of -phase formation during, for instance, solution-casting on a water
surface,[11] it would be most interesting to further study the differences between these methods and
compare them to other polymer systems.
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