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ABSTRACT

Steady-State and Ultrafast Fluorescence Depolarisation in Rigid-Rod Conjugated
Polymers

Helen Louise Vaughan

Polarised spectroscopic techniques were used to investigate the underlying physics of steady-
state and ultrafast fluorescence depolarisation in conjugated polymers. Depolarisation is
due to fluorescence anisotropy: the angular difference between the absorption and emission
transition dipole moments of a molecule. Polarised spectroscopy results from a polymer
with a flexible backbone, poly (9,9-di(ethylhexyl)fluorene) were compared with those from
two rigid backbone polymers: methyl-substituted ladder-type poly (para-phenylene) and the
newly synthesised naphthylene ladder-type polymer (2,6-NLP). This revealed that there is an
intrinsic anisotropy directly associated with the molecular backbone. This work is the first
reported on 2,6-NLP.

Fluorescence anisotropy was shown to be dependent upon the conjugation length; the tran-
sition dipole moments show larger angles for short lengths, tending to a minimum as the
length increases. For rigid-rod polymers, this behaviour is replicated at each vibronic posi-
tion. In the flexible polymer, planarisation of the backbone elongates the excited state over
more conjugated bonds, changing the angle between the transition dipole moments, whereas

in rigid-rod polymers, such elongation can only be electronic.

Linear dichroism results obtained for all the polymers has shown the angle between the ab-
sorption transition dipole moment and the molecular backbone is large and that the emission
transition dipole moment is aligned with the backbone. Off-chain to on-chain transition
dipole moments arise from transitions from localised to delocalised states suggesting that the

excited state in conjugated polymers is delocalised.

Time-dependent measurements show that the main fluorescence depolarisation mechanism
occurs in under 5 ps for both flexible and rigid polymers. The ultrafast timescale and the
similarity of the two systems requires the process to be electronic in origin and not linked to

a physical deformation.

This work proposes that ultrafast fluorescence depolarisation is a result of the delocalisation

of the electronic state as the conjugation length extends over more of the polymer.
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OVERVIEW - A COMPREHENSIVE ABSTRACT

Steady-State and Ultrafast Fluorescence Depolarisation in Rigid-Rod Conjugated
Polymers

Helen Louise Vaughan

This thesis contains experimental results of the photophysical behaviour of blue emitting
conjugated polymers and discusses how these can be used to further the understanding of
the fundamental processes involved. In particular, an answer for the problem of ultrafast

fluorescence depolarisation has been sought.

Fluorescence depolarisation is the result of an angular difference between the absorption and
emission transition dipole moments on a molecule. This is also referred to as the fluorescence
anisotropy and the angles can be measured by polarised spectroscopies. By monitoring the
change in angle and how it relates to the conjugated backbone, the intra-chain processes
governing excitation energy transfer can be categorised. These processes are linked to the
photoluminescence efficiency of the molecule and evaluating the processes assists in the man-

ufacture of efficient light emitting devices.

Two families of blue emitting conjugated polymers, both used in light emitting devices, were
studied. In particular, a polymer with a flexible backbone, poly (9,9-di(ethylhexyl) fluo-
rene) (PF2/6), and two with rigid backbones, ladder-type polymers poly (para-phenylene)s
(MeLPPP and 2,6-NLP), were investigated via fluorescence anisotropy. This thesis contains
the first photophysical results published about 2,6-NLP.

The flexible polymer, PF2/6 presented a large anisotropy loss that was dependent upon the
excitation wavelength except at low energy excitation wavelengths. Therefore depolarisation
is thought to occur as a result of excitation migration from higher energy states to lower
energy states. A smaller fluorescence anisotropy loss was observed in shorter versions of
this polymer. The short oligomers are unable to support excitation energy migration and the
anisotropy loss was explained as a change in dipole orientation associated with the elongation
of the excited state as a result of planarisation of the backbone. It is postulated that, in longer

chains, both processes take place.

The rigid polymers, MeLPPP and 2,6-NLP, were investigated to further understand the
effect of structural motion on fluorescence depolarisation. The fluorescence anisotropy was
once again dependent upon the excitation wavelength, therefore fluorescence depolarisation
is a result of an electronic process. It was observed that the angle of the absorption transition
dipole moment is dependent upon the conjugation length. As the conjugation length increases
the angle of absorption transition dipole tends to the same angle as the emission transition
dipole moment. It was hypothesised that as the excited state elongates, it encompasses more
covalent bonds and the state, and its associated transition dipole moment, becomes more
aligned with the backbone.



The natural anisotropy of the three polymers was also found: 0.32 £+ 0.04 for PF2/6 and
0.36 + 0.05 for the ladder polymers. These values, which are less than the maximum for
parallel dipole moments, show that there was an intrinsic anisotropy loss associated with the
structure of the polymer. An angle between the two transition dipole moments also means

that at least one of them lies at an angle to the molecular backbone.

The molecular backbones of the three polymers were oriented in stretched polyethylene films
and the degree of orientation was measured by three different methods. The methods used,
x-ray diffraction; polarised Raman spectroscopy and a polarised fluorescence anisotropy tech-
nique, were in good agreement and the angle of the backbones relative to the stretch orien-

tation was found.

Using the aligned films and the polarised absorption technique, linear dichroism, the angle
between the absorption transition dipole moments and the backbone was found. The ab-
sorption transition dipole was found to be off-axis for short conjugation lengths and that the
angle between the backbone and the transition dipole moment decreased as the conjugation
length increased. The data were used to show that the emission transition dipole, associated
with longer conjugation lengths, was parallel the backbone. The off-axis transition dipole
moments are thought to arise from transitions from localised states to delocalised states, sug-
gesting that the absorption transition dipole moment is localised and the emission transition

moment is delocalised.

The polymers were also investigated by time-resolved fluorescence anisotropy which allows a
study of the intrinsic anisotropy loss. It was found that the anisotropy loss evolves on the
same time scale for both the flexible polymer and the rigid polymer, further confirming the
presence of a similar process in both systems. The results of these experiments were limited
by the detection system’s resolution, but it was confirmed that the intrinsic loss must occur
in under 5 ps. The ultrafast timescale for this depolarisation strongly suggests that it must

be electronic in origin and not linked to a physical deformation of the polymer.

From the results in this thesis, it is proposed that the ultrafast depolarisation observed in
these, and other conjugated polymers, is a result of the delocalisation of the electronic state

as the conjugation length extends over more of the polymer.
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CHAPTER 1

INTRODUCTION

1.1 Lighting, displays and organic polymers

The provision of artificial lighting in homes and offices allows us to work in the dark, increasing
our daily productivity. Electrical lighting, an improvement on the naked flames of fires and
candles, has allowed factories and shops to stay open twenty-four hours a day with less risk
of fires and other accidents. It is an invention that allows us to drive safely at night and

decorate our Christmas trees without fear of setting them alight.

However, since Joseph Swann’s invention of the incandescent light bulb one hundred and
thirty years ago, there has been a desire for brighter, smaller, less expensive, more versatile
lighting solutions. Most common lighting is still based on this early design of a heated
wire filament encased in a thin glass ball or bulb. Light created in this way has to be passed
through a coloured filter to access the full colour range of the rainbow. For example, coloured
light bulbs used for decoration are made with tinted glass. This method, however, reduces
the accessible amount of light from the bulb and decreases the overall efficiency of a coloured
lighting system. Also, traditional incandescent light bulbs emit a high percentage of energy
as heat instead of light and today, with an apparent energy crisis looming, the efficiency of

these devices has become increasingly important.

Other current lighting solutions are based on fluorescent strip lights which emit light as
a result of electrical discharge through a mercury vapour which then excites a fluorescent
compound. They are significantly more efficient than light bulbs but they produce a stark
blue-coloured white light that can be uncomfortable to look at. The energy saving "ECO”
bulbs, which are based on this concept are slow to reach their maximum brightness, are
not compatible with dimmer switches and may flicker making them uncomfortable for some
people. The mercury necessary for their operation is a known health hazard and is subject

to regulation.

All these lighting devices are rigid and brittle and the range of applications they can be used
for is limited. Semiconductor light emitting diode (LED) devices are a more attractive option
for lighting not only because they have the sought-after high luminescence efficiency but also
because they can be mass produced cheaply in a range of shapes, colours and sizes. They
are much thinner than other light sources and are used for lighting large panel displays. A
further problem is that semiconductors produce narrow colour bands and to get an apparent
white light at least three bands must be combined. The different colours of the bands means
that illuminated objects do not always reflect their true colours. Hence LED’s are not usable

in many lighting applications where colour is important, for example, hospital lighting.
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In our technological age we receive information from directly illuminated displays: signs,
televisions, traffic lights, computer screens, even electric razors have a display. One of the
more successful display technologies is the liquid crystal display (LCD) which is used in

devices such as, televisions, digital watch faces, mobile phones and computer screens.

Even some of the latest generation of technologies have properties that are not conducive to
all commercial applications: they are all rigid and those that include a glass container (light
bulbs, fluorescence tubes and LCDs) are prone to breaking. The true aim for the lighting
and display community is a totally flexible, unbreakable device that covers the whole white

light spectrum.

The solution to the mechanical issues is a device which is made entirely of plastic. Plastic has
the advantage of low mass, ease of processing and flexibility allowing large scale projects to
be undertaken. But most plastics are electrical insulators which is a considerable drawback
for an electronic device. However, there is one family of organic polymers that can conduct
a current as well as emit light. Understanding the physical and electronic properties of these
conjugated polymers is the purpose of the work described in this thesis. Of key interest is
the microscopic relationship between the physical and electronic processes as this aids in the

development of new, more efficient polymers.

1.2 Conjugated polymers

Polymers are long chain organic molecules comprised of repeated units connected in the form
of a covalently bonded carbon backbone. In insulating polymers all the carbon atoms are
joined with single bonds and the bonding electrons are localised and requires a great deal of
energy to be excited. Conjugated polymers however have a carbon backbone that alternates
between single and double covalent bonds. In the double bond, a 7-bond, the electrons are
not as tightly bound to the carbon atom (delocalised) and need less energy to become excited.
The highest occupied molecular orbital (HOMO) is the pi orbital and the lowest unoccupied
molecular orbital (LUMO) is the pi**" orbital. Transitions between the HOMO and LUMO
are the primary electronic transition. Furthermore, the wavefunction of the HOMO and
LUMO can extend over several adjacent monomer units which lowers the energy further
such that it corresponds to the energy of visible light. These delocalised electrons allow the

molecule absorb and emit light, whilst still retaining the usual physical properties of plastics.

The first of these conjugated polymers was produced in 1977, by doping a single chain poly-
mer, polyacetylene, with halogen ions producing an electrically conducting polymer.! Twenty
years later, the first observation of luminescence from a conjugated polymer under an applied

electric current was reported and their potential as a new light source was revealed.?

The chemical structure and the number of repeating units of a conjugated polymer controls
the energetic separation of the HOMO and LUMO and therefore the colour of the emitted
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light. Consequently, by changing the chemical structure of the backbone it is possible to
modify the colour of emitted light. Emission bands of conjugated polymers are typically
broad, thus making it easier to make white light devices than with semiconductor LEDs.
Instead of a single polymer that emits a single colour, two or more polymers can be mixed in
a solution enabling any colour to be produced. It is also possible to synthesise polymers that
have two differently emitting units within them, enabling the development of a white-light

emitting polymer.

1.3 Organic light emitting diodes (OLEDs)

The ultimate aim for the use of conjugated polymers is to create an efficient light emitting
device such as an organic light emitting diode (OLED), which can be used for display or
lighting. Whilst a single polymer layer will emit light when a current is passed through it as

demonstrated by Burroughes et al.,?> more recent devices have more than one layer. Typical

Power Supply &

Cathode

Emissive layer

+
+ + + + + | Conductive layer
+ + +

| Anode
| ] Substrate

Figure 1.1: Schematic diagram of an organic light emitting diode (OLED) mounted
on a substrate, showing the electrical connections (anode and cathode) and the active
polymer layer (conductive and emissive sub-layers). In the emissive layer there are free
electrons (denoted by - ) and in the conductive layer there is a deficit of electrons (holes,
denoted by +). Electrons and holes recombine emitting light when current is passed from
the anode to the cathode.® Figure based on a schematic in Blythe, T (2008) Electrical
Properties of Polymers Cambridge University Press pp 401.3

OLEDs are comprised of five layers (as shown in Figure 1.1): a transparent substrate; a
transparent anode; a conductive layer (typically a conjugated polymer); an emissive polymer
layer; and, a cathode (typically a metal). When a current is applied, positive charges (holes)
are injected into emissive layers where they recombine with negative charges (electrons),
emitting light. White-light emitting devices can be made by building several emissive layers
made from different polymers or by using a blend of polymers in a single layer or on a single
molecule with multiple chromophores.?

Manufacture of OLEDs is simpler than traditional LEDs because the polymers are organic
and they can be dissolved in a wide range of organic solvents and used as an ink. Thin films
can be deposited on a wide range of materials, such as glass, plastic and metals using existing
printing techniques* % such as ink jet printing.”® These techniques allow thin patterned
films of polymer to be created easily and OLEDs and other polymer electronics can be
manufactured much more cheaply than current devices, for example, semiconductor LEDs
and LCDs.
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Each layer in an OLED is no thicker than 100 nm (100 times thinner than a human hair)
meaning that the total device thickness is dominated by the substrate. Therefore, a massive
advertising billboard can be made up of smaller segments without worrying about their

structural integrity. Similarly, these devices can be made as small as television pixels.

Increasingly, OLEDs are being used in devices that are competing with visual display tech-
nologies, because OLEDs can create a full colour display and they respond to an electronic
switching signal faster than most LCDs. They have a further advantage over LCDs: they do
not need a backlight. This removes the need for backlighting and makes a display brighter

with sharper images. OLEDs also have a wider viewing angle and more lifelike colours.”?

Although OLEDs have a clear advantage, and indeed there are several products containing
¢ 10-12

OLEDs based on small molecules are already on the consumer marke
Making polarised polymer devices is sometimes straightforward because some polymers can
be printed on to substrates with an alignment layer. However, the polymer’s properties in

respect to polarised light, whether it be absorption or emission, is still not fully understood.

1.4 Polarised light and polarisers

Electromagnetic radiation is a transverse wave as shown in Figure 1.2. If the radiation has a
wavelength between 380 nm and 700 nm it can be observed with the naked eye and is referred
to as visible light. The electric and magnetic fields of the radiation are perpendicular to each
other. By convention, the direction of the electric field determines the polarisation of the

radiation.

Electric Field

%(h //.r"}/,-\ -'/,_.f? Magnetic Field
[I- -MN /|/Dimmilp:rrn-:-§:bgatinn

Figure 1.2: Schematic diagram of electromagnetic radiation showing the electric field
(blue) and the magnetic field (red) which are both transverse to the direction of prop-
agation (black). The polarisation is defined as the direction of the electric field. Figure
based on schematics in Hecht, E (1998) Optics 3rd Edition Addison Wesley pp 46.13

Typically light sources such as the sun and incandescent light bulbs produce unpolarised
light i.e. many individual waves each with different polarisations. Specific orientations of the
electric field or polarisations of light can be selected in several ways e.g. by using a polarising
medium. Polarisers are materials that are optically anisotropic, usually due to an orientation
within the material. The simplest form of polariser is a stretched plastic sheet that has been
coated in an iodine based ink and is commercially known as Polaroid.'® Since the polymer

chains are all aligned with the stretching direction, the ink on them is also similarly oriented.
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The basic principle of this kind of polariser is that the light waves with their electric fields
parallel to the aligned chains are absorbed by the ink whereas the waves polarised perpen-
dicular to the chains pass through unaffected. Unpolarised light contains many waves with
a component of their electric field parallel to the dye. These components will be absorbed
whereas components perpendicular will be allowed through. Hence a simple thin film can be
used to polarise light and the resulting light is said to be linearly polarised. The distribution
of polarised light produced by polarisers is described in detail in Chapter 2.

Some crystals can also be used to polarise light. The atomic structure and, hence, the distri-
bution of the electrons, in these crystals is anisotropic. The interaction between the light and
the electrons causes refraction. Anisotropic crystals will have two or more refractive indices.
This means that linearly polarised light is refracted differently depending on the orientation
of the crystal. When unpolarised light enters this sort of crystal, the two orthogonal compo-
nents of the electric field are refracted by different amounts. It is, therefore, possible to select
a single polarisation of light. Scattering from particles and reflection from a planar medium

are other means of producing linearly polarised light from unpolarised light.

The procedure of selecting a single linear polarisation of light will mean there is a significant
drop in intensity. The inclusion of a polariser in any optical system reduces the intensity of
the light. In a display or lighting application this has the additional disadvantage of wasting
light and, therefore, reducing the efficiency of the device.

1.5 Transition dipole moments

Movement of an electron from a lower energy state in an atom to a higher energy state
requires the absorption of electro-magnetic radiation (light) and the transition from a higher

energy state to a lower energy state, emits light.

The electronic structure of conjugated polymers is such that when a pi-electron in the dou-
ble bond makes a transition between HOMO and LUMO, the light absorbed or emitted is
typically in the visible.

The interaction of the electric field of the light and the electronic structure of the molecule
leads to the formation of a transition dipole. A transition between orbitals is governed by
a property called the transition dipole moment. It is the orientation of the dipole which
gives the probability of absorbing linearly polarised light and determines the polarisation of
emitted light. By determining the orientation of the dipoles with respect to the polymer’s
backbone it is possible to make predictions about the mechanism governing the change in

polarisation between absorbed and emitted light.

Understanding the electronic processes between absorption and emission in conjugated poly-
mers will advance the knowledge of the fundamentals of polymer photophysics. These proper-
ties are linked to the efficiency of emission of light from the polymers and thus the efficiency of
the OLED. A thorough understanding of polarisation will also help in creating more efficient

polymers and thus more efficient devices.
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1.6 Aims and objectives

The aim of this thesis is to investigate the absorption and emission properties of two types
(flexible and rigid) of blue-emitting conjugated polymers. In particular, this thesis reports on
a newly synthesised polymer (naphthylene-ladder-type poly (para-phenylene) (2,6-NLP)) for
which no photophysics has previously been reported. Two properties of interest are excitation
migration and the orientation of the transition dipole moments which will be measured by

investigating the polarisation behaviour.

When a photon is absorbed and an electron makes a transition to a higher energy level an
excitation is formed. In conjugated polymers the excitation, called an exciton, is an excited
state whereby an interaction between an electron and a hole keeps the two carriers correlated
in the excited state. Excitation migration occurs as this exciton moves between units on a
polymer chain or between chains. This movement can change the difference in orientation
between absorption and emission transition dipole moments. The migration of excitations
in the polymer is of great fundamental interest in the field of conjugated polymers. The
processes by which the excitons (electron and hole bound pair) move along the chain (intra-
chain motion) before they recombine are linked to the luminescence efficiency of a particular
polymer. The luminescence efficiency, the ratio of emitted energy to absorbed energy, of an
isolated polymer in a solution is very high (90 % ). In a deposited film, however, this efficiency
drops to under half that in the solution. The polymer chains are much closer to each other in
a film and the excitons can move among many more chains to the lowest energy state before
they emit. Migration between chains (inter-chain motion) requires energy, thus reducing the
energy of an emitted photon. Moreover the exciton can find quenching sites (such as defects)
more easily which decrease the luminescence efficiency. This has a significant consequence
for making efficient devices and it is vital to control or remove processes that inhibit high

efficiencies.

To be able to fully differentiate between the inter-chain processes that can occur in a film
and intra-chain processes that occur intrinsically, it is essential to start by isolating the
electronic and vibronic processes that occur on an individual chain. Work carried out to
investigate excitation migration in isolated chains is reported in this thesis. Steady-state
polarised fluorescence spectroscopic experiments were undertaken to investigate intra-chain

electronic processes.

The theoretical basis of the work described in the thesis is covered in Chapter 2 which covers
both the fundamentals of polarisation of light and the photophysics of molecules. Particular
attention is given to the two types of conjugated polymers (flexible and non-flexible or ladder)
used in the work including the first ever report on the photophysics of the new ladder-type
polymer 2,6-NLP. These polymers were chosen as they appear from previous work to be
of special interest for the particular optical applications described earlier. A wide range of
experimental techniques were employed and Chapter 3 describes the fundamental aspects of

them, with more details being given, as appropriate, in the later chapters. The bulk of the
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thesis describes the experimental results: Chapters 4 and 5 cover the steady state fluorescence
experiments to obtain data on the basic behaviour of the molecules and measure the angle
between absorption and emission transition dipole moments; Chapter 6 reports on the X-ray
diffraction studies and the polarised Raman spectroscopic investigations into finding the angle
the absorption transition dipole moments make with the conjugated backbone; and in Chapter
7, the results of time resolved polarised fluorescence measurements are presented to gain an
understanding of the rate of the depolarisation between absorption and emission and it’s
connection with the inter-chain electronic processes. Finally, in Chapter 8, the results of these
experiments are discussed in the context of furthering the understanding of the photophysics

of conjugated polymers and their contribution to improving optical applications.



CHAPTER 2

PHOTOPHYSICS AND CONJUGATED POLYMERS

2.1 Introduction

This chapter contains an introduction to the physics that underlies the experiments performed
and the results obtained in this thesis. As the experiments concentrate on the interaction
between polarised light and conjugated polymers, this chapter begins with a brief discussion
of light, specifically, linearly polarised light. It is followed by explanation of how bonding
occurs in molecules and why the electronic properties of conjugated polymers arise. The next
section concentrates on photophysics: the study of the interaction of light with materials.
Finally, there is a review of previously published information about the conjugated polymers

used in this work.

2.2 Light
5amma Ultraviolet Infrared )
rays H-rays rays rays Radar Fra | T |Radio | AM

| | | | | | | | |
102 1010908 106 104...102 1 102 104
Wavelength (m)

Yisible light

400 500 600 700
Wavelength (nm)

Figure 2.1: Schematic diagram to show the electromagnetic spectrum. The figure shows
that the names given to different length waves and highlights the relationship between
wavelength and colour of visible light. Adapted from a table in M. Chapple (1997) The
complete A-Z Physics handbook p. 75.1%

Electromagnetic (EM) radiation is a transverse wave in which electric and magnetic fields
oscillate at 90° to each other, as shown in Figure 1.2. The type and name of radiation is
characterised by the wavelength (), as shown in Figure 2.1. Waves with length between 380
nm and 700 nm can be observed by the human eye and are referred to as the visible spectrum

and commonly called light.

The intensity of the electric and magnetic fields of EM radiation can be derived from Maxwell’s
equations.!® The electric field vector (E) of a light wave can be described mathematically
as:

E = Eysin(2nvt + 0) (2.1)
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where Ej is the amplitude of the wave, v is the frequency of the light, (where the speed
of light, ¢ = v\ ) t is the time from ¢ = 0 and 6 represents the initial phase of the wave.
The phase indicates the position of the wave, be it peak, trough or somewhere in between,
at t = 0. The phase can also give information on the relative positions of the peaks of two
different EM waves.

2.2.1 Polarised light

As the wave propagates, the electric field vector traces a pattern in the plane perpendicular to
the direction of travel (z-axis), which can be described using orthogonal co-ordinates (x and
y) in this plane. An important property of light, its polarisation, is defined by the pattern
the electric vector traces, as shown in Figure 2.2. If the individual waves that make up a
beam of light are such that the direction of the electric vector does not change with time,
the wave is said to be linearly, or plane, polarised, as shown in Figures 2.2(a) and (b). If
the direction of the electric field vector changes uniformly with time, then elliptically (c) or

circularly (d) polarised light are produced.

@ Y ) v © v @

Y
A S

Figure 2.2: Schematic diagrams of the pattern traced out by the electric field vector of
an electromagnetic wave. The wave is travelling out of the page. In (a) and (b) the
vector does not change with time and the light is classed as linearly (or plane) polarised.
The angle that the vector makes with the y-axis determines the angle of polarisation of
the wave. Also shown, in (c¢) and (d), is the pattern when the vector changes uniformly
with time which results in elliptically (c) and circularly (d) polarised light. Diagrams
adapted from Feynman et al. (1965) pp 33-216

¥
v

Light from an isotropic source (e.g. the sun or a filament light bulb) contains light waves
with different polarisation directions which are emitted randomly in time. At any moment
the resultant electric field vector of the light will be different from one moment to the next
and this produces an ever changing polarisation state, rather than just one. This type of

light is called unpolarised light.

It is possible to select a specific orientation of linearly polarised light from unpolarised light
for use in optical systems, for example, the backlighting for liquid crystal displays. In the
experiments described in this thesis, the absorption and emission of linearly polarised light
is used to reveal some of the electronic properties of the conjugated polymers. Selecting and
detecting a specific orientation of the polarisation of light requires the use of polarisers, which

only allow the transmission of a particular, chosen electric field direction.
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2.2.2 Polarisers

A polariser is a material that affects the two orthogonal components of the electric field
differently, enabling them to be separated and thus producing light of a defined polarisation.

In this section, only polarisers that produce linearly polarised light are described?®.

8,

Figure 2.3: Schematic diagram to show the path of a light beam as it reaches the in-
terface of two materials with different refractive indices. The diagram shows that the
the incident beam of light (blue) is both reflected (purple) and refracted (red) when it
reaches the interface. The angle of incidence (0;) is equal to the angle of reflection (6;)
and the angle of refraction is calculated from Snell’s Law given in equation 2.2. The
dotted line indicates the normal, from which all angles are measured. Diagram adapted
from Tipler, P (1999) Physics for Scientists and Engineers p. 104117

When light strikes the boundary between two materials, it may be reflected or transmitted
through the second material. When light passes from one material (e.g. air) to another (e.g.
glass) its velocity and direction are changed by the process of refraction, which is a result of
the interaction between the electric field of the light with the electronic distribution (electron
density) in the material. The extent of this refraction is measured by the index of refraction,
n. Snell’s Law describes the angle of refraction, 6s, i.e. the angle to the normal that the light
makes as it passes from one material (with index of refraction, ni) to another (with index
of refraction ny). Snell’s Law also depends upon the angle of incidence () at the boundary
of the two materials. See Figure 2.3 for further clarity of the angles involved. Snell’s Law is

written mathematically as:'”

sin 92 ni

(2.2)

sinf;  ng

Birefringent crystals, such as quartz and calcite, have two refractive indices which affect
the two orthogonal polarisation components of the incident light differently, so that the
transmitted light is split into the two components. There is a direction in the crystal, the
optic axis, where both polarisations propagate with the same velocity. The lower refractive
index causes one polarisation to be refracted less than the other ray. Therefore, by controlling
the angles of entry and exit of unpolarised light, it is possible to construct a polariser which
produces linearly polarised light. Specifically, Glan-Thompson polarisers, which use this

principle, were used in the experiments reported in this thesis.

# There are other types of polarisers that can create circularly polarised light from plane polarised light.
These are known as quarter wave plates. More details of these polarisers can be found in Hecht, E (1998)
Optics 3rd Edition Addison Wesley
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Glan-Thompson polarisers are formed from two calcite prisms held together by glycerine or
mineral o0il.'®> The prisms are shaped such that the component of light perpendicular to
the optic axis is totally internally reflected at the interface resulting in the transmission of
one polarisation only. These types of polarisers are frequently used in optical experiments
that require a high degree of resultant polarisation. They are very useful in experimental
situations because they have a large acceptance angle® and can cover a wavelength range
from 350 nm to 2.3 um. With a suitable cement they can also be used in the ultra-violet
region of the spectrum (down to 240 nm).!®

Absorption of one polarised component is another method of selecting polarisation from
unpolarised light. These dichroic materials include Polaroid and other thin films. As will
be explained in section 2.3 on electronic transitions, molecules (and indeed crystals) will
absorb the component of the electric field parallel to its dipole and allow transmission of the

perpendicular electric field components, resulting in linearly polarised light.

Light can also be linearly polarised by scattering (for example from atoms and dust particles)
or by reflection from a plane surface (for example a pool of water or a window). The latter can
only occur at a specific angle dependent on the reflecting medium. Whilst these two processes
commonly occur around us, neither of the two methods were used to create polarised light

for the experiments.

2.2.3 Malus’s Law

E.= E,cos 6

Figure 2.4: A schematic to show the two orthogonal electric field components of linearly
polarised light. The resultant electric field, Eq, is split into components along the x and
y axes.

In all cases, selecting a single plane polarisation from an isotropic source reduces the intensity
of the light. As has already been noted, linear polarisers select a specific orientation of
unpolarised light. The electric field vector of an incoming light wave can be considered to
be composed of two components: one parallel to the transmission axis (E,) and the other
orthogonal to it (£,) as shown in Figure 2.4. The electric field vector that passes through a

polariser is dependent upon the angle that it makes with the transmission axis.

PThe acceptance angle is the range of angles of incidence of the incoming beam that still produces polarised
light.
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If the electric field Ep, makes an angle 6 with the transmission axis then the two components

can be written as:
E.=FE, C?SO (2.3)
E, = Eysinf

The E, component passes through the polariser unaffected, whereas the E, is affected by the

polariser (for example, in a thin film polariser it is absorbed).

Since the intensity of light is proportional to the square of the electric field, the initial intensity
of light I is equal to Eg. As such, the intensity transmitted through the polariser, I, is given
by:
I:Enggcosze (2.4)
I =1Iycos*0
This is known as Malus’s Law. When light is passed through a pair of polarisers the intensity
of the transmitted light will depend on the angle between the transmission axes, being at
a maximum when they are parallel (and equal to Ip) and decreasing as the angle increases,
eventually becoming zero when the axes are orthogonal. In a series of perfect polarisers,
where successive pairs of polarisers are rotated to non-orthogonal angles, some light will be
transmitted. At each polariser in the series, the intensity of light and the plane of polarisation
will be changed, so only the incident parallel component is transmitted. The final intensity
can be determined by successive applications of Malus’s Law. This phenomenon can be used
effectively in the laboratory by monitoring the intensity of light through two polarisers to

ensure that they are aligned with each other.

2.3 Light, energy and electronic orbitals

The energy of the electromagnetic radiation, F, is directly related to its wavelength by the

following relation

he
EF=— 2.
A (2.5)

where h is Planck’s constant and ¢ and X\ have been previously defined. Since the wave carries
a quantised amount of energy, light is often considered to consist of particles called photons
and quantum mechanics is used to describe the processes. The two descriptions of light, as
a wave or a particle, are complementary and this duality is fundamental to the nature of
light: depending on the phenomenon observed one description or the other is used. In the
work described here, for example, polarisation is essentially a wave property whereas the

absorption and emission processes are photon based.? 16,19

2.3.1 How is light connected to atomic structure?

Atoms show distinct spectra with the hydrogen atom being the simplest. From this spectrum,
Rydberg and Ritz developed a mathematical equation to describe the wavelength of light
emitted in hydrogen.'®
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The Rydberg-Ritz equation is:'®
1 1 1
—=Ryl—= — —= =1,2,.. =2,3,.. 2.6
2 H (ng ng) Ng ) & ny ( )

where \ is the wavelength, Ry is the Rydberg constant for hydrogen and n, and n; are
integers. Rydberg’s work was purely heuristic and did not lead to any deeper understanding

of the under lying physics.

The hydrogen atom, with only one electron, was the first atom to be understood at a quantum
mechanical level. This was achieved by Bohr, by assuming that the electron could only exist
in quantised energy levels.'® Electronic transitions between energy levels requires a change
of energy in the form of electromagnetic radiation. For a transition from a lower level to
higher level, electromagnetic radiation is absorbed. For a transition the other way around,

electromagnetic radiation is emitted. This is shown in Figure 2.5.

Energy Levels 3
2

Absorption 1 Emission

rabd :

Figure 2.5: Schematic diagram showing four energy levels that could arise in an atom.
Also shown are vertical transitions between levels. The upward (blue) arrow corresponds
to the absorption of electromagnetic radiation and the downward (red) arrow corresponds
to the emission of electromagnetic radiation.

Due to its single electron hydrogen has a relatively simple set of energy levels. Bohr related
the ng and np in Rydberg’s equation (equation 2.6) and the transition between the levels,
and produced a series of emission lines that matched the previously recorded spectrum of
hydrogen. Atoms other than hydrogen contain a nucleus surrounded by a cloud of multiple

electrons. The electrons are still constrained to be in quantised energy levels.

The energy E, of a particular level n can be calculated by the following equation:'”

1 Zmet 72
o z 2.7

" ((471'60)> 2h? n? 27)
where m is the mass of the electron, ¢j is the electric constant, A is Planck constant divided

by 2 m and Z is the atomic number of the atom. Bohr’s model was also able to derive the

Rydberg constant, Ry in equation 2.6 from fundamental constants.
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Each transition between different levels in the atom has a different energy and consequently
a different wavelength. It is possible to use the above equation to calculate the wavelength

of electromagnetic radiation emitted for each transition.

Conversely, by observing the wavelength of the electromagnetic radiation emitted, it is pos-
sible to evaluate the energy levels of an atom. Each atom has a characteristic set of energy
levels. This translates to a characteristic set of absorption and emission lines which makes up
the spectrum of the atom. Locating the absorption and/or emission lines can help identify

the atoms in a system.

Molecules have more complex energy levels, due to the interaction between the electrons
which form inter-atomic bonds. The basic concept remains: the transition between energy
levels results in the emission or absorption of electromagnetic radiation. This will be discussed

in a later section.
2.3.2 Probability of a transition and transition dipole moments

An electronic transition does not occur simply because electronic states exist in a system.
Absorption can only occur when the incident photon has energy greater or equivalent to the

energy separation of the two states. Even then, the transition is not guaranteed.

The incident photon carries with it an electric field which must perturb the ground state in
such a way that it resonates with the higher state. Only then can the photon be absorbed.
The electric field of the light perturbs the charge distribution from one stable configuration
to one that resembles that of the excited state. This change in charge distribution induces a
dipole.?%"23 For this reason the perturbation is considered to be a transition dipole moment,

fli—f, and is a function of the initial and final state wavefunctions (v; and vf):

flisg = (g | e | Yy) (2.8)

where e is the charge on an electron and 7 is the unit vector of the dipole.

As a vector has magnitude and orientation, there is strong absorption when the electric field
vector of the incident light is linearly polarised parallel to the absorption transition dipole
moment. The absorption becomes weaker as the angle between the two vectors increases. The
strength of the absorption transition depends on the magnitude of the absorption transition

dipole moment by a dimensionless property called the transition oscillator strength f;_ ¢

which is linked to the wavelength of the transition:!®
8m2mec1 1
fins = S |5 1 i P (29)

where m, is the rest mass of the electron. f;_,r is governed by quantum mechanical selection
rules which allow or forbid a transition; they include a change in electron spin; a change
in wavefunction parity; a change in angular momentum and the overlap of the two orbitals
during a transition. A value of f = 1 means the transition is allowed whereas for a value of
0, the transition is forbidden. The transition oscillator strength can be determined through

absorbance experiments, further details are presented in section 2.5.1.
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There is also an emission transition dipole moment that governs the radiative relaxation
(emission) from an excited state to the ground state. Here, the excited state is perturbed
such that the emitted photon’s electric field is linearly polarised parallel to the emission

transition dipole moment.

The probability of a transition is determined by Fermi’s Golden Rule!® 7

iy = 20 G |G | ) P g(Ep)e (2.10)

where I is the probability of the transition between the initial and final states, g(Ey) is the
density of states, t is the time and H is the Hamiltonian operator that is dependent upon
the orientation of the dipole. The probability is proportional to the square of the cosine of

the angle that the transition dipole moment makes with the vertical.

The transition dipole moments are a fundamental property of any atom or molecule as they
determine the strength and orientation of the transition. This is important in the under-
standing of electronic processes that occur in molecules. The transition dipole moments
become increasingly important for oriented molecules as they will determine the polarisation
of absorbed and emitted light.

2.3.3 Atomic orbitals

(@) (b) y

Figure 2.6: Schematic to show two types of atomic orbitals. Sharp (s-) orbitals are
spherical in shape (a) and principal (p-) orbitals have 6 lobes, one in each axial direction
(c). Figure adapted from Kotz et al. (1996).24

Electrons in atoms and molecules are forced into different energy levels due to the Pauli
Exclusion Principle.’® This principle states that fermions cannot exist in the same quantum
state. Electrons are fermions that have a spin state of 1/2 or -1/2, thus two electrons can have
the same energy but different quantum spin states. Extra electrons are forced into additional
quantum states which may be in higher energy levels. The increased number of energy levels
increases the number of possible transitions that an electron can undergo. Each of these
transitions has an associated absorption (and emission) wavelength, unless it is forbidden by

quantum mechanical rules.
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Also associated with the increased number of electrons is the change in shape of electron
orbital. The number of electrons in each energy level follows 2n?, where n is the number
of the energy level. The first four electrons are placed in two sharp (s-) orbitals that are
spherical in shape. The next six electrons are placed in placed in three principal (p-) orbitals.
The three p-orbitals are perpendicular to each other and shaped like dumbbells as shown in
Figure 2.6 (b). These are referred to as p;, py and p, orbitals to distinguish their orientation.
Further electrons are added into five diffuse (d-) orbitals and seven fundamental (f-) orbitals
(though not necessarily in this sequential order). Their shapes are more difficult to describe

2

though they can be found in Chemical Bonding by A. Companion?® and Basic Inorganic

Chemistry by Cotton and Wilkinson?® respectively.

The shape of the s- and p- orbitals becomes particularly important when discussing bonding

in organic molecules.
2.3.4 Molecular orbitals

As atoms are brought together, their electron orbitals begin to overlap. This overlap is the
beginning of a chemical bond between the atoms. When atoms are held together in this
way they are said to be a molecule. There are three types of bond that form in organic
molecules, the o-bond, the 7m-bond and the d-bond. Only the first two are important for

further discussion within conjugated polymers and the latter will be discussed only briefly.

Q@ O
(i

(iii)

Figure 2.7: Schematic diagram to show the formation of a sigma bond between two
atoms with s-orbitals. (i) the atoms and their orbitals are spherical and separated but as
they are brought together (ii) their orbitals overlap. The nuclei are equally repelled and
attracted and their orbitals coalesce to form a molecular orbital (iii). The bond between
the two atoms is called a ¢ bond. Diagram adapted from Companion, A (1979) p. 46.25

A o-bond is formed when two atoms and their spherical s-orbitals come into close proximity
and the electrons become attracted to the opposite nucleus. This draws the nuclei together,
until they reach a stable position where the attraction is equal to the repulsion. At this
point the orbitals hybridise and the electrons are shared between the two nuclei and form an
orbital that encompasses both atoms. This is called a molecular orbital (MO). The o-bond
is created from a “bonding” o-orbital and an “anti-bonding” o*-orbital (higher energy). The

process described above is shown in Figure 2.7.
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o-bonds can also be formed between two collinear p-orbitals or between a p-orbital and an
s-orbital. This latter bond requires hybridisation between the orbitals to form a sp-hybrid
orbital that has the shape of a squashed sphere. Since both electrons are involved in holding

the atoms together and are localised between the atoms, the o- bond is particularly strong.

(0

Figure 2.8: Schematic diagram to show the formation of a 7-bond in two molecules with
electrons in the p.-orbitals. The atoms only have four electrons each and the p.-orbitals
are shown for clarity. As they are brought together (i) the p.-orbitals overlap. The
nuclei are equally repelled and attracted and their orbitals coalesce to form a molecular
orbital (ii). The bond between the two atoms is called a 7-bond. Diagram adapted from
Companion, A (1979) p. 50.2°

m-bonds, by contrast, are quite weak. These bonds form as a result of the orbital overlap
between two parallel p-orbitals. As the atoms are brought together, the p,-orbitals overlap
and coalesce and the electrons are delocalised above and below the x-axis. The w-bond is
created from a m-orbital and an anti-bonding 7*-orbital (which has higher energy). This is

shown in Figure 2.8.

The third type of bonding, § bonding, occurs between d-orbitals which are found in large

atoms. These atoms are not usually present in conjugated polymers ©.

Molecules are not solely comprised of one type of bonding. Indeed, it is common that the
p-orbitals will form both o- and w-bonds with an adjacent atom. This is called a double
bond. Molecules containing double bonds are called unsaturated molecules whereas those
with only single bonds are called saturated molecules. For example, in methane (CHy) each
of the carbon atom’s four electrons overlap with one from a hydrogen atom creating four
o- bonds. The same applies to ethane (CoHg) where there is only one bond between each
atom (one bond between the two carbon atoms and one from each hydrogen to the adjacent
carbon atom.). However, in ethene (also called ethylene CoHy), as shown in Figure 2.9, due

to the lower number of hydrogen atoms it is necessary for the carbon atoms to bond together

“Further details of this type of bonding can be found in several texts including Chemical Bonding by A.
Companion.?® and Basic Inorganic Chemistry by Cotton and Wilkinson.2¢
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Figure 2.9: Schematic diagram to show the bonding in ethylene. Ethylene CoH,, contains
two carbon atoms and four hydrogen atoms (i). As the atoms are brought together,
molecular orbitals, (bonds) start to form. There is a o-bond between each hydrogen and
carbon atom and one between the two carbon atoms. The electrons in the p.-orbital
(coloured blue for clarity) form a m-bond which has a lower state and higher energy state
above and below the molecule.

twice and create a double bond (a o-bond and a m-bond). A o-bond forms between each of
the carbon and hydrogen atoms. A o-bond between the carbon atoms is also formed from
the pg-orbitals and this forms the backbone of the molecule. The electrons remaining in the
p.-orbital form a ground state m-orbital or higher energy, m*-orbital, above and below the
molecule.* 29

The MO that exist as a result of bonds between atoms are also involved in electronic transi-
tions. Absorption transitions occur between the highest (energy) occupied molecular orbital
(HOMO) and the lowest (energy) unoccupied molecular orbital (LUMO), whereas emission
transitions occur from the LUMO to the HOMO. The electrons in an unsaturated bond are
delocalised and the m-bond is weak and transitions can easily occur between the m-orbital

the and the m™-orbital (the .
he HOMO d the 7*-orbital (the LUMO

The part of the molecule where transitions in the visible part of the spectrum can occur are
called chromophores. These can be a single monomer unit, or more usually encompass a
series of monomer units. The chromophores result in absorption and emission spectra that
are characteristic of specific molecules. For example, some dyes, such as Coumarin, have an
chromophore that can absorb and emit visible light.?” Typically, the spectra of molecules are
broad, compared with the line-like spectra of atoms. The reasons for this will be discussed

later.

A special set of molecules that interact with light is the family of conjugated polymers.
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2.3.5 Bonding in polymers

A polymer is a long chain molecule with a structure comprised of a repeating series of smaller
molecular units as shown in Figure 2.10. These small units are called monomers and make up
the polymer’s backbone. Polymers are often organic materials, in the sense that their main
chemical components are carbon and hydrogen. Polymers can occur naturally, for example,
the polysaccharide, cellulose, is grown in the cell walls of plants, or they can be synthesised.
Limiting the polymer synthesis allows the length of the polymer to be controlled and polymer

lengths can vary from two to ten monomers (an oligomer) to many thousands of monomers.

LR
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Figure 2.10: Chemical structure of typical polymer polyethylene. The structure shows a
section of the polymer containing seven repetitions of the monomer unit H-C-H (CH,).

Polymers are more commonly referred to as plastics and are used for many practical purposes
which utilise one or more of their properties. They are used, for example, as lightweight and
flexible packaging such as drinks bottles or magazine wrappers. Polymers can be solution
processed, meaning they can be dissolved in a solvent and then painted on surfaces, such as
most paints and nail varnishes. Most importantly of all, most polymers are cheap to buy and

manufacture.
2.3.6 Bonding and orbitals in conjugated polymers

Conjugated polymers are a family of organic polymers that are of special interest to many
scientists. Their backbone is comprised of alternating single and double carbon-carbon bonds
i.e. they follow the pattern C—C=C—C=C—C=C where C—C represents a single o-bond
and the C=C represents a double bond (comprised of a o- and 7-bond). This is shown in
the conjugated polymer, polyacetylene (Figure 2.11). The repeating alternating pattern is
called conjugation and is the distinguishing feature of all conjugated polymers. Conjugation
can pass through aromatic groups, such as phenyl rings, which can form part the polymer
backbone. The length of the polymer chain which contains this unbroken alternating pattern

is referred to as the conjugation length and acts as a chromophore.

AV Ve Vel Y YN

Figure 2.11: Chemical structure of the first synthesised conjugated polymer, poly-
acetylene. The structure shows a section of the polymers containing six repetitions
of the monomer unit CH—CH=CH. The carbon-carbon single bonds are longer than
the carbon-carbon double bonds.
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Normally in o- and 7-bonds the electrons are localised between two atoms. However, in
conjugated polymers, the molecular orbitals created by m-bonds can coalesce because of their
close proximity to each other. This forms an extended m-bond that encompasses the whole

of the conjugated segment.

The extended delocalisation, due to an increased conjugation length, lowers the energy gap
of a possible transition. The extended m-bond creates a more complex and larger MO and
makes the photophysics of conjugated polymers different from that of small molecules. The
energy difference of the HOMO and LUMO (also the energy difference between the - and
m*-orbital) corresponds to the UV-visible region of the electromagnetic spectrum. Hence as
the conjugation length decreases, the corresponding wavelength of light absorbed or emitted
is blue-shifted. It is the fact that the emission from these polymers can be in the UV-visible
region that makes optical manufacturers interested in conjugated polymers. Conjugated
polymers also have many of the same properties that their unconjugated counterparts possess;
they are cheap, lightweight, flexible and can be processed by (usually organic) solution. They
are an ideal candidate for cheap, lightweight, flexible optical displays.

2.3.7 Conjugation length distribution

In a conjugated polymer, the m-bonds extend over the length of unbroken conjugation. This
is often referred to as the conjugation length.?® The conjugation length is not a fixed length
for a specific polymer and can vary from chain to chain. It is controlled by several factors
including the length of the polymer, defects created during synthesis, and unwanted kinks
in the chain. Collectively, these factors give rise to the conjugation length distribution and
it is this distribution that makes the photophysics of these polymers different from short

molecules (e.g. dyes) and inorganic semiconductors.

Breaks in the conjugation arising as a result of imperfect synthesis, may be due the formation
of a monomer unit or during polymerisation. For example, defects in the polymer backbone
may not maintain the alternating pattern of single and double bonds, thus causing a break
in conjugation. Defects can arise from left-over catalyst, mis-bonding or left-over starting

materials.

Breaks in conjugation can also be caused by non-linear polymer growth. During polymerisa-
tion, monomers can bond to each other at various angles which will deviate from the initial
direction of growth. This in turn breaks the extended conjugation. It is expected that the
monomer units bond end-to-end to each other to form a linear chain. However, if sites avail-
able for bonding on the chain are not collinear, the resulting backbone will have a saw-tooth

pattern, instead of being straight.



CHAPTER 2: PHOTOPHYSICS AND CONJUGATED POLYMERS 21

The polymer methyl-substituted ladder-type poly (para-phenylene) (MeLPPP), one of the
polymers studied in this thesis, is believed to suffer from this non-linear growth problem. It
is believed that the polymer grows linearly initially. However, after it has reached a length of
several tens of units, it can bond with another chain of a similar length. Instead of bonding
parallel to one of the chains, it is hypothesised that it bonds at approximately 60° to create

a herringbone pattern as shown in Figure 2.12.2%30

Figure 2.12: A schematic to show how MeLPPP may form a herringbone pattern during
synthesis. It is thought that the polymer grows linearly in one direction before it joins
with another linear segment.?=3! The diagram shows how the linear segments of the
polymer, fuse together at approximately 60°. The linear segments may be joined at each
end or part way along the adjacent segment.

Other physical disruptions to the continuous conjugation are thought to include a twist be-
tween adjacent monomers in the polymer. In this case, the substituent groups on neighbouring

monomers interact and force the monomers to rotate around the molecular axis.

Another synthesis problem is controlling the length of the polymer chain and in turn the
conjugation length distribution. For relatively short polymers, of about 20 units in length
and shorter oligomers, such as those that have been studied here, the total length of the
polymer often determines the conjugation length. This is certainly the case if the polymer is

defect free and the monomer units are in a straight line.
2.3.8 Polydispersity

During polymerisation, it is difficult to produce chains of a specific length; the end product
usually contains a range of lengths. However some control is possible, for example controlling
the temperature of the reaction also controls the rate of polymerisation. The distribution of

polymer lengths synthesised is called the polydispersity.

The polydispersity, P, is the ratio of the weight average molecular weight (Myy) to the

number average molecule weight (M,,).32

My,

P = A (2.11)
These two averages are weighted means, My, is weighted with the molecular weight:
m
> NiM7
My = =L (2.12)

m
Z N; M;
=1
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whereas the M,, is a number average:
m
S N
i=1
N;
i=1

(2

The value of the polydispersity is always greater than one, but the closer this value is to
unity, the smaller the distribution of chain lengths. When the value is low, it is possible to

estimate the length of each chain.

Since the conjugation length of a polymer is dependent upon the length of a polymer, the
conjugation length distribution is dependent upon the polydispersity of a batch of polymer.
The polydispersity, therefore, needs to be considered when many molecules are studied si-

multaneously e.g. in a solution or film.

The spectra that are produced by conjugated molecules are very complex. This is partially
because of the distribution of conjugation lengths which is analogous to the density of states,

but also because of the nature of the excited state.

2.4 The nature of the excited state

The crystal structure of inorganic semiconductors gives rise to energy bands in the place of
discrete atomic levels. The bands are two electronic states, a valence band and a conduction
band, that are separated by an energy gap that must be overcome before electrons can
transport a current. This gap can be overcome by thermal energy and an electron is promoted
from the valence band to the conduction band and leaves an oppositely charged “hole” behind.
The quasiparticle that describes the interaction between the electron and hole is called an
exciton.??

The m-bond in conjugated polymers is created two electronic orbitals, a m- orbital and a 7*-
orbital. The two electronic orbitals responsible for the m-bond were interpreted with the semi-
conductor band theory and was originally applied to them shortly after their discovery.3436
More recent research has challenged the applicability of the semiconductor band model for
conjugated polymers. The electrons in this semiconductor band theory model are “nearly
free” leading to excitons with a small binding energy. However, experiments have shown that
conjugated polymers have a high exciton binding energy.?” 3 The form of the excited state
has been extensively investigated?® and the electrons have been observed to have strong local-
isation to a small conjugated unit. Most importantly, spectra have shown detailed structure
that comes from coupling of the excitons to the molecule’s vibrational modes. This has led
to the creation of a theory which is now used in models, theories and experimental analysis

of conjugated polymers.
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2.4.1 Excitons in conjugated polymers

This new theory is descriptively named the molecular exciton model. It assumes that the
excitations are tightly bound a result of a Coulomb interaction between the electron and
hole.4%41 The basis of this thesis relies on this theory that the excitons formed are tightly
bound, indeed localised, to an individual chain. The size of the exciton is determined by the
spectroscopic unit (conjugation length) to which it is localised.*?> As stated earlier, the size
of the conjugation length can vary as a result of aggregation, defects or kinks in the polymer
chain. Recent work has suggested that gentle twists and bends of the polymer chain do not

completely change the localisation of an excited state.?3

The behaviour of the electron-hole pair can be correlated over different distances. Excitons
localised to the same chromophore (also termed conjugation length) are tightly bound to it,
have a close separation between electron and hole, and are called “Frenkel” excitons.?® If
the electron-hole pair is extended over two adjacent molecules (that is, the electron and hole
are on two different molecules) or two different segments of the same molecule, the exciton is
called a “charge-transfer” exciton and the electron and hole are able to recombine but over a
longer timescale than ordinary fluorescence. The charge separation (caused by the separation
of the electron and hole) causes a permanent dipole in the system which can be altered with a
polar solvent. A larger electron-hole separation results in a “Wannier-Mott” exciton. These

excitons have a low binding energy and are able to move more easily.?®

Conjugated polymers support both Frenkel excitons (localised on one unit) and charge trans-
fer excitons because they can support a permanent dipole. The two types of polymers used

it this study are believed to support Frenkel excitons in non-polar solvents.

It is currently believed that the ground state is delocalised and that after excitation the first
excited state of a single conjugated polymer is localised.** %6 However, work contained in
this thesis questions this assumption. Dynamic localisation on the femtosecond timescale has

47,48

been theorised to occur in a number of long chain polymers and dendrimers.*50 Tt is

a result of conformational motion or nuclear motion that forces the exciton to relocate from

its ground state configuration.?3

2.4.2 Polarons

Under an applied electric field, an exciton can disassociate into its constituent free charges.
The electron, hole and their interaction field are known as a polaron pair. If the pair are
still correlated but not bound they are known as a geminate pair. As the electron and hole
separate further, they lose their correlation and are effectively free charges. The vibronic
energy from a chain distortion, a phonon, and the free charge constitute a polaron. The free
charges can recombine and emit at a defect or reform an exciton. Polaron pairs alter the

orbital picture of conjugated polymers and create a set of energy levels between the existing
HOMO and LUMO.
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The consideration of geminate pairs, polaron pairs and the charges is important for light emit-
ting devices as they aid the electrical conduction. These pairs can also be formed by charge
injection which is a key step in OLED operation. The manufacturers of photovoltaic devices
made from conjugated polymers also have to consider free charges, as it is the dissociation of

excitons that is vital for their function.
2.4.3 Singlet and triplet states

As electrons and holes are fermions, both with spin = 1/2 and they follow Pauli’s Exclusion
Principle and therefore two fermions can exist in the same energy level if they have opposite
spin. The exciton, a correlated electron-hole pair, can exist in a ground state with spin = 0.

This is called a singlet state and the ground state is given the abbreviation Sp.

A photon has a spin = 1 and the absorption of a photon cannot change the spin of one of the
electrons. Excitation via absorption creates another singlet state which is the first excited
state S1. No change of spin is required for a transition between singlet states meaning that

the transition is allowed.

A state with the total spin = 41 can also exist; and is called the triplet state (77). Here a
change of electron spin is required to form a triplet state meaning that these energy levels
cannot be accessed by photon absorption. Similarly the transition from an excited triplet
state to the singlet ground state is quantum mechanically spin forbidden. Triplet states can
be formed through intersystem crossing from the S; state and during polaron recombination
in OLED devices. Since the radiative (emissive) transition is not allowed from the triplet

state, the device’s efficiency can be compromised by the presence of triplet states.

Singlet-singlet transitions are only considered in this thesis, particularly the Sy — S; and
S1 — Sy transitions. These correspond to an absorption transition and an emission transition

respectively.
2.4.4 Energy Transfer Processes

After absorption of energy, the excited state can undergo one of many processes that can
change the energy of the exciton. Energy can be transferred along a conjugated polymer
(excitation or exciton migration) or it can be transferred between adjacent molecules via
reabsorption, incoherent hopping to lower energy states or Forster resonance transfer.2® 5!
Other effects can also result in a change in energy of the excited state and, most importantly,

a change in the observed photophysics.

Excitation energy can be transferred from one spectroscopic unit to another. This may be
on the same polymer chain (intra-chain transfer) or between different molecules (inter-chain
transfer). These processes are both shown in Figure 2.13. The transfer can occur by exciton

migration (or hopping) between spectroscopic units or by Forster transfer.2® 51,5359
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Figure 2.13: A schematic to show how energy can transfer between conjugation lengths
either on separate chains or to different parts of the same chain. The diagram shows a
segment of the chain with continuous conjugation, this is referred to as a conjugation
length or conformational subunit. These conjugation lengths are limited by conjugation
breaks. The diagram shows interchain transfer (green) which occurs between two con-
jugation lengths on separate chains and intra-chain transfer (red) which occurs between
units on the same chain. The diagram is taken from and adapted from Collini, E et al.
Science (2009)52

Forster transfer can occur between two spectroscopic units where there is a spectral overlap
between the absorption of one molecule and the emission of the other. This transfer system
also relies on the close proximity of the molecules (< 6 nm) and the relative orientations
of the transition dipole moments.?’ The left of Figure 2.13 shows the relative positions of
two conjugation lengths, on separate chains, required for interchain transfer, such as Forster

transfer. Full details of Forster transfer can be found in section 2.4.5.

An exciton can hop to energetically lower states (longer conjugation lengths) and will eventu-
ally become locally trapped (for example, by a break in conjugation or a defect) or reach the
longest conjugation length supported by the system. The right of Figure 2.13 shows multiple
conjugation lengths on a polymer chain: some of which are separated by conjugation breaks.
In a system with enough thermal energy to overcome defects, the exciton can make hops
to energetically higher states and the hopping process can continue until the lowest energy
(longest) site is reached. The hopping process is dispersive and dependent upon the number
of sites that an exciton can move to. If the exciton is of high energy, there are many sites to
choose from, but as its energy decreases so does the number of available sites. By creating a
low energy exciton, it is forced to remain in the same position and it is possible to monitor
any changes that the exciton undergoes. This technique is called site-selective spectroscopy

and is achieved by exciting a polymer at the very red-edge of the absorption spectrum.®® 60

61766 and dynamic localisation produce a difference between the

Both excitation migration
ground (Sp) and excited (S;) states which can be observed through simple absorption and
emission comparison studies. The process of absorption typically creates an exciton with

excess energy and it will rapidly migrate through the system to the lowest state.

Observing these energy transfer processes in isolation can allow a more detailed picture of

the photophysics of conjugated polymers to be created.



CHAPTER 2: PHOTOPHYSICS AND CONJUGATED POLYMERS 26

2.4.5 Inter-molecular processes

Whilst single molecular spectroscopy is a new and upcoming field®”>%® it has been more usual
to experimentally observe a solution or thin film containing many thousands of polymer
chains. This will have the marked effect of increasing the absorption and emission in com-
parison to a single molecule, as well as broadening of the absorption and emission spectra.
The latter will be discussed in full in the following section on spectroscopy of conjugated

polymers.

In this section we briefly discuss two electronic processes that are affected by the close prox-
imity of another molecule (specifically a second conjugated polymer). Then the physical

effect of having many oriented polymers is outlined.
Forster transfer

Forster transfer is the name given to the energy transfer process between two optically active
units. This typically takes place between two adjacent molecules which act as a donor and an
acceptor respectively. This transfer rate, kr, is proportional to the spectral overlap? of the
two units, J(\), the alignment of their transition dipole moments, , and the close proximity

of the units, 7:
kr o (;) k2T (N) (2.14)

The Forster radius is the distance between the donor and acceptor such that the Forster
transfer competes equally with the donor’s radiative decay rate. This distance is typically

less than 6 nm.5!

Forster Transfer is also known as resonance energy transfer as it occurs between two transition
dipoles that are resonating at the same natural frequency. Forster Transfer occurs between
the donor’s emission transition dipole moment and the acceptor’s absorption transition dipole
moment and does not involve the emission and reabsorption of a photon. Efficient transfer
can only occur where there is a spectral overlap between the emission spectrum of the donor
molecule and the absorption spectrum of the acceptor and the relative orientations (small

angle between) of the transition dipole moments are similar.”!

This type of energy transfer can also take place between spectroscopic units on adjacent
conjugated polymer chains. It can happen because there is a spectral overlap of the donor
and acceptor and the rigidity of the chains keeps the transition dipole moments almost parallel
to each other. It has also been theorised that this kind of transfer could take place along
one chain if it were coiled back on itself. To decrease the possibility of Forster Transfer it is
important to keep the conjugated polymers at a separation of above a few nanometres. This
can be done by using highly dilute solutions and allows the photophysics of isolated molecules

to be investigated.

dbetween the emission of the donor and absorption the acceptor
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Aggregates

Molecules can cluster together and interact, creating aggregates in concentrated solutions or
in a film. The clusters can have a fixed spatial arrangement (a “Super molecular” structure)

or a disoriented shape.

In some cases, the close proximity of the molecular orbitals causes them to overlap and create
a new MO which is different to that of a single molecule. The new molecular orbitals can even
encompass the whole aggregate.? This has the effect of changing the positions of the HOMO
and LUMO from that of a single molecule. For example, the gap between the HOMO and
LUMO may be reduced causing a red shift in the spectrum associated with the absorption

transition.

(a) J-aggregates (b) H-aggregates
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Figure 2.14: Schematic diagram to show the possible arrangement of molecules in a J-
aggregate and in an H-aggregate. The diagram shows a long chain molecule which lies in
the x-y plane. In J-aggregates the molecules form an array in the plane of the molecule
(the x-y plane). In H-aggregates the molecules stack perpendicular to the plane of the
molecule. The plane of the molecule has been coloured blue.

There are two main types of super molecular structures that can form as a result of aggrega-

tion. These are J- and H-aggregates and are shown in Figure 2.14.

J-aggregates have molecules arranged in the plane of the molecule in a parallel array. The
MO of the aggregate is spread out over the entire array, which reduces the energy gap between
the HOMO and LUMO. As a result the absorption spectrum from a J-aggregate is shifted to
longer wavelengths compared with an individual molecule. The spectrum from J-aggregates
is characterised by a sharp absorption peak that is red-shifted from the broad peak of isolated

molecules. This spectrum is characteristic of the size of aggregate.™

H-aggregates have molecules arranged perpendicular to the plane of the molecule. The
molecules are assembled parallel, but above one another. Again the MOs from the individual
molecules coalesce and encompass the aggregate. In H-aggregates, this increases the energy
gap between the HOMO and LUMO . This results in spectral shift to shorter wavelengths as
compared to the individual wavelengths. H-aggregates can often be identified through their

broad spectra that is blue shifted with respect to the isolated molecule.
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It is unlikely that a molecular system will form purely J- or H-aggregates’' unless the forces
between the molecules are particularly strong. It is more probable that there is a mixture
of one super molecular structure, a set of disordered clusters and some isolated molecules
with all three phases contributing different percentages depending on the molecule. However,
a significant proportion of either of these super structures can be identified through basic

spectroscopic techniques such as absorption and emission spectroscopy.®% 7!

2.4.6 Crystallites

The term crystallite is used throughout this thesis to refer to individual molecules that have
clustered together to form an ordered structure in solid state. One of the polymers used in
the photophysical investigations in the later chapters of this work, PF2/6, can form aligned
crystallites that have a hexagonal cross-section.”® The crystallites formed in PF2/6 are
described in Chapter 6.

2.4.7 Phase segregation

In a blend of two or more polymers, identical molecules can form domains instead of ho-
mogenising. This is known as phase segregation and can happen on a microscopic or macro-
scopic scale. The domains in a phase segregated blend can form aligned crystallites or disor-
dered aggregates. This is a phenomenon that is explained in more detail and investigated in
Chapter 6.

2.4.8 Orientational order.

Another important aspect of many molecule systems is the way that the molecules are or-
dered, whether it be a system with a small number of isolated molecules; a system with many
molecules; or even highly structured crystallite. The relative orientation of the molecules is
very important when calculating angularly dependent quantities. For example, when locat-
ing a specific molecular bond relative to a fixed laboratory framework or transition dipole
moments determined through polarised spectroscopies.?3 ™

A system is said to be isotropic if all of the molecules are randomly oriented within a sample.
An example of an isotropic system, used in this work, is a dilute solution of a conjugated
polymer. If the molecules in a system have a preferential alignment direction, then this
system is referred to as anisotropic. Examples of anisotropic systems include liquid crystals,
stretched films in which the molecules align with the stretch direction and super molecular

structures like J-aggregates.

A anisotropic system with a unique preferential direction of orientation is called a uniaxial
distribution. An example of a uniaxial distribution is shown in Figure 2.15. The long axis
of all the molecules are oriented within a cone around the unique axis. This is defined to
be the Z axis of the system. A system may be neither isotropic nor perfectly uniaxial. The
molecules in the system may have some preferential orientation, but there may be a wider

angular distribution around that orientation axis.
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Figure 2.15: A schematic diagram to show an example of a uniaxial distribution. The
diagram shows eight molecules that have their long axis aligned at a small angle (> 10°)
to the orientation direction Z. The diagram on the right is another way to represent
a uniaxial distribution of similar molecules. It shows the the range (> 10°) of all the
possible angles that a molecule can make with the orientation axis. Figure adapted from
diagrams in E.-W. Thulstrup (1989),2% J. Michl (1995) and A. Rodger and B. Norden
(1997).2¢

The distribution of molecules is mathematically represented by an orientational distribution
function, f(Q):

/f(Q) aQ = 1. (2.15)

where € is a solid angle pertaining to the system, integrating over which encompasses all the

molecules in the system.

The distribution of orientations has to be taken into account when calculating average angular

quantities. i.e:
(@ = [ al2) F@) (@) (2.16)

where a(f2) is an angularly dependent quantity.”

The orientation distribution function is important in deriving the distribution of excited
molecules by polarised light (see section 2.5.5) and from that, the average angle between the

absorption and emission transition dipole moments, as will be seen in section 2.5.7.
2.4.9 Orientation factors (Order parameters)

The orientation distribution can be described by an orientation factor, also called an order
parameter. The orientation factors are used to represent the alignment of one of the molecular
axes to the orientation direction. This property of aligned samples can be experimentally
found via x-ray diffraction and polarised spectroscopies (as reported in Chapter 6). These
factors are an indicator of how well the molecules are uniaxially aligned and can give the
average angle a molecular backbone makes with alignment direction.?! What follows here is

a derivation of the order parameter.
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2.4.10 Derivation of the order parameter for a uniaxial “rod-like”
molecule

The order parameter depends on two sets of co-ordinates; those in the laboratory frame
(X,Y,Z) and those in the molecular frame (x,y,z). These two frames are shown in Figure
2.16.237  The relationship between these frames, allows the definition of the orientation
factors which are used to represent the alignment of one of the molecular axes (x,y,z) to the

orientation direction (Z axis).

¥

Figure 2.16: A schematic to show the relationship between the laboratory frame (Black,
X,Y,Z) and molecular frame (Blue, x,y,z). The figure also shows the angles (¢, £ and ¢)
between each of the molecular axes with the Z-axis in the laboratory frame. The longest
axis of the molecule is defined as the z-axis. Figure adapted from diagrams in E.W.
Thulstrup (1989),2% J. Michl (1995)7® and A. Rodger and B. Norden (1997)2!

The orientation factors, K, are defined by the following integrals where u and v are any one

of the angles ¢, ¢, ¢ (as shown in Figure 2.16):

Ky = /f(Q) cosu cos v df) = (cosu cosv) (2.17)

The orientation factors can be expressed as the elements of Saupe orientation matrices.?!:23
Sa:a: Sa:y sz
S=| Syz Syy Sy-
Sz:c Szy Szz

where the S;; represent the matrix elements and the order parameters in each microscopic

direction.

For uniaxial orientation, for example, conjugated polymers are long chain rod-like molecules

that can align in uniaxial micro crystallites, the matrix elements take the form?!

1 1
Sij = 5(3Kuv§uv) = 5(3<cosucos.v> — duv) (2.18)

where ¢, is a Kronecker delta.
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It is most common to define the longest axis of the molecule as the z-axis, meaning for a rod-
like molecule, such as a conjugated polymer, with one long axis twice (or more) the length of
the other two dimensions, the matrix elements simplify further: S, = Sy, = 1/25... Since,
S, is the primary molecular axis the order parameter for a rod-like molecule, ®, can be
written as:

P = %(3(0052 gy —1) (2.19)

where € is the angle between the orientation direction and the molecular axis as shown in

Figure 2.16. In the case of rod-like molecules polymers is also the polymer’s backbone

The order parameter can vary between 0 (indicating an isotropic sample) to 1 (indicating
perfectly aligned). In an oriented sample, the value will reflect a distribution of possible
backbone orientations. In a homogeneous uniaxial distribution, equation 2.19 can be used to
determine the statistical average angle for €. The molecules, whilst oriented, actually have
individual ¢ that lie within a cone of the average angle (as schematically shown in Figure
2.15).

If the system contains two or more unevenly sized domains of different backbone orientations
the average angle is skewed in favour of the larger domain. In this situation, the order
parameter and angle € cannot be relied upon. This is an important consideration for blends

that form phase segregated aggregates.

The order parameter can be determined through X-ray diffraction, polarised Raman spec-
troscopy or fluorescence anisotropy experiments carried out on an aligned film. All three of

these techniques are explained in detail in Chapter 6.
2.4.11 Aligning molecules

It is possible to align molecules in a variety of ways: Polyfluorenes and other liquid crystalline
polymers can be cast onto a rubbed polyimide surface and, upon heating, will align almost
perfectly with the ridged surface, whereas other molecules such as para-phenylenes need to
be incorporated into an anisotropic host such as liquid crystals (0.5 < & < 0.7)™7 or
stretched polyethylene.

Incorporating conjugated polymers into polyethylene will create a blend with regions of micro
crystallinity. If the crystallites within these regions do not align with the imposed stretch

direction, then the blend is not a homogeneous uniaxial distribution.
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2.5 Spectroscopy of conjugated polymers.

So far, this chapter has described the fundamentals of the absorption and emission of light
and the electronic behaviour of simple molecules. This section covers the interaction of
conjugated polymers with light, which is the subject of the work in this thesis. It deals with
the processes of absorbance and emission (specifically, fluorescence), polarised absorbance

and fluorescence and factors that cause the depolarisation of fluorescence
2.5.1 Absorbance and absorption spectra

An important property of conjugated systems is the amount of light absorbed by the sample.
The absorbance, A, of a sample is described with a simple equation, the Beer-Lambert Law,??

which states:
A =1In(ly/1,) (2.20)

where I, is the intensity of the light at position z within the sample and Iy is the intensity
before the light enters the sample. The absorbance is dependent on how well the sample
absorbs at each frequency, v, (called the molar extinction coefficient, ¢(v)), the concentration

of the sample, [c], and its thickness, [ such that:
A =e€(v)[c]l (2.21)

The log of the absorbance is referred to as the optical density (OD = In A) and the absorbance
of the sample as a function of frequency (or wavelength as in equation 2.5) is called the
absorption spectrum. The energy required to promote an electron from the lowest state
(ground state or HOMO in a conjugated polymer) to the higher state (an excited state:
LUMO) is equal to the energy gap between the two states. In a system with more than
one energy level (for example, a molecule), the molar extinction coefficient is dependent on
the frequency of the illuminating light because of the physical limitations on the possible
transitions that are available within a molecule. Small molecules with few transitions present

sharp absorption curves at frequencies corresponding to the transitions.

To determine the relative strength of an electronic transition, it is necessary to integrate the
molar extinction coefficient whole absorption spectrum, which can be written mathematically

as:20

fiosp = 6.25 x 1025/6(1/) dv (2.22)

where f;_, ¢ is the transition oscillator strength for an absorption transition.

The oscillator strength is a quantum mechanical property that is linked to the magnitude of
the transition dipole moment (see equation 2.8 in section 2.3.2). By studying the absorption
spectrum of a molecule is it is possible to retrieve information about the magnitude of the
absorption transition dipole moment. In this thesis, the transitions considered are between

singlet-states which are have strong oscillator strengths (f ~ 1) enabling them to be observed.
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Larger, more complex molecules, such as conjugated polymers produce absorption spectra
with broad peaks centered on the frequencies of the transitions. The broadening is due to
the conjugation length distribution. The range of possible lengths, often thought of to be a

Gaussian distribution, inhomogeneously broadens the sharp peaks.

(a)SingIe excited state (b) Many excited states
with vibronic levels each with vibronic levels
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Figure 2.17: A schematic showing the energy levels within a molecule and the corre-
sponding representation of the corresponding absorption spectrum. In (a) the spectrum
is created by transitions from the ground state to different vibronic levels. The spectrum
is sharp and well defined the absorbance intensities are the same because, in this exam-
ple, the oscillator strength is the same for each transition. In (b) the spectrum is created
by transitions from the ground state to different electronic levels that have vibronic lev-
els coupled within them. The spectrum contains peaks from vibronic transitions which
are inhomogeneously broadened as a result of the conjugation length distribution.

In a more complex system, like a conjugated polymer, there is strong coupling between
electronic and vibrational levels (due to molecular degrees of freedom e.g. rotation of a side
group) which results in multiple vibrational levels within an electronic level as shown in
Figure 2.17 (a). Where there are many electronic levels, an electron can be promoted from
the ground state to any of the vibronic levels within the electronic states (Figure 2.17 (b))
which means that the molecule can absorb over a wide range of energies. This produces a
characteristic absorption spectrum which has pronounced vibronic features. The absorption
spectrum will be broadened by the presence of the conjugation length distribution and usually

the vibronic features are masked in a broad curve.
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Figure 2.18: Jablonski Diagrams to show absorption and emission between energy levels
in a molecule. The diagram shows two electronic levels made of multiple vibrational
levels. In (a) the transition is purely electronic whereas in (b) there are non-radiative
transitions through the vibronic levels known as internal conversion.

The Franck-Condon Principle®!:76

states that the time taken for a transition, typically on the
order of 1071% seconds, is much faster than the time needed for a rearrangement of the atoms
in the molecule. Therefore the ground and the excited state have the same configuration
during the transition. This results in a vertical transition on a Jablonski diagram which used
to show the states in a molecule (see Fig 2.18(a)). In terms of quantum mechanics, where
electronic and vibronic states are represented by wavefunctions, transitions occur between

states with the greatest wavefunction overlap.
2.5.2 Emission and fluorescence spectra

An electron in an excited state can relax back down to the ground state and dissipate the
absorbed energy in a number of ways. These are grouped into radiative and non-radiative

relaxation and are both shown on the Jablonski diagram in Figure refabseml

Radiative relaxation refers to the emission of energy as a photon, which has an energy equal to
the energy gap between the two states. If the transition from upper to ground state is allowed
by the quantum mechanical selection rules then the emission is virtually instantaneous (on
the picosecond to nanosecond timescale) and known as fluorescence. If intersystem crossing
takes place and the spin of an electron changes such that a pair have parallel spin, then the
emission can come from a triplet state and is called phosphorescence. This latter transition

is quantum mechanically “not allowed” and occurs on the microsecond to second timescale.
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Non-radiative relaxation refers to the energy of the excited state being released in a non-
emissive way. Some of these processes have already been discussed in an earlier section
on the nature of the excited state (Section 2.4). The energy can be released as molecular
vibrations (or rotations) and can change the conformation of the molecule, the orientation of
the molecule or simply the temperature of the system. One way to gauge the luminescence
efficiency of the system, and indeed determine if non-radiative processes are taking place, is
to measure its photoluminescence quantum yield which is the ratio of absorbed energy to

emitted energy.

Structure in fluorescence spectra
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Figure 2.19: A schematic to show the origin of vibronic structure in absorption and
fluorescence spectra. The vibronic levels in both the HOMO (ground) and LUMO (ex-
cited) electronic state, (a) give rise to peaks (vibronic shoulders) in the absorption and
emission spectra, (b). If the energetic spacings of the vibronic levels are the same in
each MO then the absorption (blue) and emission (red) spectra are mirror images of
each other.

Fluorescence spectra give the energetic position of the electronic and vibronic states as shown
in Figure 2.19. Kasha’s Rule®’"0 states that the downward electronic transition will occur
preferentially from the lowest vibronic state in the upper electronic level because the wave-
function overlap between this state and the ground state is the largest. Internal conversion
in the excited state ensures that the excitation is in the lowest vibronic state (see Figure 2.18
(b)). The distribution of electronic and vibrational energy levels also has an effect on the

range of energies that can be emitted and thus of the structure and width of the fluorescence
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spectrum. 1If the transition is purely electronic as in Figure 2.18 (a), the emission is the
same as the absorption. But in a complex system, an excited state can undergo more than
one different transition back to the ground state. For example, in Figure 2.18 (b) there is
a non-radiative transition to lower vibronic levels and an electronic transition will result in
an energetically shifted spectrum. Spectra of different shapes result from transitions from

completely different energy levels that are accessed via energy transfer.

By Kasha’s Rule and the Franck-Condon Principle the strongest absorption transitions should
be between the HOMO and the purely electronic LUMO which is directly above it. Similarly
the strongest emission transition will occur between the purely electronic LUMO and the
HOMO. These are known as the 0-0 transitions. If the vibrational spacings in both the
ground and excited state are the same, then it can be expected that vibronic replicas in the
emission spectrum are a mirror image of those in the absorption spectrum as shown in Figure
2.19. The peaks from vibronic transitions are often visible as “vibronic shoulders” on the
edge of the peak from the electronic transition. The 0-0 absorption and emission transitions
are of the same energy if the emission transition is is immediate and the excited state does

not undergo a energetic change.

The excited state can undergo a relaxation to a lower energetic state as result of molecular
conformational motion or the solvent cage can relax around the excited molecule. Both
processes will lower the energy of the excited state before emission. This results in a difference
between the absorption 0-0 line and the emission 0-0 line and is called the Stokes’ Shift.
Measuring the Stokes’ shift can be used to monitor the changes that occur after absorption,

but before emission.
2.5.3 Spectral shifts due to solvents: solvatochromism

The absorption and emission spectrum of a molecule is also dependent upon the solvent
cage that surrounds it. In highly polar solvents, the charge distribution of the molecule is
distorted by the close proximity of the solvent molecules. This can lead to a shift to longer
(bathochromic) or shorter (hypsochromic) wavelengths. It is usual that this is seen as a small

blue shift for polymers in a polar solvent such as chloroform.
2.5.4 Polarised spectroscopy

Since the absorption and emission of a photon is dependent upon the orientation of the transi-
tion dipole moment, polarised spectroscopy can give extra information about the orientation

of transitions within a molecule.

In some molecules the absorption transition dipole moment and the emission transition dipole
moment are parallel but in conjugated polymers they are often differently oriented. Figure
2.20 shows a schematic of the positions of the transition dipole moments relative to each

other and the polymer backbone. The angles are fully defined in the following sections.
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Figure 2.20: Schematic to show the molecular directions and angles between the tran-
sition dipole moments. The molecular z-axis (backbone) is at angle ¢ to the orientation
(stretch) direction Z-axis. The blue arrow shows the absorption transition dipole mo-
ment which is at an angle a to the molecular axis: the fluorescence transition dipole
moment (shown by the red arrow) is at an angle 6 to the absorption transition dipole
moment. These angles are used in the text to derive various theoretical relationships.

The orientation of the transition dipole moments arises from the spatial extent of the elec-
tronic state.*> Locating and monitoring the orientations of the transition dipole moments is
therefore a legitimate technique for determining the change in exciton localisation in conju-

gated polymers. This can be achieved through various methods of polarised spectroscopy.
2.5.5 Polarised Absorption: Linear Dichroism

As has been discussed earlier in this chapter (Section 2.3.2 on transition dipole moments),
absorption is governed by the transition dipole moments. That is, only light polarised parallel

to the molecule’s absorption transition dipole moments will be absorbed.

When an isotropic sample is illuminated with unpolarised light, light of sufficient energy
for the transition will be absorbed without a polarisation preference. However, when either
the sample is oriented or the incoming light is polarised the absorption process becomes
anisotropic. In the case where an oriented material is illuminated with isotropic light, light
polarised parallel to the orientation of the absorption transition dipole moments is absorbed
and light polarised perpendicular is transmitted. These materials act as polarisers (see Section
2.2.2). On the other hand, where an isotropic sample is illuminated with plane polarised light,
only the molecules with a component of their absorption transition dipole moments parallel

to the incoming polarisation will be absorbed.

In an experiment, polarised light corresponds to a light polarised within a narrow angular
distribution and only a small distribution of molecules will absorb and become excited. This
is called photoselection, as only those molecules are be excited and can participate in further

electronic processes.” 7
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Photoselection causes the excitation of a distribution of molecules with an angle € to the Z-
axis with a probability of f(g)de. The probability of absorption is a function of the orientation

2¢. The distribution of excited molecules created is

distribution and is proportional to cos
symmetric about Z-axis. The number of molecules in the angle between ¢+ de is proportional
to sin € de. Therefore the distribution of photoselected molecules created by plane polarised
light is:?!

f(g)de = cos® e sinede (2.23)

This is applicable only for a single photon exciting a molecule.

When both sample and light are oriented the sample again acts like a polariser, i.e. it is
dichroic. When the sample and the light are parallel the absorption will be intense, but when
they are orthogonal, considerably fewer will be absorbed. It is possible to investigate the
orientation of the absorption transition dipole moments and therefore molecular alignment

in the sample using polarised light.?!>"3

Linear Dichroism (LD) is the difference between the absorption of light polarised parallel

(A)) and perpendicular (A, ) to the sample’s orientation direction:
LD=Aj— A, (2.24)

Individual electronic transitions have a single absorbance transition dipole moment. In a
linear dichroism experiment this is observed as a constant linear dichroism value for the
absorbance region.?! Each absorption transition dipole moment will present a value of LD
corresponding to its orientation in the sample. Measuring the LD can be used to locate
multiple transitions in a spectrum (provided they are oriented differently to each other). The
angle between the absorption transition dipole moment and the polymer backbone («, shown

in Figure 2.20) can be determined via:?!

LD 1 )
s 5(3<COS a)— 1) (2.25)

where Ajso = %(A” + 2A)) and is the isotropic absorption. The angle, «, found through
experiments, should be treated as an effective angle that represents multiple molecules. The
order parameter of the system, ®, indicates how well aligned the molecular axis is within a

sample as discussed in sections 2.4.9 and 2.4.10.

If the order parameter is known from other experiments, then linear dichroism experiments

and equation 2.25 can be used to estimate the absorption transition dipole moment.
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2.5.6 Polarised Fluorescence: Fluorescence Anisotropy

To achieve polarised fluorescence from conjugated polymers the fluorescence transition dipole
moments need to be parallel. It is often simple enough to align the molecules in a matrix
(or with an electric field). Therefore, when the molecules emit, they will emit with the same

polarisation.

The angular distribution of the polarisation direction will be dependent upon how well aligned
the fluorescence transition dipole moments and the molecule are. If the molecules are very
well oriented then the fluorescence ratio (F)/F ) will be high and the fluorescence will be

highly polarised.

In the case of an aligned film, the sample can be illuminated with unpolarised light as this
will not affect the emission polarisation. This method is not particularly efficient as some of
the light will not be absorbed and, therefore, wasted. It would be more efficient to illuminate

this aligned system with light polarised parallel to the absorbance transition dipole moment.

When polarised light illuminates an isotropic distribution and the process of photoselection
occurs (see section 2.5.5), a subset of the molecules with part of their absorbance transition
dipole moment parallel to incoming light, are excited. It is from these molecules that the

fluorescence can occur.

For the ideal system of rigid, immobile molecules with their absorbance transition dipole
moments parallel to their emission transition dipole moments, photoselection will result in

highly polarised emission. (At least as high as the incoming polarisation.)

In a more typical experiment, where the molecules are flexible and able to rotate, such as in
a solution and their absorption and emission transition dipole moments are not collinear, the

emission is not polarised. This is called fluorescence depolarisation.

The extent of the depolarisation can be measured with fluorescence anisotropy. Recording

the difference between light emitted with the same polarisation as the incident light and that

emitted in a perpendicular direction gives the fluorescence anisotropy, (r), of the system:51 78
ry = —— 2.26
(r) Iy +21, ( )

where Ioignment is the intensity of the emission, and || and L are the relative alignment of

the excitation and emission polarisers.

The denominator of equation 2.26 arises from the total fluorescence, I which is the sum of
the intensity in the three laboratory directions X, Y and Z.>! The directions are shown in
Figure 2.16.

Ir=> Li=Ix+Iy+1Iz (2.27)

1

each girection 18 a sum of the angular intensity components in the direction of the laboratory
axis. If the Z-axis is classed as the vertical, then Iy = I for vertically polarised light and
Iy =Ix=1 andsoIT:I||—|—2IJ_.
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2.5.7 Derivation of fluorescence anisotropy

To derive the relationship between the value of fluorescence anisotropy and the angle between
the absorption and emission transition dipole moments it is necessary to first consider a single,
isolated molecule that neither bends nor rotates, with absorption and emission transition

dipole moments that are collinear and aligned along the backbone.

2z

£
w
/2]
]
(3]

| [, =cos?¢
&
N
o2 1 X
NP L0)] IL=sin2gsin2¢@

Figure 2.21: Emission intensities for a single molecule in a coordinate system. The angle
¢ is the angle between the polymer backbone and the Z-axis and ¢ between the backbone
and the Y-axis. If the absorption and emission transition moments are collinear and the
excitation is parallel to the Z-axis then the emission can be split into two orthogonal
components (see equation 2.29). Taken and adapted from Lakowicz J. (1999) Principles
of Fluorescence Spectroscopy p. 293

The molecules is held at an angle € to the Z-axis and the relevant angles are shown in Figure
2.21. The excitation beam is polarised parallel to the Z-axis and the emitted light will be
parallel to that absorbed. It will be comprised of two components parallel and perpendicular

to the excitation polarisation.

Iy = Iy cos’ e de (2.28)
I, = Iysin?e desin? ¢ (2.29)

These relations are derived for a single molecule. In a solution containing several thousand
molecules, the orientation distribution function around Z-axis must be taken into account.
Photoselection will preferentially excite molecules with a component of their absorption tran-
sition dipole moment parallel to the Z-axis. This means that all molecules oriented with angle
¢ to the Y-axis will be excited with equal probability. This probability depends upon the
average angle ¢ takes in the XY-plane.

The average value for sin? ¢ term across all molecules and all angles is:

(sin? ) = Jo"sin6 do_ 1 (2.30)

f027r d(b 2
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Substituting equation 2.30 into equations 2.28 and 2.29 results in equations being solely in
terms of e. Many molecules are distributed about the Z-axis with a probability f(e), therefore
the equations 2.28 and 2.29 have to be integrated over the angle ¢ to take this distribution

into account. (Note: it is only necessary to integrate between 0 and 90°.):
3
I = / f(g) cos® e de = k{cos?c) (2.31)
0

I, = /02 f(e)sin®e de = g<sin2 £) (2.32)

where k is a constant of the system. Substituting these relations into equation 2.26 gives the
fluorescence anisotropy, (r), as a function only of the angle between the backbone and the

Z-axis, €, that is:
3(cos?e) — 1
(ry = (<2>) (2.33)
To determine the maximum fluorescence anisotropy of a real system, it is necessary to find the
maximum value of (cos? e). Using the distribution of photoselected molecules as in equation
2.23, the value of {cos?¢) for collinear absorption and emission transition dipole moments is
given by:?!

(cos®e) = Iy’ cos” ef(e)de _3 (2.34)

& fe)de B

substituting this value into equation 2.33 gives a maximum anisotropy of 2/5 (0.40). This

value is smaller than would be found for an isolated molecule.

The difference in orientation between the absorption and emission transition dipole moments,
0, (as shown in Figure 2.20) results in a further loss of anisotropy. This has a similar relation-
ship between the angle and the fluoresecence anisotropy as in equation 2.33. The relationship
needs to take the photoselection distribution into account (2/5) and thus the equation for

fluorescence anisotropy for non-collinear transition dipole moments becomes:>!

" = <(3<00322€> - 1)> <(3<cos220) - 1)) (2.35)

_ §<(3<cos226> - 1)) (2.36)

This equation gives the average angular displacement undergone by all the transition dipoles
for an isotropic ensemble. Thus the anisotropy at a finite time after excitation can have a
value between —0.20 < (r) < 0.40.™ Values over 0.40 are only possible for multi-photon

excitation processes.?!
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Zero anisotropy: The magic angle

A value of zero for the anisotropy correlates to an average angle of 54.7°. This is the magic
angle and represents an isotropic or randomly oriented distribution. The magic angle, 3,
occurs when:

Iy=1, (2.37)
from equation 2.26. Substituting in equations 2.28 and 2.29 gives:

sin’ 3

Iy cos’ B =1 5

(2.38)

This is only true when 8 = 54.7°. Since the two orthogonal components are equal, the
emission distribution is isotropic. The magic angle is used as a setting for polarisers. By
illuminating a system with light polarised at 54.7° it is possible to simulate illumination

with unpolarised light.

Non-zero anisotropy

Anisotropy values between 0.40 and zero represent angles between 0° and 54.7° Lower
anisotropy values correspond to angles greater than 54.7°, the magic angle, and 90°. A

value of —0.2 represents a system where the absorption and emission dipoles are orthogonal.

A small negative angle i.e. close to, but not equal to, zero cannot necessarily be trusted to
give a true estimate of the angle between absorption and emission transition dipole moments.
Instead a small negative value often represents a randomly oriented distribution with a large

standard error on the measurement.

Fluorescence anisotropy can be used to investigate isotropic dilute solutions and films. In
films, a distribution that is aligned in plane of the film gives a value of 0.10 because all the

transition dipole moments are parallel to the film surface.”

The anisotropy can only have the maximum value of 0.40 when the emission transition dipole
moment is aligned with the excitation polarisation. This means that the emission must orig-
inate from exactly the same state that was originally excited. The maximum value is rarely
seen because physical motions and inter- and intra-chain processes can change the orientation
of the transition dipole moments before emission. In solutions rotation can be stopped using
high viscosity solvents. Processes such as excitation migration and conformational motion of
a molecule can result in a new spectroscopic unit which has a differently oriented transition

dipole moment. Both processes can result in a large fluorescence anisotropy loss.

Fluorescence anisotropy loss has been used to evaluate the angular separation of absorption

and emission transition dipole moments in this work.
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2.5.8 Fluorescence anisotropy loss processes
Fluorescence anisotropy loss can arise from many processes; these are introduced below.

Rotation

Figure 2.22: Schematic to show how rotation of molecule changes the orientation of the
transition dipole moments. The diagram shows two ways that the molecule can rotate:
around an axis through the backbone (blue arrow) and around an axis that passes through
the centre of the molecule (red arrow, axis indicated by a red circle). If a chromophore
is constrained to remain at point (A) and the molecule rotates about its centre, the
orientation of the transition dipole moment will also rotate. If the molecule rotates
(spins) round its backbone, the orientation of the transition dipole will also change.

In a mobile (free to rotate) molecule where the absorbance transition dipole moment and
the emission transition dipole moment are collinear, the anisotropy loss is most likely due to
rotation. The whole molecule can rotate about its centre, as shown in Figure 2.22. As the
molecule rotates, so too does the location of the emission transition dipole moment. This
will be recorded as an anisotropy loss. It is possible to calculate the rate of rotation from the
angular change (measured via fluorescence anisotropy) and the fluorescence lifetime. This
is possible because the fluorescence anisotropy can only be recorded during the fluorescence

lifetime.

It follows therefore that if the rotation time is very much greater than the fluorescence lifetime,
the molecule will not rotate appreciably and the anisotropy value will be high. (Close to, if

not identical to, the natural anisotropy of the molecule.)

Correspondingly, if the rotation time is much less than the fluorescence lifetime, then the
molecule is able to rotate considerably, then all of the polarisation will be lost and fluorescence
anisotropy will be zero. Rotation rate, or rotational correlation time, ©, can be observed
through time resolved decays and the anisotropy as a function of time for a system that

rotates is:%0

(r(t)) = roe "°. (2.39)
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Figure 2.23: A schematic to show how the process of intra-chain excitation migration
depolarises the fluorescence. The exciton transfers from an original excited state that has
an emission transition dipole moment parallel to absorbance transition dipole moment to
a final excited state which has an emission transition dipole moment that is at an angle
f from the absorbance transition dipole moment. This causes a depolarisation of the
fluorescence. The excitation migration process can only occur when there is sufficient
additional excitation energy. The schematic of the molecule was taken from Collini, E
et al. Science (2009) and then adapted.

In an immobile molecule, a cause of fluorescence anisotropy loss is energy transfer from the
initially excited state to another site of lower energy, which can be on another chain or on
the same molecule (excitation migration). Figure 2.23 shows how these processes occur. If
the absorbance transition dipole moment is not collinear with the emission transition dipole
moment of the final state, then the polarisation is lost by energy transfer. Figure 2.23 shows
fluorescence depolarisation due to intra-chain excitation migration. If excitation migration
does not occur then the excitation will remain on the original site and the absorbance transi-
tion dipole moment and emission transition dipole moment will be parallel and no anisotropy
will be lost.

The excitation migration process requires additional energy from the absorption process;
without it, the excitation is constrained to the initially excited state. Therefore, this anisotropy
loss process can be studied by varying the excitation energy incident on the molecules (via

site-selective spectroscopy).
2.5.9 Conformational twisting

Some molecules can undergo conformational relaxation. That is, the parts of the molecule
can rotate, twist or bend to achieve a lower energy conformation. In the case where adja-
cent segments can twist relative to each other, for example the adjacent phenylene rings in
a conjugated polymer, this conformational twisting can reduce the fluorescence anisotropy

81,82 The twisting between rings can planarise a molecule which can extend the con-

values.
jugation length by a small number of bonds. This results in an excited state that is in a

different conformation to the excited state.
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The change in the conformation between the ground and excited state may be accompanied
by a change in transition dipole orientation. For example, distortions in the ground state
may produce an off-axis absorption transition dipole moment. When the state is extended
over more bonds in the excited state, the effect of the distortions is lessened and the emission
transition dipole moment is more aligned with the aforementioned axis and not parallel to

the absorption transition dipole. The fluorescence anisotropy will therefore be reduced.
Aggregation and donor-acceptor transfer

When molecules bond together to form dimers (small aggregates), or large macromolecules,
the emission transition dipole moments of the individual molecules are randomly oriented
within the aggregate. When the molecules are in such close proximity, the excitation migra-
tion transfer process can occur very much more easily and it is more probable that the lowest
energy state can be accessed. This state will have a differently oriented transition dipole

moment and the polarisation will be lost. Hence aggregation reduces fluorescence anisotropy.
Reabsorption and scattering

If the concentration of a material, for example, in a solution, is high, the probability that
an emitted photon is reabsorbed is similarly high. A molecule can be excited if it has a
component of its absorbance transition dipole moment parallel to the incoming light. If the
emitted light is at an angle to the absorbance transition dipole moment then the emission

can excite a second molecule which will emit at a further angle from the original polarisation.

As an extreme example, consider a situation where the concentration is high and the exciting
light is polarised vertically. The first molecule to be excited emits with polarisation at an
angle 0 from the vertical. This emission excites another molecule, which emits up to 26 from
the vertical. Over the whole solution, multiple reabsorption processes will occur and there
will be no preferential emission polarisation angle that reaches the detector and hence all the

anisotropy will be lost.

Scattering and reabsorption processes are inherently linked to the fluorescence and will there-
fore take place on the same timescale as the fluorescence lifetime of the molecule. These pro-
cesses can occur in any solution. However, it can be reduced to a very small proportion by
keeping the concentration low. In the experiments carried out here, the absorption was kept
below 0.1 OD. Scattered polarised light from the molecules or any of the components in the
optical system will also affect the recorded anisotropy. However this is usually very low for
dilute solutions.”® Working with low concentration solutions allows fluorescence anisotropy

measurements to be taken that are not masked by the presence of reabsorpton and scattering.
Alignment of polarisers

The fluorescence anisotropy values can be only valid if the polarisers in the optical set-up are
aligned. This can be checked by testing known emission rotators, e.g. perylene or coumarin,

into a steady-state system.
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2.5.10 Fluorescence kinetics

The excited state does not always relax immediately; indeed it may exist for up to several
nanoseconds. This is enough time for many intra- and inter-chain processes to occur. The
excited state does not relax periodically, it relaxes randomly. A way to gauge the number of

molecules in an excited state is to observe the fluorescence intensity decay with time:?1 77

I(t) = Ipexp(—t/T) (2.40)

where Iy is the initial emission intensity, I(?) is the emission intensity after time ¢ and 7 is
the natural lifetime of the state. 7 incorporates a great deal of information about the excited
state and how it relaxes because it is the inverse of the sum of all the possible decay rates

both radiative, k, and non-radiative, kj,.:

T = (Z kr + Z k‘nr)il (2.41)

It is easier to measure the radiative decay than the non-radiative decay but it is possible
to gauge the non-radiative decay rate through the efficiency of the radiative decay. The
photoluminescence quantum yield, ®, is the ratio of emission to absorption. This is the

same as the ratio of the rate of emitted photons to the rate of the absorbed photons, kgps:

ky

b, =
/ kabs

(2.42)

In a closed system, with a finite number of electrons, when equilibrium is reached the rate of

absorption is equal to the rate of relaxation by any route,

kabs = Z k. + Z i (243)

So the quantum yield can be written as:

k

="
P75k 45 ke

(2.44)

The fluorescence lifetime, 7, is inversely proportional to the fluorescence decay rate ky =
1/7¢. If the only emission observed is the fluorescence, then k, = ky = 1/7¢. The photolu-

minescence quantum yield can be simply written as a ratio:
Oy = — (2.45)

Importantly, the intensity can now be written as a series of exponential terms involving many

fluorescence lifetimes, each representing a different radiative decay route:
n
I(t) = Tiexp(—t/7;) (2.46)
i=1

This is the key equation is used in analyzing fluorescence decays.
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The kinetics of fluorescence anisotropy

Since the fluorescence is dependent on time, so too is the fluorescence anisotropy, and this
can reveal further information about a system.?»80 Equation 2.26 can be modified to involve

a time dependence, giving:
Iy(t) — I.(t
t) = M (2.47)
I(t) + 210 (2)
For a single fluorescence lifetime and a single anisotropy loss process e.g. rotation, the time

resolved fluorescence anisotropy can be written as:

(r(t)) = roexp(—t/) (2.48)

where rq is the anisotropy immediately after excitation determined by the natural anisotropy
of the molecule and 7, is the rotation lifetime. In this special case it is easy to see that if
I)(t) and I, (t) can be recorded then the rotational lifetime can be determined by fitting an
exponential curve to the data. The analysis becomes more complicated, but not impossible,
for systems with multiple fluorescence lifetimes and many anisotropy decay channels, such as
conjugated polymers. Chapter 7 describes the method, measurements and analysis procedure

for these complex systems.

2.6 Introduction to the conjugated polymers studied

This section provides an insight into the previously published properties of the polymers
used in this investigation. Two types of polymers that emit blue light were used. The first
set of polymers, polyfluorenes, are flexible whereas the second set, ladder-type poly(para-

phenylene)s are completely rigid.

2.6.1 Polyfluorenes (PF2/6 and PFO)
4 \> o o o
SNy NN

R R

Figure 2.24: Basic repeat unit of a substituted polyfluorene. Substituents, side groups,
can be added at the “9” position, marked R.

Poly(9,9- dialkylfluorene) contains the necessary conjugated backbone and energy structure
to give vibrant and more importantly highly efficient blue fluorescence. The molecule can
be easily synthesised by two different routes, giving a variety of molecular weights, and
with innovative substituents, or co-polymerisations, a wide range of emissive colour can be

.83,84

achieve There has been a great deal of work done on developing, characterising and

understanding the polyfluorenes family.8?

The basic structure of the PF family is shown in Figure 2.24. It has two phenyl rings
connected with a methine bridge with a substituent (side group) at the “9” position marked
R in the figure. Since the synthesis of the first soluble PF in 199386 different synthesis routes
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(either Suzuki®” or Yamamoto couplings®®) have been used to tailor both the substituents
or the molecular weight.®? PFs are considered to be semi rigid-rod polymers and this is an
adequate description for understanding some of the physical processes, e.g. revolution in a

99 However, rigid tends to mean inflexible and rod implies straight: neither of which

solvent
are explicitly true for PFs. Due to the single bond between the monomer units, the each unit
can undergo some degree of torsional motion. The polymer has been investigated via X-ray
diffraction and found to be twisted, meaning torsional motion would planarise the molecule.?!
The bond angles between the monomer units is approximately 20 °, resulting in a backbone

that is slightly buckled. For this reason they are often referred to as wormlike polymers.®®

PFO PF2/6

Figure 2.25: Basic repeat unit and end groups of the two polyfluorenes used in this work:
poly[9,9-di(octyl)fluorene] and Poly[9,9-di(ethylhexyl)fluorene].

Different substituents added to the “9” position change the solubility, phase and morphology
of the polymer in solution or film.®> For example, the two PFs used in this work: poly[9,9-
di(octyl)fluorene] (PFO, sometimes called PF8) and poly[9,9-di(ethylhexyl)fluorene] (PF2/6),
both shown in Figure 2.25, have different side chains and different photophysical responses.
PFO has long side groups, 8 carbon atoms in a single chain, which are normally at a large
angle to the backbone. This is known as the a-phase and produces blue emission. However,

92,93 or using poor solvents?* 6 the side chains are forced into

by lowering the temperature
a new alignment.® The side chains are able to interact and planarise the backbone. This is
known as the -phase and has a characteristic low energy absorption and emission spectra
that is dominated by vibronic shoulders. The S-phase quenches the emission from the normal

phase and lowers the quantum yield.?”

PF2/6 also has a side group of 8 carbon atoms, but the configuration of the side group is
such that it does not interact with the backbone.?”® The structure does not allow the chain
to planarise and PF2/6 only exists in the a-phase. The absorption and emission spectra for
both PFs in their a-phase are very similar.””

Long chain PFs support several different conjugation lengths leading to a large conjugation
length distribution.!%? This partially broadens the absorption spectrum such that its vibronic
replicas cannot be resolved. This broad spectra makes site-selective spectroscopy particularly
useful for investigating these polymers. Fytas et al. have hypothesised that the average

conjugation length supported on a chain is 12 units long.?°

°Poor solvents refer to ones in which the polymer is almost insoluble.
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The emission spectrum of PFs is dominated by vibronic replicas of the main transition (0-0
line shown in Figure 2.19). These polymers show a relatively large Stokes’ shift which is
typically explained as a result of torsional motion in the backbone. However, the quantum
yields are very high (~80%) for both PFO and PF2/6 suggesting that there are few non-
radiative relaxations.!0!

Like many polymers, PFs are subject to photodegredation, specifically, photo-oxidation which
produces a carbonyl group forms at the “9” position in place of the side group. During
the polymer synthesis, incomplete alkylation creates mono-alkylated sites that are prone

to oxidation.192

103,104

They can also be created by overheating, especially in air or in unsealed
devices and it is important to store samples in a cool, dark, dry place. These sites
are called keto defects and act as a low energy trap for excitations and result in a yellow

108

emission.'%57107 There is also an accompanying reduction in the quantum yield. In films

and concentrated solutions, PFs sometimes form small aggregates that lower the energy of

the emission which produces green emission.'%?

PFs are thermotropic liquid crystals, which means that above their melt temperature (be-
tween 100— 170 °C) the polymer chains can be forced into an alignment. This typically comes
from a suitably aligned substrate, like a rubbed polyimide layer.'1% 113 This technique has
been used successfully to get dichroic ratios of up to 25, though due to its more compact
side chains PF2/6 shows a higher dichroic ratio than PFO when aligned.!?® 1! Films aligned
in this way have been utilised in Durham University to discover the anisotropic refractive
indices'!'* and the helical packing structure of PF2/6.72:96:115,116 PRQ has also been aligned

in stretched polyethylene, a technique used to good effect within this work.'”

2.6.2 Ladder-type poly(para-phenylene)s (MeLPPP and 2,6-NLP)

MeLPPP QRz 2,6-NLP

Figure 2.26: The molecular structure of the two ladder-type polymers used (MeLPPP
and 2,6-NLP). R! and R? are alkyl groups. R3*=1,4-C¢H,;-C;oHy; and R*=CgH;~,

Ladder-type poly (para-phenylenes) (LPPPs) are another set of highly efficient blue light
emitters that can be used in LEDs.57 1187120 Their emission spectra are similar to that of
PF's but their structure is different. This allows a direct comparison between the two sets of

polymers and the further understanding of photophysics based on structural properties.
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LPPPs have a methine bridge between adjoining (neighbouring) phenyl rings!?! as shown
in Figure 2.26 giving them a “ladder”-like appearance. The bridge means that adjacent
phenylene rings cannot under go the conformational relaxation that PFO and PF2/6 suffer

from.122:123 They are a planar rigid-rod polymer.

The absorption and fluorescence spectra are mirror images of each other and dominated by
a series of very well defined vibronic shoulders energetically separated by the inter-ring C-C
stretching vibrational mode. The Stokes’ shift is very small (~4 nm) and the photolumi-
nescence quantum yield is very high (~90 % ).57:12%:124 Thege are a direct consequence of
the rigid backbone which limits the number of molecular geometries available to the ground
and excited states.'?> The spectra are inhomogeneously broadened by the conjugation length
distribution which can be accessed through site-selective spectroscopy. Since the backbone is
already planarised, it does not form a phase equivalent to the a-phase of the PFs. Instead
LPPPs are more like the PF -phase and the absorption and emission spectra of LPPPs and

PF (-phase are very similar.

Two variants of the ladder-type polymers were used in this work. The monomer structure
of methyl-substituted-LPPP (MeLPPP),!25:126 and the newly synthesised poly(naphthylene
- phenylene) (2,6-NLP),'?7 are shown in Figure 2.26. MeLPPP has a LPPP structure with
an additional methyl side group. 2,6-NLP is slightly different as it has a naphthylene unit in
the conjugated backbone which further constricts any torsional motion. MeLPPP has been
investigated for nearly fifteen years whereas it is believed 2,6-NLP has not been investigated

prior to this work.

During the synthesis of MeLPPP to high molecular weights, it is believed that the chain does
not polymerise in a straight line. Instead, after a given length, the polymer grows at an angle
to the chain, estimated to be at 60 ° to the original chain.?? 3! This results in a lightning bolt
shaped polymer and it is believed that separate spectroscopic units (chromophores) can exist
on each part of the chain.%” This is shown in Figure 2.12. 2,6-NLP is free from these branches
but there is a small bond angle between the phenyl ring and the naphthylene rings which
produces a wavelike polymer. This wave-pattern is not thought to be big enough to break the
conjugation. MeLPPP is hypothesised to support conjugation units with an average length
between 7 and 12 monomer units.28 139

It has been reported that there is a very low concentration of keto defects at the methine
bridge in MeLPPP!3! and the polymer has always been considered to be unaffected by changes

in temperature.'32

But in films of MeLPPP, there is a broad yellow-green (low energy) emis-
sion band that is conspicuously absent in solutions.*? 119131133136 = This has led to the
assumption that MeLPPP forms aggregates in films.'*! Very recent work has shown that
thermal cycling of the polymer can induce this band, suggesting the polymer is susceptible
to oxidation defects.!%% 137 However, single molecule spectroscopy has not shown inter-chain
defects'?? and the low energy emission can be eliminated by doping MeLPPP into a suitable

host matrix, thus verifying the aggregation theory.
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Studies of the electronic energy transfer in MeLPPP has suggested that singlet exciton trans-
fer is enhanced by the planarised backbone,64 138141
fast response in LEDs, lasers and solar cells.!427145 MeLPPP has one of the highest photolu-

minescence quantum yields in film of 30 - 40%. In laboratory-made devices it has been found

and using it in devices would provide a

to have an electroluminescence quantum yield of ~60%'4% which promises highly efficient
LEDs in the future.

2.6.3 Summary

The polymers investigated in this work have been chosen because of their potential to be
used as the active medium in light emitting devices. Indeed polyfluorenes have recently

83,84,147 ipcluding highly polarised LEDs.'® 149 Investigating

been used in to make LEDs,
the photophysics of the polymers and understanding the electronic and physical behaviour
of the polymers in isolation and in polymer blends is of interest to researchers and device
manufacturers. By comparing the results from a flexible polymer with those from a perfectly
rigid polymer, an interpretation of the photophysics in the context of polymer structure and

conformation can be made.
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EXPERIMENTAL DETAILS

3.1 Introduction

This chapter presents details of the experimental techniques and methods used to investigate
the photophysics of the conjugated polymers. A list of the polymers used, from where they
were obtained and a detailed description of the methods used to make solutions, spun films
and aligned films is presented. An account is then given of the main spectroscopic techniques
used. Finally, a detailed set of instructions for future users of the equipment available in the

OEM group at Durham University is provided.

3.2 The properties of the conjugated polymers used

Asnoted in Chapter 2, the main polymers studied in this work were two representatives of two
different classes. The results from flexible Polyfluorene derivatives poly[9,9-di(ethylhexyl)fluorene]
(PF2/6) and an oligomer of (9,9-dioctylfluorene) (PFO) were compared with the rigid ladder—
type poly (para-phenylene) (-LPPP) derivatives methyl-substituted-LPPP (MeLPPP) and
naphthylene-LPPP (2,6-NLP). The monomer unit structures of all four polymers can be
found in Figure 2.25 and 2.26. In addition to the four main polymers, a short spectroscopic
study on the effect of the PF2/6 chain length was undertaken. Two short chain polymers (or
oligomers) of PF2/6, PF2/6n-29 and PF2/6xy-10 were used for this study. N refers to the

number of repeat units in the oligomer.

Oligomer Name Abbreviation Chain Length Polydispersity
Poly[9,9-di(ethylhexyl)fluorene] PF2/6 Long chain (~ 60) 1.80
Poly[9,9-di(ethylhexyl)fluorene| | PF2/6 -2 ~ 20 1.70
Poly[9,9-di(ethylhexyl)fluorene] | PF2/6y-_1¢ ~ 10 1.65
Poly[9,9-dioctylfluorene] PFOn_3 ~ 3 1.00
Methyl-substituted-LPPP MeLPPP Long chain (~ 60) 1.3
Poly(naphthylene-phenylene) 2,6-NLP ~ 21 1.7

Table 3.1: Table of polymer properties used in this study including name, chain lengths
(number of monomer units) and polydispersities, P, (distribution of chain lengths) of
the polymers used.

Table 3.1 contains information on the chain structures of all the compounds used in this
study. It includes the abbreviations used throughout the rest of this thesis, the approximate
chain length (number of monomer units) of the polymer chains used and the polydispersity
(see section 2.3.8). The polydispersity is a measure of the distribution of the chain lengths
around a mean value. A value of one indicates that all the chains are the same length. This
is typically the case for short chain oligomers. A higher value indicates that there is a range
of chain lengths. The polydispersity information was provided by the synthetic chemists who

made the polymers and were obtained from gel permeation chromatography.?!

52
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Five of the materials used in this work were provided by Professor U. Scherf from the Uni-
versity of Wiippertal, Germany, whose group synthesised and purified them. The oligomer,
PFOpn—=3), was donated by Dr M. Tavasli from Durham University, UK, who performed the

synthesis and purification.

The synthesis and purification technique of PF2/6 and two of its oligomers PF2/6y-20,
PF2/6xy—10 can be found in work by Fukuda et al.3%and Grell et al.”® The three-unit oligomer

of PFO (PFO y—3) was synthesised directly via Suzuki Coupling®6:87

and is monodisperse (i.e.
polydispersity = 1). MeLPPP was synthesised and purified by a method first described by
Scherf et al.'?%126 Whilst 2,6-NLP was created by a novel microwave assisted synthesis by

Nehls et al.127

Sample preparation was carried out by the author as part of this thesis work, but no further

synthesis or purification of the polymers was carried out after they had been received.

3.3 Sample preparation

3.3.1 Solutions

Dilute solutions of the polymers were prepared in the high purity (< 99%) solvents methyl-
cyclohexane (MCH) and Toluene (both purchased from Romil). The concentration of the
solution is stated in the relevant chapters and never fell below 3 mg/L (~ 2 x 107%% weight
for weight). It was necessary to use solutions with a maximum absorption optical density
below 0.1 to avoid reabsorption of the emission by the sample and thus complicating the
spectra. This had the benefit of increasing the chain separation thus limiting possible aggre-
gation and inter-chain energy transfer effects as well. In all cases the solutions were mixed

with magnetic followers, stirring for several hours to ensure the mixture was homogeneous.

Solutions were held in 10 mm quartz cuvettes which had been thoroughly cleaned before use.
Cuvettes were cleaned by filling them with a dilute nitric acid solution (4 parts water to 1
part acid) and leaving them for approximately 12 hours before rinsing with water, acetone
and isopropanol. Finally, the cuvettes were dried with nitrogen. This cleaning process was
employed to remove any residual material (e.g. grease, another polymer, organic solvent)

before use.
3.3.2 Spun cast films

One method to make a polymer film with a uniform thickness is to spin cast a solution
onto a clean disc of fused silica or optical grade glass with 10 mm diameter. The substrates
were cleaned thoroughly before use using a similar technique to that described above for the
cuvettes. Initially, they were left in diluted nitric acid for at least 8 hours, then they were
rinsed in de-ionised water before being put into a sonication bath first of acetone and then of
isopropanol. The substrates were then dried in a stream of nitrogen and handled with clean

tweezers. The film thicknesses were approximately 100 pm.
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Solutions with concentration of 10 mg/mL of the polymers in toluene were made and allowed
to stir with magnetic followers for at least 12 hours. In most cases, the polymer dissolved
with simple stirring. Occasionally, due to the low laboratory temperature, it was necessary

to heat the solutions to ~ 30°C to dissolve any residual solid.

100 upL of the solution were drop cast onto the disc which was spun at 2500 rpm for 60
seconds. Previous experience had shown there was no need to dry them further.’®® The
films were used almost immediately or stored in a cool, dark, dry cupboard until they were

required.
3.3.3 Aligned films

To be able to understand the photophysics in relation to the orientation of the polymer
backbone it is necessary to locate the direction of the polymer chain. Hence, the need for
aligning all the polymer chains in one direction within the sample. Clearly, it is significantly
easier to align chains in a solid film rather than in a solution because the random motions

will destroy the uniaxial directionality.

It is possible to align PFO and PF2/6 by casting a film (as described above) on to an aligned
substrate (typically rubbed polyimide on glass).!41:151:152 By heating the polymer above its
melting point it is possible to force the backbone to epitaxially align with the grooves in the
rubbed polyimide layer. It was not possible to use the same technique to align the ladder-type
polymers (LPPP) due to their high melting point. An attempt to measure the melting point
was investigated by differential scanning calorimetry (DSC) with the assistance of Professor
Marder’s group at the Department of Chemistry at Durham University. The polymer was
not observed to melt despite being elevated to temperatures of ~ 200°C. It was therefore

necessary to develop a method to align this polymer.

The technique that was used was a successful adaption of that outlined by Hagler et al.>® for
aligning guest polymers in stretched polyethylene (PE) host . A solution with a concentration
8 mg/mL of spectrophotometric grade PE and fresh o-xylene (<97%) (both purchased from
Aldrich) was heated to approximately 120 °C whilst being stirred vigorously with a magnetic
follower. Heating to this temperature also served to boil off residual water within the solution.
Any water present in the solution causes the resulting films to become very brittle with air
pockets (bubbles). When the PE had dissolved in the o-xylene the temperature was reduced
to 80 - 90 °C and a warmed solution of the conjugated polymer and o-xylene was then added.
The concentration of conjugated polymer to PE was varied between 0.25 % and 15.00 %
depending on the experimental requirements. The solution was stirred for approximately
10 minutes before it was poured out into clean, ice-chilled Petri dishes. An example of the

resulting films is shown in Figure 3.1.
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Figure 3.1: A photograph of three polyethylene films containing 2,6-NLP. The figure
shows three stages of the sample preparation. The top image shows a film removed from
a Petri dish after cooling. The middle image shows a strip of the film cut to a width
of 1 — 2 cm and marked with permanent pen at 5 mm intervals, in preparation for the
stretching procedure. The bottom image shows a film that has been stretched 28 times
its original length.

After cooling and drying, the resulting films were then sliced into strips 1 - 2 cm wide and
up to the diameter of the dish in length. They were then marked at 5 mm intervals with a

permanent pen. An example of these films is shown in the photograph in Figure 3.1.
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Figure 3.2: Photograph to show the experimental arrangement required to stretch a
polyethylene host. A strip of polyethylene film is held over a heated plate. Once it
becomes warm the two ends of the film are drawn apart. This method allows the film to
be stretched up to 40 times its original length.

The films were held over a clean metal plate resting on a hot-plate heated to a temperature
of approximately 110°C (as shown in Figure 3.2). The warmed films were slowly stretched
by hand. Once stretched, the films were remeasured and stretch ratios of 30 - 40 times
the original length were frequently obtained. The films were then mounted on clean glass

microscope slides. This particular method was first published by the author in 2006.7
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Figure 3.3: Ordinary (a) and fluorescence (b) microscope images of 2,6-NLP in an un-
aligned polyethylene film. Ordinary (c) and fluorescence (d) microscope images of 2,6-
NLP in a stretch-aligned polyethylene film. (Stretched 34 times). The images demon-
strate that stretching the film results in alignment of the 2,6-NLP. All the fluorescence
microscopy images were taken with an Olympus BX51M transmitted and reflected light
microscope for epi-fluorescence illumination with the assistance of Dr Carmen Moran at
the University of Coimbra, Portugal.

Fluorescence microscope images were taken of the stretched films at University of Coimbra,
Portugal, during a visit by the author. An Olympus BX51M transmitted and reflected light
microscope in epifluorescence mode (excitation and detection from above the film) and filter
set types U-MNU2 (360 nm - 370 nm excitation band width and 400 nm dichroic mirror) was
used. This filter set allowed emission of wavelength greater than 405 nm to be observed. The
images from early films are shown in Figure 3.3. Figure 3.3 (c) shows the film alignment and

Figure 3.3 (d) shows that the emission comes from areas of the films that have been oriented.
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3.4 Experimental equipment
3.4.1 Spectrometers

Simple absorption and emission spectra were taken on commercially available equipment. By
placing polarisers into the optical path of these machines, linear dichroism and fluorescence
anisotropy measurements could be taken. A linear dichroism spectrometer was also designed

and built. These are described below.

3.4.2 Perkin Elmer Lambda 19 spectrophotometer

Lamp and optics compartment

Sample
compartment

polariser

Detector
compartment

Figure 3.4: Schematic diagram of the spectrometer used for the isotropic and polarised
absorption measurements. The polarisers were placed in the sample compartment, in
front of the sample. The sample under test was placed in the holder at the bottom as
shown on the figure. A blank, but otherwise identical sample was placed in the holder
shown at the top of the figure.

Isotropic absorption spectra were taken with a Perkin Elmer Lambda 19 spectrophotometer
which can be used to study the absorption from the ultra-violet (~190 nm) to the near infra-
red (~3200 nm). A schematic of this equipment is shown in Figure 3.4. The machine is
equipped with a deuterium lamp for the UV and a tungsten lamp for the visible and near
infrared regions, of the spectrum. It employs a double beam ratio recording operation: the
beam from the selected lamp is split in two, the first passes straight through a reference
sample and the second through the sample under investigation. The difference between the
two intensities is recorded and used to create a full absorption spectrum. A variety of sample
holders can be placed into the equipment allowing the study of both films or solutions (which

are held in 10 mm cuvettes).
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3.4.3 Linear dichroism measurements in absorption spectrophotometer

Polarised absorption spectra (linear dichroism measurements) could be recorded by inserting
a matching pair of Glan-Thompson polarisers in the optical path of the beam (shown in Figure
3.4). An aligned film is rotated around the beam to collect spectra parallel and perpendicular

to the polarisers.

3.4.4 Linear dichroism measurements with a transmission spectrometer

A transmission spectrometer was designed to allow linear dichroism (LD) measurements to
be taken directly, and was built along an optical bench. A line diagram of this experimental
set-up is shown in Figure 3.5. The optical components along the light path consisted of a
tungsten lamp, a Bentham Monochromator, a Glan-Thompson polariser, a Hinds photoelastic
modulator (PEM), the sample which was held at 45° to the plane of the bench and an
amplified photodiode which detected the incoming light.

The intensity of light transmitted through the sample was recorded with the photodiode.

Shield  pojariserat45  Sample

Lens
% U ;E D 0 Photo

Chopper
Lamp === - PEM

------ Lock-in Amplifier =

o)
1

S

Figure 3.5: Schematic diagram of the home-built apparatus used for linear dichroism
measurements. The illumination came from a tungsten lamp and was passed through a
series of optics including a monochromator. The shield and iris were used to stop stray
non-monchromated light passing into the rest of the experiments. The light was passed
through a polariser at 45° to the horizontal bench. Aligned samples were also held at
this angle. The light passed through the sample and then was focused onto a photodiode.
Either the PEM or the chopper was used with the lock-in amplifier. The PEM was only

used for polarised absorption measurements and the chopper for isotropic absorption
measurements.

The signal was modulated by the chopper or the PEM and detected in conjunction with the
lock-in amplifier. The use of the PEM and the 45° polariser meant polarised transmission
could be recorded. The PEM was used as a half-wave plate and the polarisation of light was
modulated between parallel and perpendicular to the alignment of the sample. The difference
in transmission of these two polarisations was recorded. The intensity of the lamp used had

a strong wavelength dependence. The differential transmission spectrum was divided by the
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lamp spectrum to correct for this. Inverting the differential transmission gives the LD. The
system was controlled by a LABVIEW 7.0 program specifically written for the task. The
version used was modified by the author from an original program written by Mr A Smith

at the Department of Physics, Durham University.
3.4.5 Jobin-Yvon Fluorolog-3 spectrofluorimeter

Steady-state emission spectra were taken with a Jobin-Yvon Fluorolog-3 spectrofluorimeter
equipped with a xenon lamp which allowed excitation in the visible (between 300 nm and
550 nm) and a photomultiplier tube for detection from the UV to IR (between 240 nm
to 1000 nm). A monochromated beam of light illuminates the sample and the emission
is recorded with the photomultiplier tube. The Fluorolog has a right angle geometry (also
known as L-format geometry®') which means the emission is collected at 90 ° to the excitation
beam. The emission is recorded as a function of wavelength and saved to the computer. A
photodiode collects a reflected excitation beam that allows the behaviour of the lamp to be
monitored. This output allows the spectra to be corrected for any fluctuations in the intensity
of the lamp. Equipped with double excitation and emission monochromators, the system is
sufficiently precise to reliably take data in 1 nm increments. The fluorolog has a range of
different sample holders to allow either solutions or films to be investigated. A photograph

of the film holder is shown in Figure 3.6.

Figure 3.6: Photographs of the film holder used in the spectrofluorimeter in two different
orientations (A and B). The film is held in the top part of the holder and can be rotated
360° around the horizontal axis. The holder can be orientated in the vertical axis.

3.4.6 Fluorescence anisotropy measurements in Fluorolog-3

The fluorolog used has motorised, computer controllable Glan-Thompson polarisers which
could be rotated allowing a full range of angles to be investigated. For fluorescence anisotropy
measurements the excitation polariser was set vertical and the emission polariser rotated to
vertical or horizontal to record the polarised emission spectra of the polymer. Equation 2.26

thus becomes:
Ivv - GIIvh
Ivv + 2Gljvh

(r) = (3.1)
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where Iy e, is the emission intensity and v and h denote the vertical and horizontal alignment
of the polarisers held in the excitation (ex) and emission (em) port. Gi = Ipy/Inp, is the

instrumental polarisation correction factor and is discussed in detail below.

The spectra were taken with an interval of 2 nm, an integration time of 5 seconds and a
1 nm slit width. It took approximately 30 minutes to complete the measurements for an
anisotropy value at any one excitation wavelength. The fluorolog was programmed to take
the relevant spectra for excitation wavelengths across the absorption spectrum of the polymer,

thus creating an excitation anisotropy spectrum.

Excitation anisotropy spectra were also taken as a function of temperature. Solutions were
held within a custom designed cuvette: an 80 cm glass tube with a quartz cuvette fused to
the end. The open end was sealed with a rubber bung. A Janis Research Company VNF-100

liquid nitrogen cryostat was used to reach temperatures between 330 K and 180 K.

The same measurements were also taken for films, both isotropic and aligned. The films were
held in a specially designed holder, shown in Figure 3.6. The filmholder has two degrees of
freedom, meaning that a film can be positioned in almost any orientation. The holder can be
rotated around the vertical axis to fix the angle of incidence of the excitation beam on the
film. This was fixed at 30°. An aligned film can be rotated and the stretch direction fixed at

any angle to the vertical.

A program was written by the author in Microcal Origin to analyse the anisotropy data.
The program removed a standard background estimated from the last 20 data points in a
file, where there was no emission, and used the equation 3.1 to calculate the fluorescence
anisotropy. The automation of both parts of the experiment allowed it to be repeated several

times.
3.4.7 Polarisation correction factor, G;

Optical instruments such as photodetectors often have a dependency on polarisation. This

needs to be corrected for by use of the apparatus polarisation response factor.

The apparatus polarisation response factor, G; in equation 3.1, can be measured from two

emission spectra:®!

_ Ihv
Inn

G (3.2)

where ¢z e, is the emission intensity and v and h denote the vertical and horizontal alignment
of the polarisers. The G factor was measured for a dilute solution of the laser dye Coumarin
6 (Photonic Solutions) in Ethanol (Romil). This dye was chosen because it is highly emissive
in the fluorescence wavelength range of the polymers used in this work. The G factor was
found to be independent of excitation wavelength and the value used in later analysis was

created from the average of several repeated measurements.
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3.4.8 Time-correlated single photon counting (TCSPC) - Principle

Time correlated single photon counting is a method of measuring the time between absorption
and emission from a molecule. The measurement can be used to identify excited state lifetimes
and investigate transfer rates between two or more excited states. The name of the experiment
aptly describes the technique, the detector counts individual photons as a function of the time
they are emitted from the sample. A variable monochromated laser source is used to trigger
the counting system and excite the sample. The counter is stopped when emission from the
sample is detected. The time from excitation to emission is recorded and a histogram of

results is built-up over multiple repetitions of the experiment.

The single photon counting technique is similar to using a stopwatch to measure a a sprinter’s
time over 100 m. There is a “start” signal that starts the counting and an equivalent “stop”
signal. The equipment in TCSPC is significantly more sophisticated, but the principle is the

same.

The sample and a trigger diode connected to the MCP are excited by the laser with a pulse
every 13.1 ns (i.e. at 76.3 MHz). A single photon is emitted from the sample and this starts
the charging of capacitor in the MCP at a known charging rate. The next photon from the
laser triggers the diode connected to the MCP and acts as a “stop” signal, stopping the
capacitor from charging further. The voltage on the capacitor is related to the time between

the “start” and “stop”, Tstart—sstop- Since the time between the the excitation pulses is always

T

start—=> stop

T

start—> stop

T

start=> stop
lf—

Probability of
detecting a photon

Time

Figure 3.7: Schematic diagram of the reverse single photon counting method. The
black lines represent the probability of detecting a single emitted photon, the blue bar
represents the detection of a photon and the “start” signal and the red peak represents
the trigger signal from the laser and the “stop” signal. It is referred to as the reverse
single photon counting method because typical TCSPC systems have the trigger as the
start and detection as the stop signal. Figure adapted from Professor Monkman’s post-
graduate lecture notes.

fixed at Tpyise = 13.1 08, Tspart—stop is also related to the time between the sample excitation

and the emission of a single photon, Tpoton:

Tphoton = dpulse start— stop (33)

This is shown diagrammatically in Figure 3.7. A histogram of the Tpoton times can be built
up over long exposure times. After the successful detection of a photon the MCP has to

recharge and cannot detect further photons emitted in a single T},,s. time period.
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Conventional TCSPC systems start to count with the trigger signal and stop upon the detec-
tion of a photon. However, this conventional method will not respond with a high repetition
rate from the laser and the Tppoton times it can be used to resolve are quite long in com-
parison to the system used here. The system used in this work is a reverse single photon
counting method and is suitable for resolving lifetimes between 4 ps (the channel width) and
13.1 ns (the time between pulses). Therefore it is not suitable for long emission lifetimes
such as phosphorescent materials which have long lifetimes.? But it is more than ample for

fluorescent lifetime studies which are typically on the nanosecond scale.?!
3.4.9 Time-correlated single photon counting - Equipment

The single photon counting set-up used to investigate the fluorescence lifetime and anisotropy
decays of the polymers in this work were taken with a system built and calibrated at the
Physics Department, Durham University by Dr F. B. Dias. A line diagram of the experimental

set-up is shown in Figure 3.8.

Excitation Polariser

Mirror
0—n

Polarisation
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- BBO Crystal
(2% Harmonic
Generation)

Sample

Emission Polariser

Monochromator

MCP

Ti:Sapphire Laser (700 — 950 nm)

Figure 3.8: Schematic diagram of the apparatus used for time correlated single photon
counting measurements. A Ti:Sapphire laser (with output wavelengths between 700 nm
and 950 nm) is frequency doubled in a beta barium borate (BBO) crystal. A Berek
polarisation compensator is used to rotate the laser beam to vertical (or horizontal
for the anisotropy decay measurements). The beam passes through a polariser before
illuminating the sample. The light emitted from the sample is collected at 90° from the
excitation beam to stop specular reflection entering the detector. Solution samples were
held in 10 mm cuvettes. Films were placed at an angle of 60° to the excitation beam.
The emitted light passed through a double monochromator onto a microchannel plate
(MCP) connected to the control computer.
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A Ti:Sapphire laser (Mira 900, Coherent) with a narrow pulse width (> 2 ps) was frequency
doubled (using a beta barium borate (BBO) crystal). The wavelength could be tuned between
350 nm and 475 nm depending upon experimental requirements. The beam was vertically
polarised, initially by rotating the horizontal beam and then passing it through two separate
Glan-Thompson polarisers, to ensure it was highly polarised. The sample, either a solution in
a quartz cuvette or a film, mounted at 45° was illuminated by this beam. Emission collection
optics, perpendicular to the excitation beam, allowed the emission to pass through a polariser
and a double monochromator (Acton Spectra Pro 2300i) before being collected by a micro-
channel plate (MCP) which covers a total time of with a detection channel width of 3.26 ps.
The system has an instrument response function of 22 ps and, after deconvolution, features as

138 The addition of a rotatable polariser in the emission optics

short as 4 ps can be resolved.
allows the set-up to be used to collect time-resolved fluorescence anisotropy measurements

using the TCSPC method. 1537159

The response time of the system was recorded by scattering the laser beam from a sample.
For dilute solutions (typically used in these investigations) the scattering rate is low and the
solution is replaced with a suspension of Ludox (colloidal silica beads) in water. The response
time varied from ~ 25 ps for solutions to ~ 30 ps for solid state samples. The small variation
arises from the slight difference in experimental geometries required for the different types of

samples.

The apparatus polarisation response factor, Gy, was determined through long time tail match-
ing of Coumarin 6 (from Exiton Dyes Ltd) in Ethanol (from Romil) at each excitation wave-
length.8 The polarised TCSPC system and the analysis procedure, outlined by O’Connor
and Phillips,®® was tested at 430 nm with Coumarin 6 in ethylene glycol (from Aldrich) and
both the fluorescence lifetime and the rotational lifetime were found to be the same as that
found previously.!%Y This check was repeated at each excitation wavelength and gave the
same result. A further check of the response function was made by using polarised decays to

form the sum I;go = I, + 21, which was the same as the isotropic emission.
3.4.10 Time-correlated single photo counting - Data acquisition

An isotropic decay (emission polariser oriented to the magic angle Ip;(t) of ~ 55°) and
two polarised decays (emission polariser oriented parallel and perpendicular to the excitation
polariser) were recorded for each excitation wavelength at two different emission wavelengths.

The set of decays were recorded twice.

The emission polariser was aligned at the magic angle, parallel or perpendicular relative to
the vertically polarised excitation, in order to collect polarised decays In(t), I)(t) and I (%)
respectively. The integration times were the same for both polarised decays and were kept as
short as possible to give at least 6,000 counts (no more than 600 s). The laser was deemed

to be stable for these durations.
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The magic angle decays for different wavelengths (listed in Chapter 7) were deconvoluted
with the instrument response function and analysed globally to determine the fluorescence
lifetimes that were then used in the simultaneous fitting of the two polarised decays. The fits
were used to create a model of the anisotropy decay. The model was then used to determine

the anisotropy decay times.

The time response of the system (as described above) was taken before every measurement

as it is used in the deconvolution procedure.
3.4.11 Time-correlated single photon counting - Data analysis

The “Globals” deconvolution fitting software package developed at the Laboratory for Fluo-
rescence Dynamics at the University of Illinois at Urbana-Champaign was used. The analysis
technique employed here fits each decay as a series of exponentials (as in equation 2.46).
Both the fluorescence lifetime and pre-exponential amplitudes can be varied in the fitting
procedure. The quality of the fit is indicated by the result of a least-squares fitting and a
value of x? close to unity is deemed an appropriate fit for the data. This procedure creates
a reconstructed intensity decay for the time which is masked by the response time of the
system. Each decay can be deconvoluted separately or as a group of related decays. The
former is typically used to investigate decays from molecules about which there is limited
knowledge. The latter, the global analysis technique, is used to study two or more linked

decays. Two separate cases of global analysis were used in this work.

Global analysis can be used to investigate multiple radiative species. The fluorescence life-
times of these species will be the same, however their pre-exponential intensities will depend
upon the emission wavelength recorded. By recording decays at two or more emission wave-
lengths, the surety of the lifetimes can be assured by fitting for these common values and
their relative amplitudes. This technique is particularly useful for determining the fluores-
cence lifetimes of isotropic decays. Global analysis can also be used for polarised decays
recorded at the same emission wavelength. The anisotropic component, for example excita-
tion migration, will have the same lifetime for both components, however, it will occur as a
decay time (negative amplitude) in the emission decay parallel to the excitation and a rise
time (positive amplitude) in the decay perpendicular to the excitation. These decays can

also be fitted together to determine the anisotropy decay time.

3.5 Other experiments

Raman spectroscopy, x-ray diffraction and a technique for order parameter determination

were also used and are fully described in Chapter 6.



CHAPTER 4

FLUORESCENCE ANISOTROPY IN
POLYFLUORENE

4.1 Introduction

This chapter describes temperature dependent fluorescence anisotropy measurements carried
out in dilute solutions of poly[9,9-di(ethylhexyl)fluorene] (PF2/6) and three of its oligomers.
It was published in the Journal of Chemical Physicsin 2005 under the title of An investigation
into the excitation migration in polyfluorene solutions via temperature dependent fluorescence

anisotropy.'6!

Fluorescence anisotropy processes are associated with energy loss processes. Therefore, by
studying the fluorescence anisotropy, a more thorough understanding of certain energy losses
(and associated efficiency losses) can be studied. The information pertaining to loss processes
can help chemists design more efficient molecules and device engineers make more efficient
devices. For example, if a molecule rotates, additional long alkyl chains could be attached to

stop this rotation.

Fluorescence anisotropy measurements were used to estimate the natural anisotropy of the
PF2/6 polymer and shorter chain oligomers of the same monomer unit. The natural anisotropy
is a measure of the angular separation between the absorption and emission transition dipole
moments. Any deviation from the maximum 0.40 value can be considered as an anisotropy
loss. This information was then used as a baseline for subsequent work on locating the an-
gular position of these transition dipole moments relative to the polymer backbone. There
is particular interest in the conjugated polymer Polyfluorene (PFO) because it emits in the

blue region of the electromagnetic spectrum.

Natural anisotropy measurements can be used to estimate what happens to an excited state
in the time between its creation (via absorption) and before it relaxes (via emission, in this
case fluorescence). For example, an anisotropy loss can be linked to an excitation migration
or an energy transfer process. In small molecules it is usually explained by physical rotation
of the whole molecule or conformational changes of the chemical structure of the molecule.

Other loss processes have been described in detail in Chapter 2 section 2.5.8.

The temperature dependent results reported in this chapter strongly suggest that there are
two different anisotropy loss mechanisms. Both migration of the excited state and the rotation
of part of the chain alter the position of the fluorescence transition dipole moment with
respect to the absorption transition dipole moment. As a result, the anisotropy is less than
its maximum, (r) = 0.40, and the natural anisotropy was estimated to be 0.32. It was found

that both these processes occurred in polymers of over 20 units in length, but the excitation

66
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migration process dominated at high temperatures. By studying oligomers of short length
where excitation migration is impossible, it was possible to reveal that excitation migration
was temperature independent whereas the twisting of the polymer chain is dependent upon
temperature. The results of the experiments presented here were also used to verify the
theory that PF2/6 polymer undergoes both conformational twisting of the backbone and

excitation migration, which was first postulated by Dias et al. in 2003.54

4.2 Previous research

Time-resolved fluorescence studies of PF2/6 had previously been carried out by Dias et al.
at the Instituto de Technologia Quimica e Biolégica, Oeiras, Portugal, in collaboration with
the OEM group at Durham University. The work revealed that the fluorescence intensity
(I) from the singlet excited state was best described by using biexponential behaviour,>*
ie. T = Ay e ¥/ 4 Ay e /™. The two lifetimes (~ 370 ps and ~ 40 ps) were found to
be independent of solvent polarity, indicating that the two processes are intra-molecular.
The longer lifetime was presumed to be the main decay mechanism for the polymer because
it was present for all excitation wavelengths. The shorter lifetime was found to be energy
dependent and appeared as a decay time when it is collected on the blue peak (high energy) of
the emission spectrum and as a rise time when it is collected at the red-edge (lower energies).
The longer lifetime component was also shown to be temperature independent, while the
shorter lifetime component was found to be a function of temperature thus confriming the
idea that the longer lifetime is the main decay route. In the temperature range 233 K to 313
K, the shorter lifetime varied between 100 ps and 30 ps respectively. The short lifetime was

also found to be dependent on solvent viscosity.

Dias et al. compared the results from PF2/6 to those from an inflexible polymer, methyl-
substituted ladder-type poly(para-phenylene)(MeLPPP).>* MeLPPP is also a blue emitting
conjugated polymer, that closely resembles polyfluorene derivatives, with the notable excep-
tion that each phenyl ring is doubly bridged to each adjacent ring, shown in Figure 2.26.
This double bridge structure removes possible conformational twisting about the backbone
axis. Dias et al.>* found that MeLPPP has only one long lifetime, suggesting that the shorter
lifetime in PF2/6 arises from a physical motion of the PF2/6 backbone. It was argued that a
possible explanation was that the polymer undergoes a small torsional motion between two
adjacent phenylene rings along the polymer backbone. The authors also argued that the
initially excited state is in an energetically unfavourable ‘twisted’ arrangement and that the
states can undergo conformational relaxation, or un-twisting, that makes the structure more
planar. It was noted in their work, that the final state of the polymer would not be entirely

planar and that the proposed rotation between the bonds would be very small.

Other theories about the nature of the short component were discussed by Dias et al. The

theories included vibrational relaxation of the excited state and excitation migration to a

longer conjugation length. Vibrational relaxation typically occurs on the femtosecond scale!¢?

1'54

which is beyond the temporal resolution of the system Dias et a used. Vibrational
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relaxation would be a factor of ~10,000 faster than the shorter lifetime that was measured
and was ruled out by Dias et al.>* Excitation migration is likely to occur as PF2/6 can support
many chromophores but this process is unlikely to be affected by solvent viscosity. Although
there was strong evidence for the conformational motion argument, excitation migration (in
the form of exciton hopping to energetically lower states) could not be totally ruled out by

Dias et al.%*

The work presented in this chapter was designed to clarify the processes that occur in PF2/6
after excitation. Site-selective temperature dependent fluorescence anisotropy was used to
separate the processes and the results here show that both migration and conformational

relaxation of the lowest excited state contribute to the energy relaxation process.

4.3 Experimental
Sample preparation

The polyfluorene derivative poly[9,9-di(ethylhexyl)fluorene] (PF2/6) in long chain polymer
form (PF2/6) and two oligomers with chain lengths of twenty and ten units (PF2/6x—-29
and PF2/6 y_19 respectively) were investigated in dilute methylcyclohexane (MCH) solution.
A shorter polyfluorene derivative (9,9-dioctylfluorene) (PFO) oligomer with three units was
also investigated in the same way. Higher viscosity solvents, decalin and hexadecane, were
also used to make solutions of PF2/6-19. The absorption of the solutions was kept below
an optical density of 0.1 to avoid any possible aggregate effects and re-absorption of emission

because both processes are known to lower the fluorescence anisotropy value.
Steady-state fluorescence anisotropy measurements

Fluorescence anisotropy measurements were taken with the procedure outlined in Chapter 3.
Anisotropy temperature profiles were made in solution above the melting point of MCH; the
range between 220 K and 330 K was specifically studied. Excitation anisotropy activation
spectra were created using excitation wavelengths across the polymer’s absorption spectrum.

This was done at room temperature (~ 290 K) and at 220 K.
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4.4 Results
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Figure 4.1: Absorption and emission spectra of the polyfluorene derivatives in dilute
MCH solution: the long chain polymer of poly [9,9-di(ethylhexyl)fluorene] PF2/6; (Black
line, squares); the oligomers PF2/6y-2 (Red line, circles) and PF2/6y-19 (Green line,
triangles) and (9,9-dioctylfluorene) PFOy_3 (Blue line, inverted triangles). These spec-
tra were taken at 20°C and the excitation wavelength for emission spectra was 380 nm.

Poly (9,9-di(ethylhexyl)fluorene) (PF2/6), its shorter oligomers: PF2/6y-20, PF2/6n=10,
and PFOy_3, have broad absorption spectra that encompass a significant portion of the UV
and blue visible spectrum particularly between 325 nm and 400 nm, (as shown in Figure 4.1).
The absorption maximum wavelength shifts to longer wavelengths as the number of repeat

units increases.

The emission of all four molecules, when excited at 380 nm, (also Figure 4.1), produce very
similar emission spectra with three clear vibrational bands at 420 nm, 435 nm and 465 nm.
PFOpn—3, is the exception; it is blue shifted by 20 nm. The emission from the longest three
macromolecules is almost indistinguishable apart from the change in relative intensity of the

first and second vibrational peak.

The shift towards longer absorption maxima is not seen in emission maxima. This means
there is a decrease in the “effective” Stokes’s shift with increasing monomer units. The
“classical” Stokes’s shift is a measure of the conformational relaxation energy lost due to
a relaxation of the initial excited state chain geometry into its lowest energy excited state

geometry. However, in conjugated polymer systems energy migration can also contribute to
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this difference in energy, yielding a larger “apparent” Stokes’s shift. Therefore, in conjugated
polymers, the measured Stokes’s shift cannot be used simply as a direct measure of either

energy migration or conformational relaxation.
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Figure 4.2: Fluorescence anisotropy of PF2/6 as a function of emission wavelength in a
solution of MCH excited at 384 nm. The straight line highlights the average value of
anisotropy ((r)) across the excitation spectrum ((r)= 0.09 + 0.01). The noise at the ends
of the spectrum, is caused by very low intensity at the edges of the emission spectrum.

An example of the fluorescence anisotropy spectrum for PF2/6 in methylcyclohexane (MCH,
viscosity ~ 0.67 mPa s at 25°C'63) is shown in Figure 4.2. It was found, for all the macro-
molecules, that the fluorescence anisotropy does not vary greatly with the emission wave-
length. The fluorescence anisotropy value for a single excitation wavelength was taken as
the average value across the whole fluorescence spectrum and was used to create the exci-
tation anisotropy spectrum. In the example in Figure 4.2 the excitation wavelength is 384
nm (absorption maximum) and the average fluorescence anisotropy value across the emission
spectrum is (r) = 0.09 £ 0.01.
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Figure 4.3: Fluorescence anisotropy of perylene in a solution of hexadecane. The straight
line highlights the value of fluorescence anisotropy across the excitation spectrum (zero).
The noise at the ends of the spectrum is caused by very low intensity at the edges of the
emission spectrum. The dotted lines show the limits of the fluorescence anisotropy.

Fluorescence anisotropy is commonly lost through rotation of the molecule: to demonstrate
this the fluorescence anisotropy of perylene in MCH is shown in Figure 4.3. The fluorescence
anisotropy value is zero within the bounds of experimental error across the fluorescence spec-
trum. Perylene is a small molecule, comprised of five phenyl rings and is known to rotate very
quickly, consequently losing all fluorescence anisotropy rapidly.'%* PF2/6 has a non-zero flu-
orescence anisotropy in solutions of low viscosity for almost all excitation wavelengths across
its absorption band. It is therefore assumed that the system does give reliable ansiotropy

values and that rotation of PF2/6 is very slow compared with its short fluorescence lifetime.
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Figure 4.4: Excitation anisotropy spectra of PF2/6 in MCH showing an excitation wave-
length dependence. The average fluorescence anisotropy value increases to a plateau level
at longer excitation wavelengths. The measurements taken at 220 K (triangles) and 290
K (squares). Also shown is the normalised PF2/6 absorption spectrum. Representative
error bars are shown on the graph.

It was found that the fluorescence anisotropy depended upon the excitation wavelength. The
fluorescence anisotropy for excitation wavelengths across the absorption band or excitation
anisotropy spectrum, of PF2/6 in MCH, shown in Figure 4.4, is excitation wavelength depen-
dent. At room temperature, the fluorescence anisotropy value for excitation at the peak of
the absorption spectrum (M., = 384 nm) is significantly less than the value for excitation at
the red-edge of the spectrum (Ae; = 400 nm). At even shorter excitation wavelengths (Aey ~
360 nm) the increased excess energy leads to very low fluorescence anisotropy (r) ~ 0.02 +
0.01. The increase in the fluorescence anisotropy value reaches a plateau at (r) ~ 0.12 £ 0.01
at long wavelengths (A, > 390 nm) and remains approximately constant. The small drop in
value at Aep, = 404 nm is thought to have been caused by the low intensity emitted at this

excitation wavelength.

Figure 4.4 also shows the anisotropy values at 220 K. Lowering the temperature of the solution
did not change the emission wavelength dependence. But lowering the temperature did
increase the steady-state anisotropy value at the edge of the absorption spectra. Decreasing
temperature shows an increase in the value of the anisotropy at the red-edge. At the peak

absorption wavelength, it appears the value of anisotropy is independent of temperature.
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Figure 4.5: Fluorescence anisotropy temperature profile of PF2/6 in MCH for two dif-
ferent excitation wavelengths. Fluorescence anisotropy measurements were taken with
excitation wavelengths at the blue peak (A\.; = 384 nm triangles) and at the red edge
(Aez = 400 nm squares) of the absorption band. The average anisotropy values when
excited at the red-edge are temperature dependent whereas the anisotropy values when
excited at the blue peak are constant within the error for all the temperatures studied.
Linear trendlines and representative error bars are shown on the graph.

The temperature dependence of the anisotropy value at the edge and the peak of the ab-
sorption spectrum is shown in Figure 4.5. The anisotropy value is approximately constant
({(r) ~ 0.09 £ 0.01) at the peak of the absorption spectrum (A.; = 384 nm) and is tem-
perature dependent at the red-edge (Aey = 400 nm). At the red-edge the anisotropy in-
creases with a drop in temperature; by extrapolating these results to the boiling point of
liquid nitrogen (77 K) a value of (r) = 0.28 £ 0.04 was obtained. Extrapolating to abso-
lute zero (0 K) provides an estimate for the natural anisotropy of 0.32 + 0.04: this differs
from the theoretical maximum value 0.40. This estimate is also very close to the results

78,165

found for the poly(p-phenylenevinylene) (PPV) oligomers and poly(2-methoxy,5-(2’-

ethyl-hexoxy)-p-phenylenevinylene)(MEH-PPV)!6 in inert matrices. In those studies it was

found that anisotropy values between 0.35 - 0.36 for long chain polymers.”8: 165,166

The value of natural anisotropy (r9) estimated here corresponds to the average angle between
the absorption and emission transition dipole moments (#). In Chapter 2, the relationship
between the anisotropy and the angle 6 for an isotropic system is described by equation 2.36.
Using this equation, the average angle between the absorption and emission dipoles can be
calculated to be § = 21° 4+ 6°. It should be noted that just above room temperature all

excitation wavelengths produce the same values ((r) ~ 0.09 £+ 0.01).
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Figure 4.6: Excitation anisotropy spectra of PF2/6,y-5 in MCH showing an excitation
wavelength dependence. The average anisotropy value increases to a plateau level at
longer wavelengths. The measurements taken at 220 K (triangles) and 290 K (squares).
Also shown is the normalised PF2/6,_o9 absorption spectrum. Representative error bars
are shown on the graph.

PF2/6 is a long chain polymer with, on average, ~ 60 fluorene units per chain; as the
number of units is decreased the behaviour of the solutions changes. The room temperature
anisotropy of a molecule with twenty fluorene units (PF2/65—-99), as seen in Figure 4.6, is (r)
= 0.19 £ 0.01 at Az = 395 nm, almost double that of PF2/6 (Figure 4.4). This corresponds
to a significant change in the natural anisotropy of the molecules. Equation 2.36, which is
applicable since rotation has been eliminated, shows the movement of the transition dipole

is approximately 10° less for the short chain oligomer than for the long chain polymer.

The excitation anisotropy spectrum of PF2/6—_9¢ is similar in shape to that of the long chain
polymer (Figure 4.4), with an increase to (r) = 0.19 = 0.01 at which point the anisotropy
remains approximately constant for increased excitation wavelengths. At low temperatures,
temperature dependent behaviour is observed again, but here, both the blue peak and red-

edge excitation wavelengths produce increased anisotropy values.
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Figure 4.7: Anisotropy temperature profile of PF2/6_2, in MCH for two different exci-
tation wavelengths. Anisotropy measurements taken close to the absorption maximum,
at the blue peak (\., = 360 nm triangles) and at the red-edge (\. = 395 nm squares)
of the absorption band. Both excitation wavelengths produce average anisotropy values
that are temperature dependent. Linear trendlines and representative error bars are
shown on the graph.

Figure 4.7 shows that for excitation at the red-edge of the absorption spectrum, the anisotropy
of PF2/6 -2 has a similar temperature dependence to that of the polymer, PF2/6. Figure
4.4 also shows that for excitation close to the absorption maximum which occurs at the blue
peak of its absorption band, the fluorescence anisotropy has a small temperature dependence,
which is different from the polymer. This suggests that the mechanism governing the loss of
anisotropy in PF2/6 -9 is not fully activated even with high-energy photons. The trend for
both chosen excitation wavelengths in PF2/6 -9 is almost parallel, which suggests that the
same process is responsible for anisotropy loss at both edges of the absorption spectrum. This
oligomer contains an average of twenty monomer units and Fytas et al. have hypothesised
that the conjugation length in polyfluorenes spans an average of ~12 units.?® It is, therefore,
unlikely that the shorter oligomers can support multiple sites that an exciton can migrate to
and in turn, this suggests that energy migration is unlikely to be the main anisotropy loss

process.



CHAPTER 4: FLUORESCENCE ANISOTROPY IN POLYFLUORENE 76

0.36 -7t . r - r - r . r - r - 1+ 1 1 7 14
| R |
0.34 A 412
1 | Temperature A \
A .
5 0.32 = 290 K 10 o
- 1 A 220K e
2 0.304 &
o 1 08 2
"5 o
S 0.28- 2
'g 1 06 <
9 0.26 | §
& 024 - 043
5 0.22- 02 2
E 1 4
L
0.20 0.0
0.18 -0.2

—7r r r - r 1 1 1 1T 1T r T 7
320 330 340 350 360 370 380 390 400 410 420
Wavelength (nm)

Figure 4.8: Excitation anisotropy spectra of PF2/6,y_;p in MCH showing an excitation
wavelength dependence. The average anisotropy value increases to a plateau level at
longer excitation wavelengths. The measurements taken at 220 K (triangles) and 290 K
(squares). Also shown is the normalised PF2/6,_19 absorption spectrum. Representative
error bars are shown on the graph.

Truncating the oligomer to only ten units long, PF2/6x-19, produces a blue shift in its
absorption spectrum. The peak of this spectrum is at 360 nm and the edge at 385 nm as
shown in Figure 4.1. The emission spectrum, however, is very similar to the longer chains
and the only difference occurs in the intensity of the vibronic shoulder at around 440 nm.
The excitation anisotropy spectrum follows the same trend as the longer PF2/6 -0, but has
a significantly greater value of anisotropy as shown in Figure 4.8. It shows a distinct increase
and has a plateau area beginning at A., = 390 nm, at the edge of its absorption band. At
reduced temperatures, the anisotropy further increases almost to the maximum value, (r) =
0.40, and the plateau region begins at a slightly lower excitation wavelength at A\., = 384

nm.
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Figure 4.9: Anisotropy temperature profile of PF2/6,_;¢ in MCH for four different exci-
tation wavelengths. Anisotropy measurements taken at the blue peak of the absorption
band: )., = 350 nm squares, at \.,= 360 nm circles, at A\, = 374 nm triangles and
at the edge of the absorption band: )., = 385 nm inverted triangles. All the excitation
wavelengths produce an exponential-like temperature dependent curve.

The results of an investigation into the temperature dependence of the anisotropy of PF2/6y—-1¢
are shown in Figure 4.9. Unlike the longer molecules, the anisotropy temperature dependence

of this short oligomer is no longer a linear relation.

The change in anisotropy with temperature shown in Figure 4.9 is much greater than that
shown in Figure 4.7 for PF2/6y-90. This stronger dependence on temperature is assumed to
be due to the faster rotation of the smaller molecule, as smaller molecules are less hindered by
viscous drag in rotating about their centres. Similar behaviour has been noticed previously
by Egelhaaf et al. who found that the rotational lifetimes of polyenes increased with chain
length.167 The rotation of a molecule is a significant anisotropy loss process as explained in
section 2.5.8. As the molecule rotates about its centre point so does its fluorescence transition

dipole moment.

The rotation can only be observed via fluorescence within the molecule’s fluorescence lifetime
and can only affect the observed fluorescence anisotropy during this time.?! If the rotation
time is appreciatively shorter than the fluorescence lifetime then the molecule will rotate
significantly, depolarising the fluorescence and a fluorescence anisotropy value of zero is ob-
served. If the rotation time is much longer compared with the fluorescence lifetime then the

molecule remains stationary and the fluorescence anisotropy is unaffected.
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The rotational correlation time (or the anisotropy decay time), O, for a spherical molecule is

related to the fluorescence anisotropy by the Perrin equation.®!
To T
—=14= 4.1
. 5 (4.1)

where © = (nV)/(TR), T is the temperature, R is the gas constant, v is the solvent viscosity

and V is the volume that a molecule takes up.

Figure 4.9 shows that the fluorescence anisotropy is not zero at any point: hence it can be
concluded that the rotational correlation time is shorter than the fluorescence lifetime. At
low temperatures, the fluorescence anisotropy approaches the high natural anisotropy value:

therefore, the rotational correlation time must increase as the temperature decreases.

The fluorescence lifetime of PF2/6 is quoted by Dias et al. to be of the order of a few hundred
picoseconds. The rotational correlation time of polymeric PF2/6 must be longer than the
fluorescence lifetime for an anisotropy greater than zero to be observed. The anisotropy
decay process must be created by either a physical process in the molecule or a much faster

electronic process.

As mentioned earlier, it is unlikely that such a small oligomer can support more than one
conjugation length and as with PF2/6 99, the absorption and emission should occur at the
same site. Most likely, the majority of the emission comes from the site initially excited and
the whole molecule undergoes some form of electronic intra-chain relaxation, conformational

twisting of the oligomer backbone, or as a rotation of the whole molecule.

To further investigate the nature of the possible physical motion, the behaviour of PF2/6x5-1¢
in solvents with very different viscosities decalin (3.35 mPa s at 25 °C) and hexadecane (3.03
mPa s at 25°C) was investigated. The results are shown in Figure 4.10. The measurements
in the more viscous solutions show the same profile as the oligomer in MCH, but the plateau
region in the hexadecane solution begins at a lower wavelength than in both decalin and
in MCH. This is because the high viscosity solvent prevents rotational motion so that the
absorption and emission transition dipole moments remain in their original orientation. The
maximum anisotropy values at the red-edge, (Aez= 380 nm) for both these new solvents are
higher than those in MCH: for hexadecane (r) = 0.34 + 0.01 and for decalin (r) = 0.30 + 0.01
which compare with (r) = 0.27 = 0.01 for MCH solutions. This corresponds to a difference
in anisotropy of 0.07, between the MCH and hexadecane solutions, which is equivalent to an

average movement of the transition dipole orientation by approximately 3°.

The most probable cause for the major anisotropy loss in this oligomer is rotation. Figure
4.9 can be fitted to the Perrin equation which shows that the temperature dependence is
independent of excitation wavelength, whereas the results for the longer molecules PF2/6 and

PF2/6 y—99 have indicated a strong dependence on the wavelength. Lowering the temperature
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Figure 4.10: Excitation anisotropy spectrum of PF2/6y_,7 in MCH (triangles), de-
calin (circles) and hexadecane (squares). Measurements taken at 290 K. The aver-
age anisotropy value increases to a plateau level at longer excitation wavelengths. The
plateau level is dependent on solvent viscosity; the most viscous solvent, hexadecane,
presents the highest plateau and the least viscous solvent, MCH, presents the lowest av-
erage anisotropy. Also shown is the normalised PF2/6,y_-19 in MCH absorption spectrum.
Representative error bars are shown on the graph.

will decrease the vibrational energy in the solvent effectively increasing the solvent’s viscosity.
The results in Figure 4.10 show that highly viscous solvents can hinder the motion greatly.
The proposed backbone conformational change is a twist of adjacent phenylene rings and not
a bend towards each other. Hence it is more likely that PF2/6,y-19 undergoes a rotation of

the whole molecule.

The reason that this oligomer can exhibit more rotation than PF2/6 is purely because of its
short length compared with the other oligomers. As such it can be used to confirm that the

other oligomers are not rotating significantly within their fluorescence lifetimes.

It is still worth noting that the theoretical maximum anisotropy value was not reached either
at low temperatures or in viscous solvents. This implies that there could be an other much
faster, anisotropy decay mechanism that is responsible for an anisotropy loss from 0.40 to ~
0.36.
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Figure 4.11: Excitation anisotropy spectra of PF2/0y_3 in MCH at room temperature
showing an excitation wavelength dependence. The average anisotropy value increases to
a plateau level at longer wavelengths. Also shown is the normalised PFOy_3 absorbance
spectrum. Representative error bars are shown on the graph.

Reducing the size of the molecule to three units (PFOy=3) produces anisotropy values that
as seen in Figure 4.11 are lower than PF2/6y-19 and approximately equivalent to that of
PF2/65=29. But the small molecule still shows the same excitation anisotropy profile as the
longer macromolecules. In the case of the shortest molecule, rotational motion would be
expected to dominate, but, even here, very high levels of anisotropy can be observed meaning
rotation is inefficient. This serves to confirm that rotation in longer chains is also a rather
inefficient anisotropy loss mechanism and can be considered negligible when discussing the

major reasons for fluorescence anisotropy loss in polyfluorene polymers.
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4.5 Discussion

The purpose of the experiments described in this chapter was to investigate the nature
of the anisotropy loss and understand the photophysical processes that occur in poly[9,9-
di(ethylhexyl)fluorene] (PF2/6).The anisotropy loss (deviation from the theoretical anisotropy
maxima of 0.40) observed in all of the polymers could be due to a number of photophysical
behaviours, including rotation of the chain, twisting or bending of the chain and excitation

migration.

When a chain is unable to rotate, the observed change in dipole orientation could arise from
conformational relaxation of the chain. Upon photoexcitation an excited state with the same
geometry as the ground state is created. The excited state relaxes into a lower energy state
by distorting the local geometry of the molecule. The relaxation would appear as a chromic
shift and the new configuration will have a differently oriented transition dipole moment to
the initial geometry (i.e. different from the absorption transition dipole moment) resulting

in a loss of fluorescence anisotropy.

The resultant chromic shift, Stokes’s shift, (shown in Figure 4.1), between absorption and
fluorescence is made up of several possible components including the process described above,
a possible shift due to chain flexibility and solvatochromic effects. It is not possible in these
experiments to distinguish between the contributions of these processes to the overall chromic
shift and therefore whether conformational relaxation is a fluorescence anisotropy loss process
in PF2/6.

The excited states of conjugated polymers are excitonic. Excitons can migrate along the
chain from one spectroscopic unit (or chromophore) to another of lower energy through
incoherent hops (see Section 2.4 in Chapter 2). This process corresponds to a chromic shift
in the emission spectrum from the absorption spectrum which would not be discernible from
neither the Stokes’s shift created by the flexibility of the PF2/6 monomer unit or from
the solvatochromic effect of studying these materials in solution. Since the orientation of
a transition dipole is determined by the chromophore’s position along the flexible chain,
exciton migration will also reorientate a dipole from its initial orientation (i.e. parallel to the
absorption transition dipole) and reduce the fluorescence anisotropy (as explained in Chapter
2).

PF2/6 is has a significant Stokes’s shift as seen in in Figure 4.1 which gives an indication of the
electronic processes that can occur in the polymer. The polymeric version of PF2/6 has many
possible chromophores along its length and excitation migration can occur to energetically
lower states. Although this and intra-chain vibrations contribute to the inhomogeneously
broadened absorbance spectrum and Stokes’s shift, the major cause of the shift is attributed
to the flexibility of the polymer. The PF2/6 monomer unit has only one methine bridge
bond between adjacent phenyl rings and as such conformational relaxation (twisting) of the
excited site can occur. Either conformational twisting or excitation migration exist in PF2/6

and could be responsible for the anisotropy recorded.
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The anisotropy of PF2/6 was found to be dependent upon the excitation wavelength (Figure
4.4) indicating that the anisotropy loss is dependent upon excess energy. The anisotropy value
increases almost linearly until it reaches a maximum plateau. This plateau region begins at
the lowest excitation energy at which the anisotropy loss process can occur, i.e. there must be
sufficient energy in the system for the loss process to be activated. Such processes, that do not
occur at low excitation energies, are commonly referred to as a “red-edge” effect. Red-edge
effects are common in organic compounds and the results in Figures 4.4, 4.6, 4.8 and 4.10 are
all analogous to the results of site selective spectroscopy.'®® Thermal energy will affect both
exciton motion, (limiting how far it is able to move) and conformational motion (simply by
freezing out the vibrations that cause the relaxation of the excited state). When an initially
excited state is created at a low energy site, the exciton cannot easily locate a nearby site of
lower energy to migrate to within its excitation lifetime and, therefore, emission occurs from
the initial site. By using low energy excitation wavelengths, which reduces the excess energy,
a single electronic site can be probed with limited exciton hopping. Excess thermal energy
will also assist the anisotropy loss process and exciton hopping. Thus at lower temperatures,
the red-edge plateau region occurs at a shorter wavelength (i.e. the system saturates at a

higher energy) as shown in Figures 4.4 and 4.8.

Typically, in low viscosity solutions, this dependency upon excitation energy is attributed to
rotational motion of the molecule which causes the depolarisation. This is especially the case
for small molecules such as perylene. When a small molecule can undergo rapid rotation in

solution, all fluorescence anisotropy is lost as shown in Figure 4.3.

Figure 4.2 shows that there is incomplete fluorescence anisotropy loss in PF2/6. This only
implies that this molecule does not rotate fully within its fluorescence lifetime. However,
PF2/6 is a long chain compared with the small molecule perylene and is known to form an
open coil structure in solution with a persistence length of twelve repeat units.?? Its rate
of rotation is approximately 106 — 10° s~! (from Figure 9 in ref.”) and, therefore, in a
fluorescence lifetime of 400 ps, the molecule rotates through approximately 0.1°. The long

chain molecule can, therefore, be considered static in all solvents.

Since the anisotropy of PF2/6 is not at the inferred maximum value of the natural anisotropy
of (ry = 0.32 £0.04 (value determined via extrapolation from Figure 4.5) at the red-edge
the loss in anisotropy at these low energy sites must arise from a process other than exciton
motion and rotation. It follows that at higher excitation energies, on the blue peak of the
absorbance spectrum, the anisotropy loss is a combination of this “unknown” process and

exciton migration.

The flexibility of PF2/6 suggests that this “unknown” anisotropy loss process is due to confor-
mational relaxation and this was investigated in molecules with limited excitation migration.
Oligomers comprised of only a few units cannot support as many spectroscopic units as a
long polymer chain. It has been estimated that the spectroscopic unit of PF2/6 encompasses

between eight and twelve monomer units.”® Therefore the oligomers used here, of 10 and 20



CHAPTER 4: FLUORESCENCE ANISOTROPY IN POLYFLUORENE 83

units, can be considered to support one or at most two chromophores. Excitation migration
to a lower energy site cannot occur simply because lower energy sites do not exist on these
chains. When an oligomer is excited, the excitation is energetically constrained to remain
in the initial site. The increased anisotropy value of smaller macromolecules, compared with
PF2/6 support this explanation. The high value of anisotropy presented by PF2/6x5-1¢ shows
that the sites available for migration are extremely limited, yet the fluorescence anisotropy is
not at the theoretical maximum. Since the oligomers are considerably shorter than PF2/6,
it is concluded that the presumption that they undergo negligible rotation is now erroneous.
Indeed, the data in Figure 4.9 indicates that PF2/6y-1¢ is rotating, although it does not un-
dergo a complete rotation within its fluorescence lifetime like perylene. The shortest oligomer
(PFOpn=3), must also rotate faster than the polymer in low viscosity solvents, yielding lower

anisotropy values than PF2/6y_1.

PF2/6 =19 solutions of high viscosity solvents, hexadecane and decalin, reveals much higher
anisotropy values (see Figure 4.10). The increased viscosity hinders rotation and the oligomer
is almost stationary in these solvents during its fluorescence lifetime. Since excitation mi-
gration is not possible within PF2/6x-1¢, the data suggests that there is only one site in
this oligomer because of the similar trend in temperature dependency for all the excitation
wavelengths as shown in Figure 4.8 and 4.11. It is worth noting that the natural anisotropy
or the PF2/6 molecule and not the maximum 0.40, f is observed in the data from the oligomer
in hexadecane. This suggests that there is an anisotropy loss process inherent to the PF2/6

monomer.

PF2/6n5=99 does not show the same temperature dependency as PF2/6y-19 (comparing
Figures 4.7 and 4.9) and can be considered stationary. Therefore, the anisotropy loss of the
longer oligomer, PF2/6—-29, can be attributed to an internal mechanism, e.g. twisting, that

changes the orientation of the dipole, rather than molecular rotation.

It is concluded that only conformational relaxation can be responsible for the anisotropy loss

in the oligomers when they are held in place with a high viscosity solvent.

The same conformational motion must also exist in PF2/6 since it contains the same monomer
unit. PF2/65-99 and PF2/6,5_1¢ are almost linear chains; therefore, exciton migration along
the chain should not change the anisotropy greatly. However, there is a significant variation
in anisotropy with excitation wavelength; approximately 0.05 over the region A., = 370 nm
to 395 nm for both oligomers (note the error is + 0.01). From equation 2.36 it is possible to
calculate the angle between the absorption and emission transition dipoles for Ae;, = 370 nm
and Ae; = 395 nm (Example: PF2/6x-20; 0370 = 38.9° and 0395 = 35.7°). The difference in
angle is approximately 3° in both oligomers. This is the extra movement undergone by the
transition dipole when it is excited with a high energy compared with when it is excited with
low energy. The small difference highlights the importance of the conformation relaxation

process.
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The emission spectra from the polymer, PF2/6y-99 and PF2/6y-19, (Figure 4.1) are very
similar, in energetic position and in structure, suggesting that excitation tends to a site of the
same conjugation length regardless of overall molecular length. Given that conformational
relaxation gives rise to the Stokes’s shift in the oligomers, the emission must occur from a
low energy conformational state, proving that both anisotropy processes (presumed to be
excitation migration and conformational relaxation) occur in the polymer. In the PFOpy_3,

a different low energy emission state exists reflecting its shorter conjugation length.

To confirm this hypothesis about the processes in the polymer, the temperature dependent
results are considered. Excitation of the polymer at high energy wavelengths (in the blue
region of the absorbance spectrum) yields temperature independent anisotropy profiles, indi-
cating the process that causes the loss of anisotropy has a very low activation energy. Exciting
the polymer with low energy wavelengths and thus effectively selecting specific sites on the
chain results in a temperature dependent fluorescence anisotropy. The two different gradients

confirm the idea of two separate anisotropy loss processes.

When repeated with the shorter oligomers, the temperature dependence is different (Figure
4.7) i.e. excitation at all energies yields fluorescence anisotropy which is temperature de-
pendent. Since this can only be conformational relaxation in PF2/6y_20, it can be deduced
that this process is dependent on both the excitation and thermal energy. The temperature
dependent behaviour of the oligomer is also apparent in the polymer when it is excited on the
red-edge of the absorbance spectrum. This provides strong confirmation that the polymer

does undergo conformational motion.

From the difference in the temperature dependent behaviour of the polymer and the oligomer,
it can be seen that chain relaxation plays a very important role in the fluorescence anisotropy
loss. In the case of the oligomers where exciton migration has little or no effect, a large
thermally activated fluorescence anisotropy loss is observed and must be due to purely intra-
molecular relaxation. It is also noted that excitation on the blue peak of the absorption
band also yields a lower value of (r), which indicates that these sites can structurally relax
by a greater extent in the excited state or they are more distorted in the ground state. At
the blue peak there is greater excess excitation energy available to assist the conformational
relaxation process. Therefore, the excited state is able to undergo further twisting when
excited at the blue peak than at the red-edge. The previous time-resolved work by Dias et
al.,’* indicated that the PF2/6 molecules planarises over its fluorescence lifetime as a result

of torsional motion between adjacent phenylene rings.

Planarisation, on its own, should not reduce the anisotropy value because the proposed
twisting motion is perpendicular to the chain axis and because the orientation of the emis-
sion transition dipole which is presumed to be along the chain backbone, it should therefore
be unaffected. However, planarisation can act to extend a chromophore and therefore change

1.81,82

its properties. Westenhoff et a postulated that the planarisation of a similar polymer,

poly(dioctyl-bithiophene) (PDOPT), increased the conjugation length of the chromophore.
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Extending the conjugation length to over additional bonds will change the shape of the ex-
cited state from the ground state. Any distortions that exist in the ground state conformation
will directly affect the orientation of the absorption transition dipole. As the excited state
encompasses more bonds, the effect of the distortion on the emission transition dipole will
be less and therefore the transition dipole moments will no longer be parallel. The planari-
sation and its associated extension of the chromophore will therefore be observed as a loss of

anisotropy.

For the long chain polymer, PF2/6, either Forster energy transfer or excitation tunneling
between conjugation lengths gives rise to loss of anisotropy by excitation migration. The
anisotropy loss due to this will be greater than that by any structural relaxation processes.
Given that the experiments were carried out in dilute solution, these processes must be intra-
chain but it is not possible to differentiate between them. Since PF2/6 is a loose coil it
may be possible for excitations to undergo energy transfer between non-neighbouring chain
segments if two parts of the chain come into close contact within the coil. However, clearly
not all anisotropy is lost which indicates that this process is rather inefficient and clearly,

singlet excitons have rather limited intra-chain mobility in the isolated chain regime.

4.6 Conclusions

The experiments described in this chapter have shown that fluorescence anisotropy can be
used to probe single sites along conjugated polymer chains held in low viscosity solvents. This
is achieved by using reduced temperatures and long chains which possess a long rotational

time. Both techniques reduce the rotational motion of the molecule to a negligible level.

It is concluded from the results that the proposal of Dias et al., that PF2/6 undergoes exci-
tation migration and conformational twisting in the excited state, is correct. Conformational
twisting occurs solely within oligomers of ten units or less because excitation migration can-
not occur. Furthermore, low temperature single-site spectroscopy has been used to show
that the natural anisotropy of PF2/6 is 0.32 + 0.04 corresponding to an angle between the

absorption and emission transition dipole moments () of 21° + 6°.

If the conformational motion can be removed completely, for example by using a rigid-rod like
polymer, then the excitation migration along the chain and its anisotropy loss can be studied
directly. In particular, the anisotropy loss related to extending the conjugation length in the
excited state can be investigated. Therefore in the next chapter, the same experiments were

carried out on two rigid ladder-type polymers to study their behaviour.



CHAPTER b5

FLUORESCENCE ANISOTROPY OF
LADDER-TYPE POLY(para-PHENYLENE)

5.1 Introduction

This chapter describes the temperature dependent fluorescence anisotropy measurements car-
ried out on two ladder type poly(para-phenylene) conjugated polymers which were published
in the Journal of Chemical Physics under the title On the angular dependence of the optical

polarisation anisotropy in ladder-type polymers 169

The previous chapter showed that anisotropy loss in poly[9,9-di(ethylhexyl)fluorene] (PF2/6)
was due to a combination of electronic and physical processes, specifically: exciton migration
and a conformational twist of the backbone. It was not possible to study either of these

processes in isolation.

To solely investigate the excitation migration the study in Chapter 4 was repeated with a poly-
mer that is rigid and, therefore, cannot twist. Ladder-type poly(para-phenylenes) (LPPP)
are blue emitting conjugated polymers that have a similarly shaped emission spectrum to
PF2/6 in the solution phase. LPPPs are planar ribbon-like molecules that have two bonds
between each phenyl ring in their backbone whereas PF2/6 only has one (see Figures 2.25
and 2.26).8%8% This double methine bridge limits (if not entirely eliminates) the torsional
motion of the backbone. It is hypothesised here that any anisotropy loss would, therefore,

be due to exciton migration or another unidentified electronic process.

To investigate the fluorescence polarisation loss, the steady-state fluorescence anisotropy
results of two different ladder-type polymers (methyl-substituted ladder-type poly(para-
phenylene)(MeLPPP) and poly(naphthylene-phenylene) (2,6-NLP) ) are reported. By using
dilute solutions of high viscosity solvents, inter-chain transfer and rotation of the polymer
were eliminated, allowing only exciton transfer along the chain to be monitored in the exper-

iments.

Low temperature fluorescence anisotropy measurements were used to estimate the natural
anisotropy of the two polymers. This information is subsequently used in Chapter 6 as a
baseline for locating the position of the absorption and emission transition dipole moments

relative to the polymer backbone.

Another major result was finding that the excitation anisotropy profiles do not follow the
same pattern as for PF2/6: instead of reaching a maxima on the red-edge, these polymers
yield curves that are consistent with the vibronic structure of their absorption spectra. These
results were used to investigate angular separation of the absorption and emission transition

dipole moments as a function of the conjugation length distribution.

86
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This chapter also contains the first report of the photophysics of 2,6-NLP. The initial absorp-
tion and emission results were used to confirm that this polymer is indeed rigid as has been

claimed in the literature.*2?

5.2 Previous research

The photophysics of methyl-substituted ladder-type poly(para-phenylene) MeLPPP, has been
extensively studied. MeLPPP, first synthesised in 1991, is a blue emitting polymer that
reportedly has very few structural defects.'!132 More importantly, it has a double methine
bridge between neighbouring phenyl rings which limits torsional conformational motion and
results in a planar configuration. This allows comparison with more flexible polymers such
as PF2/6.

The rigidity of the polymer backbone also reduces the number of vibrational modes available
in the chain. This reduces the inhomogeneous broadening of the absorption and emission
spectra and gives a sharp well defined vibronic structure in both spectra. The rigidity of
the polymer is also evidenced by a small Stokes’s shift which shows there is little structural

change in the excited state.

Due to its long side groups, , this polymer is not believed to form aggregates in solution (as
explained in Chapter 2), so spectra are a result from excitons located on single chains. 45119128
The fluorescence spectrum from the polymer in the solid state is dominated by the same
vibronic structure that is present in the solution spectrum. It has also been reported that
there is a broad yellow emissive band (around ~ 560nm)* 119131 from films which is absent

105,134 o1 an on-chain

in dilute solution. This is considered to be either an aggregate state
defect created through heating in air.'3” Aggregate states lower the fluorescence yield and

will also facilitate rapid depolarisation of a system (see section 2.5.8 in Chapter 2).

Both MeLPPP and 2,6-NLP, are comprised of a linear array of chromophores. However,
MeLPPP is thought to branch during synthesis which gives rise to chain segments at 60° to
each other®” (see Figure 2.12) which could cause the conjugation to break and new spectro-

scopic units (or chromophores) to form.

2,6-NLP is a newly synthesised polymer for which, it is believed, no photophysics has been
reported prior to publication of this thesis. As can be seen in Figure 2.26 it has a different
chemical structure from MeLPPP, however the rigid backbone is similar. The main difference
between the polymers is that 2,6-NLP has a double phenylene group (or naphthalene group)
in its monomer unit. This group should make the polymer backbone more rigid and less

prone to branching defects but it will mean that the backbone is not totally linear.
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5.3 Experimental
Sample preparation

The two different ladder-type poly(para-phenylene) polymers, methyl-substituted poly (para-
phenylene) (MeLPPP) and naphthalene - substituted ladder-type poly (naphthalene -phenylene)
(2,6-NLP) were investigated in dilute solution. Details of their synthesis can be found in
Scherf et al. (1992)'26 and Nehls et al. (2005)'2" for MeLPPP and 2,6-NLP respectively.
The organic solvent methylcyclohexane (MCH) was used and the absorption of the solutions
was kept deliberately below 0.1 O.D. for MeLPPP (corresponding to a concentration of 5
mg/mL) and 0.05 for 2,6-NLP (corresponding to a concentration of 3 mg/mL). Such low con-
centrations were used to avoid reabsorption of the initially emitted photons. Reabsorption
is a process known to lower the fluorescence anisotropy of the system (see section 2.5.8 in

Chapter 2 ). Solutions were held in 10 mm quartz cuvettes.

Unaligned films of both polymers were spun from 10 mg/mL toluene solution as described in
section 3.3.2. The typical maximum absorbance of these films was 0.3 O.D. at the absorption

maximum.
Steady-state fluorescence anisotropy

Fluorescence anisotropy measurements were taken with the procedure outlined in Chapter
3 (specifically section 3.4.6). Anisotropy temperature profiles were made above the freezing
point of MCH and just below its boiling point (in particular the temperature range between
220 K and 330 K was studied). Excitation anisotropy spectra were created by using excitation
wavelengths across the polymer’s absorption spectrum. This was done at room temperature
(~ 290 K) and at 220 K.
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5.4 Steady-state spectroscopy results and discussion
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Figure 5.1: Absorption (open symbols) and emission (filled symbols) spectra of MeLPPP
(Top: squares) and 2,6-NLP (Bottom: circles) in MCH at 20°C. The excitation wave-
length for both emission spectra was 420 nm. The figure shows the detailed vibronic
structure of all the spectra and the > 3 nm separation (Stokes’s shift) between the
absorbance and emission maxima of both polymers.

The absorption and emission (excitation wavelength of 420 nm) of both methyl- substituted
ladder-type poly (para-phenylene) (MeLPPP) and naphthylene-substituted ladder-type poly
(para-phenylene) (2,6-NLP) in methylcyclohexane (MCH) solution are shown in Figure 5.1.

There are several similarities between the spectra of the two polymers. Both absorption
spectra and both emission spectra are well structured, the spacings of the vibronic shoulders
are the same and the separation in wavelength between the main absorbance and emission is

small for both polymers.

The absorption spectra of MeLPPP is narrow and well structured showing a small amount
of inhomogeneous broadening. The absorption peaks in MeLPPP are located at 425 nm and
455 nm, the latter being the very strong 0-0 transition. The absorption spectrum of 2,6-NLP
is similarly structured but is red-shifted by 5 nm from that of MeLPPP, with two maxima at
420 nm and 450 nm. The similarities in the absorption spectra, indicate that the ground state
of these polymers is similar, not only in energy, because their absorbance maxima are close
in wavelength, but also in structural conformation. Given that it is accepted that MeLPPP

126,170,171

has a planar conformation it can be assumed that 2,6-NLP has a similarly planar

structure in the ground state.
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The structure of the absorption spectrum of MeLPPP is mirrored in the emission spectrum
of the polymer solution. Under excitation at 420 nm (shown in Figure 5.1), and indeed all
excitation wavelengths across the absorbance spectrum (not shown), the emission spectra is
narrow, well-structured and has a main emission peak (0-0 transition) and a vibronic replica.

In MeLLPPP, the main peak and replica are at approximately 457 nm and 487 nm respectively.

The emission spectra of 2,6-NLP is similarly an almost mirror image of its absorbance spec-
trum. Like MeLPPP, it has a main emission peak and a first vibronic replica at 453 nm
and 483 nm respectively. The 0-0 transition dominates in both the absorption and emission
spectra and the vibronic spacings in the ground and excited states are similar suggesting
adherence to the Mirror Rule (see section 2.5.2 for full details). This further confirms that
the conformation of these two states in MeLPPP and 2,6-NLP are structurally similar and

that there is very little, if any, motion of the polymer’s backbone.

The difference in energy between the absorption peak and the emission peak is called the
Stokes’s shift and is classically taken as a measure of the conformational relaxation energy
within a system, (see section 2.5.2). However, in conjugated polymers, excitation energy
migration or other ultra-fast electronic processes supplement the relaxation process and in-
crease the difference between the absorption and emission energies. Since this difference in
the ladder-type polymers is very small relative to a spectral shift of ~ 1 nm in MeLPPP and
~ 3 nm in 2,6-NLP, the contribution of these processes to the apparent Stokes’s shift must

also be very small. It is thus a confirmation of the polymer’s limited conformational motion.

This small Stokes’s shift could also be created by limited energetic relaxation of the excited
state. If the excited state relaxes to a more energetically stable state of lower energy, it is
appears as a large energetic shift of the emission maximum from the absorbance maximum.
Instead, the results here (Figure 5.1), showing a very small spectral shift between the 0-0
transitions, suggest that the excited state is in an energetically stable form and the energy
of the excited state does not change from creation to emission. The results also confirm that
there is little structural relaxation of the chain in the excited state, thus confirming that the
polymer is rigid. It does not prove that the exciton is unable to move to an energetically

lower state, but it does prove that if there is exciton migration, the change in energy is small.
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Figure 5.2: Absorbance (empty symbols) and emission (filled symbols) spectra of
MeLPPP (Top: squares) and 2,6-NLP (Bottom: circles) in thin spun cast films at 20°C.
The excitation wavelength for both emission spectra was 430 nm. The figure shows the
detailed vibronic structure of all the spectra and the > 3 nm separation (Stokes’s shift)
between the absorbance and emission maxima of both polymers.

Figure 5.2 shows the absorbance and emission spectra of thin spun cast films of MeLPPP and
2,6-NLP. Again the spectra of the two polymers are similar in structure. The absorption and
emission spectra of the films show a slight blue-shift relative to that in solution. The films do
not show a broad peak in the yellow, characteristic of aggregate or defect effects, but the main
emission peak is subject to reabsorption and is reduced in intensity compared with that of
a solution. The simple spectra here have established the rigidity of the ladder polymers and

that the solution and the solid-state samples investigated are free from aggregated defects.
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5.5 Fluorescence anisotropy results
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Figure 5.3: (a) Fluorescence anisotropy of MeLPPP in a solution of MCH excited at
420 nm. The average value of anisotropy (r) = 0.20 £+ 0.01 is indicated with a straight
line. (b) Fluorescence anisotropy of 2,6-NLP in a solution of MCH excited at 420 nm.
The average value of anisotropy at \., = 475 nm, (r) = 0.18 + 0.01, is indicated with a
straight line. The noise at the very edge of the spectra is caused by low emission in this
region.

Figures 5.3 (a) and (b) show selected fluorescence anisotropy spectra of the polymer-MCH
solutions when excited at 420 nm. There are some significant differences between the flu-
orescence anisotropy results of the two polymers. The anisotropy of MeLPPP (Figure 5.3
(a)) is constant, within experimental error, across the whole of its emission spectrum and,
as such, by averaging the values over a wide emission wavelength range (460 nm - 500 nm)
the anisotropy was determined to be (r) = 0.20 = 0.01. This procedure was not possible for
2,6-NLP, as the emission anisotropy spectrum is more noisy (Figure 5.3 (b)). Therefore the
anisotropy was determined by averaging over a smaller emission wavelength range. The noise
at the long wavelength end of the spectrum is due to the low emission intensity from this poly-
mer. In subsequent work reported in this thesis, where the excitation wavelength is varied,
the anisotropy value used was always taken at A, = 485 nm (unless otherwise stated), which
is on the edge of the secondary maximum of its fluorescence spectrum. Also, the anisotropy

value in this region showed the least variation. In Figure 5.3 (b), (r(Aez=420nm)) = 0.18£0.01.

It is noted that in Figure 5.3 the anisotropy deviates slightly from the ‘average’; that is
indicated with a red line, in the emission wavelength range between 425 and 450 nm. This
wavelength range corresponds to the absorbance region of the two polymers, where there is
very little emission. The fluorescence intensity here is very low and as such the associated

errors will be larger than for other parts of the spectra.
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Figure 5.4: Excitation anisotropy spectrum of MeLPPP in a solution of MCH at 290
K (squares) with the normalised absorption spectrum. Representative error bars are
shown on the graph.

By varying the excitation wavelengths, excitation anisotropy spectra for the polymers were
created and the results are shown in Figures 5.4 and 5.5. The spectral position of the emis-
sion is independent of the excitation wavelength but Figure 5.4 shows that the fluorescence
anisotropy of MeLPPP in MCH at room temperature is clearly wavelength dependent. There
are two distinct peaks in the excitation anisotropy spectrum, at Ae, = 425 nm and A, = 455
nm, separated by a region of even greater loss in fluorescence anisotropy (between 435 nm
to 445 nm). All of these features correspond directly to the polymer’s absorption spectrum.
The fluorescence anisotropy values for these peaks are not equal (detailed in Table 5.1) and
these values of anisotropy correspond to different angles between the absorption and emission

transition dipoles (these can be calculated via eq.2.36) and are also presented in Table 5.1.
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Figure 5.5: Excitation anisotropy spectrum of 2,6-NLP in a solution of MCH at 290 K
(circle) and 165 K (squares) with the normalised absorption spectrum. Representative
error bars are shown on the graph.

The same excitation wavelength dependent behaviour is seen in 2,6-NLP (Figure 5.5). The
excitation anisotropy spectrum, at both room temperature (290 K) and at a significantly
lower temperature (165 K), follows the shape of the absorption. The peaks in the room
temperature activation spectrum for 2,6-NLP occur at Ae; = 420 nm and A, = 450 nm. At
both temperatures, the two anisotropy peaks have different values meaning that the angles

between the absorption and emission transition dipoles as detailed in Table 5.1.

The plateau region between the two peaks lies between 425 nm and 435 nm and the fluo-
rescence anisotropy value in this region there is also dependent upon the temperature. The
fluorescence anisotropy values and the angle between absorption and emission transition

dipole moments as calculated using equation 2.36 are presented in Table 5.1.

It is worth noting that Figures 5.4 and 5.5, corresponding to MeLPPP and 2,6-NLP, are
direct analogues of the excitation anisotropy spectrum data shown in Chapter 4 which relate
to the non-ladder, flexible polymer PF2/6. Both ladder-type polymers present higher red-
edge anisotropy values than PF2/6 (~ 0.26 + 0.01 for MeLPPP compared with 0.13 + 0.01
for PF2/6.) The other main difference is the shape of the excitation wavelength dependency.
The ladder polymers do not show the smooth curve that PF2/6 follows. Instead, they present

an anisotropy curve that follows the vibronics of MeLPPP.
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Fluorescence anisotropy (and associated angles) of MeLPPP

Temperature Peak Low Energy Plateau High Energy Plateau  Angular
(Aez = 425 nm) (A = 435-445 nm) (Aez = 455 nm) Difference
290 K 0.21 (34°) 0.18 (36°) 0.25 (30°) 6°

Fluorescence anisotropy (and associated angles) of 2,6-NLP

Temperature Peak Low Energy Plateau High Energy Plateau  Angular
(Aez = 420 nm) (A = 425-435 nm) (Aex = 460 nm) Difference
290 K 0.17 (38°) 0.14 (41°) 0.26 (29°) 12°
165 K 0.20 (35°) 0.17 (38°) 0.29 (25°) 13°

Table 5.1: Steady-state fluorescence anisotropy values for MeLPPP and 2,6-NLP in
dilute solutions of MCH. The angle between absorption and emission transition dipole
moments, calculated via equation 2.36, is given in brackets. The angular difference
corresponds to the difference between the high and low energy plateaux. The error
on the anisotropy is + 0.01. These show that as the temperature decreases the angle
between absorption and emission similarly decreases.
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Figure 5.6: Anisotropy temperature profiles of 2,6-NLP in MCH for different excitation
wavelengths ranging between 410 nm to the red-edge at 460 nm. Linear trendlines and
representative error bars are shown on the graph.

There is a very slight increase in fluorescence anisotropy as the temperature is reduced in
2,6-NLP (shown in Figure 5.6). This temperature dependence is seen for all excitation wave-
lengths, but it more pronounced at the low energy excitation wavelengths. Excitation at low
energy creates a red-edge effect similar to that seen in Chapter 4, Figure 4.4. It means that
a single site is probed and therefore fluorescence anisotropy values will tend to the natural
anisotropy of the polymer. The natural anisotropy for 2,6-NLP at A, = 460 nm has been
estimated as 0.36 + 0.05 corresponding to an angle of 15° + 15° (via equation 2.36) be-
tween the absorption and emission transition dipole moments. The large error in the angle
arises from the extrapolation of the experimental data. Conversely, fluorescence anisotropy
in polyfluorenes only shows temperature independence for the peak emission wavelength and
a temperature dependence at the red-edge of the absorption spectrum (Figures 4.4, 4.6 and
4.8 in Chapter 4).
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Figure 5.7: Excitation anisotropy spectra of MeLPPP (squares) and 2,6-NLP (circles)
as spun cast films. The graph shows that the fluorescence anisotropy is very low until
the on-set of the red-edge. These low fluorescence anisotropy values at the lower ex-
citation wavelengths arise from the molecules lying in the plane of the film.”® It also
shows that the data from spun films do not have the same structure as that from dilute
solutions shown in Figure 5.4 and 5.5. The emission wavelength is 485 nm for both films.
Representative error bars are shown on the graph.

In spun cast films of both polymers, all the emission wavelength dependent anisotropy is lost
resulting in flat excitation anisotropy spectra up to the onset of the red-edge effect, as shown
in Figure 5.7. The low anisotropy value, approximately 0.1, is independent of excitation
wavelength in contrast to the results from the polymers in solution. If an orientation of
the polymer chains is imposed, the polymer’s anisotropic nature can be investigated further
through polarised spectroscopy. This is presented in the following chapter where the polymers

are incorporated into polyethylene films and then mechanically stretched.
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5.6 Discussion

Fluorescence anisotropy measures the average angle between the absorption and emission
transition dipole within a polymer system giving vital information about the excitation mi-
gration from the initially excited absorption site to the lower energy emission site. Without
excitation migration, or other processes (molecular rotation or conformational change), then
a constant anisotropy value across the excitation spectrum with a value close to the theo-
retical maximum (0.40) would be expected. This would indicate the presence of only one
type of chromophore with a transition dipole moment orientation very close to that of the

51,172

absorption. If rotation and conformational relaxation (twisting of the backbone) can be

eliminated, then any loss of anisotropy can be used to describe the exciton motion.

The narrow and highly structured absorption and emission spectra of MeLPPP and 2,6-NLP
shown in Figures 5.4 and 5.5 have already been used to establish that the ladder polymers
are rigid. Their structure limits any conformational motion of the backbone and reduces

torsional motions and hence the inhomogeneous broadening due to vibrations.

The previous work on short chain polymers in Chapter 4 has been used to show that polymers
of greater than 20 monomer units in length do not undergo appreciable rotation during their
fluorescence lifetime. It is estimated that the ladder-type polymers may have rotated through
approximately 0.1° in their fluorescence lifetime.”® Whilst this loss should only be a small
background loss, it will be present in all measurements and could explain some of the deviation
from the maximum anisotropy (0.40) even at low temperatures. Some fluorescence anisotropy
may also be lost through reabsorption or scattering of the emitted light (see Chapter 2, section
2.5.8). However, the majority of the anisotropy loss, equivalent to ~ 15°, must be due to
a process that is electronic in origin especially in 2,6-NLP, which only has an average of
twenty-one units. As the conjugation length is approximately twelve units in length it is
unlikely that a polymer chain can support more than one chromophore and thus excitation

migration will be unlikely to occur.

Another common cause of anisotropy loss is aggregation. MeLPPP and other ladder poly-
mers can form yellow emitting aggregates in the solid state, these are absent in dilute so-

45,105,119,131,134 (see Figure 5.1) and the absorption spectra of the polymers appears

lution
similar to those produced by J-aggregates. (J-aggregates are typically identified by a nar-
row and well structured intense absorption that is red-shifted with respect to the monomer
unit.”®) However, recent work in the OEM Group, Durham University, has shown that the
fluorescence spectrum of MeLPPP is comprised entirely of vibronics, even in the solid state.
These vibronics were linked to specific bond vibrations for a single chain.!”™ Since the fluo-
rescence spectrum mirrors the absorption spectrum (shown in Figures 5.1 and 5.2) it can be
assumed that the structure in the absorption spectrum is a result of vibronic modes and not

due to J-aggregates.
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It has also been found that higher concentration solutions have lower anisotropy (not shown)
which is comparable with that of the spun films. This large depolarisation (loss in anisotropy)
which can be considered a change in dipole orientation shows the presence of inter-chain
interactions at high concentrations but not at the low concentrations used in this work. It
can therefore be safely assumed that the polymer does not form large aggregates in the highly

dilute solutions.

However, the possibility of dimer (two molecules held together with inter-molecular forces)
or small aggregate formation at such low concentrations cannot be ignored. If the emission
occurs from isolated single molecules or small tightly-bound aggregates, the temperature
independence of the emission spectra suggest that any energy transfer must be an intra-
molecular process that is intrinsic to this conjugated polymer. The excitation dependent
behaviour of the anisotropy (Figures 5.4 and 5.5) must, therefore, be attributed to either the

chain or to the small aggregate.

The shape of the excitation anisotropy spectrum of 2,6-NLP (Figure 5.5) is unchanged by
reduced temperatures. It can be deduced that the anisotropy loss is not associated with ther-
mal excitation of the backbone (i.e. conformational relaxation), which is consistent with the
ladder polymers being rigid systems, and that fluorescence anisotropy loss is a fundamental
electronic process. Electronic processes, such as exciton migration, are not limited by thermal

energy.

The excitation anisotropy spectra of MeLPPP and 2,6-NLP, with their two apparent peaks,
are most unlike the excitation anisotropy spectrum of the poly (9,9-di-ethylhexyl) fluorene
oligomers which show only one broad peak (see Figures 4.6 and 4.8 in Chapter 4). PF2/6 -2
presents a steady increase in anisotropy with excitation wavelength until it reaches a plateau
(saturation point) which was explained in the previous chapter as a form of site-selectivity.
In the ladder polymers investigated here, the site-selective behaviour of the major electronic
transition is dissimilar to that found in PF2/6 (shown in Figure 5.4 and 5.5). The expected
smooth curve is interrupted by a large loss of anisotropy in the regions between the two
absorption peaks at Ae; = 435 - 445 nm in MeLPPP and A\., = 425 - 435 nm in 2,6-NLP.

A plateau of constant fluorescence anisotropy is most commonly used to identify electronic
transitions in small molecules.!67- 174177 Tn most of those cases it was known that there were
two or more transitions and fluorescence anisotropy measurements were used to measure
the angle between them. The ladder polymers are comprised of a narrow distribution of
conjugation lengths each of which could be considered to be a separate transition. Therefore
the ladder polymers can be considered to support a series of electronic transitions. The
measurements here (Table 5.1) show that the upper and lower energy limits of the electronic
transitions have an angle of approximately 6 ° (for MeLPPP) and 13° (for 2,6-NLP) between
them.
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Figure 5.3 shows that the emission anisotropy of the ladder polymers is constant for a single
excitation wavelength. This indicates that there is only one emission site along the polymer
chain. A second transition with a different transition dipole moment to the first would
appear as a region with a different emission anisotropy value.’! Therefore in this case, the
difference in excitation anisotropy across the absorption spectrum must arise from an angular

dependence of the absorption transition dipole moment.

Absorption transition
dipole moment for
longer conjugation

lengths

Absorption transition
dipole moment for
shorter conjugation
lengths

Molecular Axis

Figure 5.8: Schematic to show the possible orientation directions of the absorbance
transition dipole moment for the shortest conjugated lengths and the longest conju-
gated lengths, i.e. upper and lower units of the conjugated length distribution. The
data contained in this chapter, shows that the distribution of conjugated lengths have
a localisation angle between 0 and ~ 10° dependent upon the conjugation length. The
localisation angle is the angle between the absorbance transition dipole moment and the
backbone.

The evidence here gives the limits of the the angular dependence of the absorption transition
dipoles for the conjugation length distribution. The upper energy limit (shortest conjugation
length) is located approximately 10° from the lower limit (longest conjugation length) as

shown in Figure 5.8.

The region of strong absorbance at approximately 420 nm in the absorption spectra of the
ladder polymers is due to the first vibronic replica of the electronic transition. Both peaks
are broadened by the small distribution of available conjugation lengths. (The conjugation
length is small due to the low polydispersity of the polymer.). The replication of the vibronic
states is the explanation for the observed extra peak in the excitation anisotropy spectra
(Figures 5.4 and 5.5.). Instead of seeing just one red-edge effect (as with PF2/6 in the
previous chapter) there is one for every red-edge of each vibronic replica. The presence of
multiple vibronic replicas will disguise the red-edge of each adjacent replica, lowering the
observed fluorescence anisotropy value. The short conjugation length limit is also masked by
the influence of an adjacent replica. However the data does show that there is a range of
angles across the conjugation length distribution. The same effect is observed in PF2/6, i.e.
is there is a range of absorption angles across the conjugation length distribution. However,
inhomogeneous broadening has masked the effect of multiple red-edge effects to produce

smooth anisotropy curves.
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Both MeLPPP and 2,6-NLP show relatively high values of anisotropy (0.26 £0.01) at room
temperature at their emission maxima (Figures 5.4 and 5.5). This value increases as the
temperature decreases and the natural anisotropy of the polymer 2,6-NLP was estimated to
be 0.36 £ 0.05. This corresponds to a very small angle between the absorption and emission
transition dipole moment orientations, implying that at this low energy edge, the dipole
moments are almost parallel. However, as the excitation energy increases the angle between
the absorption and emission transition dipoles meaning that they cannot both be parallel to
the molecular axis (see Figure 5.8). The reason for this must be electronic in origin because
other anisotropy loss processes (twisting, rotating and aggregation) have already been ruled

out.

The origin of electronic transitions in conjugated polymers has been debated for many years
and photoconductivity investigations have yielded some promising answers. Studies by Kohler
et al.'™ on the conjugated polymer in poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene
vinylene) (MEH-PPV) revealed the possibility of localised and delocalised transitions depend-
ing upon where the transition originated. Off-axis transition dipole moments are thought to
arise from transitions from localised states to delocalised states (or vice-versa) which give rise

to substantial photocurrents. Large photocurrents have been observed in MeLPPP!2®

so, it
can be assumed that transitions from localised to delocalised states can occur in this poly-
mer. If it is assumed that the emission transition dipole moment is oriented along the chain
axis?, the results here suggest that shorter conjugation lengths, which have been found to be
approximately 10° off-axis, are localised in the ground state. The excited state is therefore
more delocalised and oriented with the molecular axis. As discussed above, the absorption
transition dipole moment orientation angle decreases with the excitation energy until it is
parallel to the emission transition dipole moment which is assumed to be along the axis. This

implies that as the excited state increases in length it lies parallel with the molecular axis.

It was hypothesised in the previous chapter that as an electronic state grew in size, it encom-
passed more of the polymer backbone and changed the orientation of the transition dipole
moments associated with it. It is therefore implied that the atomic structure of the backbone

will also play a part in the orientation of the transition dipole moments it supports.

Due to its naphthylene ring, the conjugated polymer 2,6-NLP is subject to a small deviation
along the monomer unit (shown in Figure 2.26), which in turn results in a small step-like
pattern along the backbone. It is likely to be the absorption transition dipole moment of
its shorter conjugation lengths is more influenced by this structural motif, whereas, as the
conjugation length increases over more carbon-carbon bonds the influence of the step-like

pattern is reduced, leading to a dipole oriented more along the chain.

#The assumption that the emission transition dipole moment is parallel to the molecular backbone is based
on the fact that conjugation is along the molecular axis. However, to confirm the above hypothesis, it was
necessary to investigate the relationship between the two transition dipoles and the backbone. This was done
in Chapter 6 and it was found that the emission transition dipole is parallel to the molecular axis.
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Whilst the monomer unit of MeLPPP is straighter than 2,6-NLP, during its synthesis the
polymer chain growth is not consistently linear in direction. Directional change occurs at
regular intervals producing kinks in the backbone. The angle between the backbone segments
is approximately 60° due to the fused nature of the polymer backbone (as discussed in
Chapter 2, section 2.6.2.). Single molecule studies of MeLPPP have proposed that this kink
results in neighbouring chromophores with dipole moments that are at large angles®”>130
(shown in Figure 2.12) which would provide considerable depolarisation if viewed on a small
scale. Such large angular changes were not observed here because the fluorescence anisotropy
is measured for an average of many molecules in a solution. The naphthylene ring in 2,6-NLP
causes the dipole to lie further off axis in the monomer unit than the MeLPPP resulting in

a larger angle between the long and short conjugation length limits.

Recent work on MEH-PPV has also discovered an ultrafast dipole reorientation that is
thought to be caused by a structural relaxation of the chain.*® It was proposed that dynamic
localisation of the exciton arises from the fact that the ground state can undergo torsional
motion. MeLPPP and 2,6-NLP are rigid and cannot undergo such structural changes and
this suggests that as the wavefunction delocalises along the polymer chain, the transition
dipole evolves with it. It is proposed here that the dipole of the monomer unit is oriented
off-axis but as the number of monomer units encompassed by a wavefunction increases the
influence of individual monomer units becomes diluted and the overall dipole is governed by
the alignment of the backbone. This will result in a rapid depolarisation as the excitation
moves to a more energetically stable state. This process would be augmented by structural

relaxation in flexible polymers and result in a much greater anisotropy loss.

5.7 Conclusion

This chapter has described the first photophysical results of the newly synthesised ladder-
type polymer poly(naphthylene-phenylene) (2,6-NLP). The chapter has also investigated the
fluorescence anisotropy excitation spectra of dilute solutions of two ladder-type polymers,
MeLLPPP and the newly synthesised 2,6-NLP. The results are different from the previously
observed behaviour of the flexible conjugated polymer, PF2/6, described in Chapter 4. These
earlier results indicate that the anisotropy loss was due to a combination of excitation migra-
tion and conformational relaxation. By using rigid-rod ladder-type polymers, which cannot
undergo conformational relaxation, it has been possible to study the fluorescence anisotropy

loss only as a result of pure electronic on-chain processes.

The ladder-type polymers present a wavelength dependent excitation anisotropy spectrum
that follows the vibronics of the polymers absorption (excitation) spectrum. This indicates
that the angle between the absorption and emission transition dipole moments changes with
wavelength. The anisotropy is independent of emission wavelength indicating that the dif-
ference arises from an angular dependence of the absorption transition dipole moment across

the distribution of possible conjugation lengths.
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This is consistent with the absorption transition dipole moment for shorter conjugation
lengths being off-axis (i.e. oriented away from the polymer backbone). These off-axis transi-
tion dipole moment indicates that the ground state is localised and that the excited state is

delocalised.

The shape of the anisotropy was unchanged by temperature and lowering the concentration
of the solution increased the anisotropy providing further confirmation that this property is
an intra-chain property. It is noted that whilst the experiments were carried out in dilute
solutions, it was not entirely possible to eliminate the possibility that the polymer forms

dimers or small aggregates. Though the effect of these is thought to be small.

Low temperature anisotropy results have provided a value for the natural anisotropy of 2,6-
NLP is 0.36 + 0.05 which will be used later in this thesis.

If the polymers can be held in an aligned matrix it will be possible to investigate the angle of
the absorption transition dipole for the longest and shortest conjugation lengths relative to
each other and to the polymer’s backbone. It will also be possible to confirm that the angle
the emission transition dipole moment is parallel to the backbone. This is fully detailed and

discussed in the next chapter.



CHAPTER 6

LOCATING THE ABSORPTION AND EMISSION
TRANSITION DIPOLE MOMENTS

6.1 Introduction

This chapter contains the details and results of experiments undertaken to determine the
orientation of the absorption transition dipole moments in three conjugated polymers. Poly
(9,9-di(ethylhexyl)fluorene) (PF2/6) and two ladder-type poly (para-phenylene)s (MeLPPP
and 2,6-NLP) were incorporated into aligned polyethylene matrices and these films were inves-
tigated by a number of techniques including x-ray diffraction. The x-ray diffraction study of
the orientation of PF2/6 is part of a collaborative research project that has culminated in the
journal paper entitled A concentration effect on the oriented microstructure in tensile drawn
polyfluorene-polyethylene blend which has been accepted for publication by Macromolecules
in 2009. This chapter specifically details the physical analysis undertaken to determine the
orientation of the absorption transition dipole moment relative to the polymer backbone, (an

angle denoted by «, see Figure 6.1) of the conjugated polymers.

Steady-state fluorescence anisotropy has already been used to determine that there is an
angular separation of the absorption and emission transition dipole moments (the natural
anisotropy) of these polymers. To understand the fundamental relaxation processes of ex-
citons on these conjugated backbones, it is essential to know the angle of the absorption

transition dipole moment relative to the backbone.

The extra information on the angle, «, combined with the natural anisotropy results of
Chapter 5 will also locate the orientation of the emission transition dipole moment relative
to the backbone. This will help to explain the changes that occur as the ground state develops
into the state which emits light. An angular change between these two states will be indicative

of a change in localisation of the exciton.
6.1.1 Brief background

In an aligned polymer film there are three angles that need to be determined before a discus-
sion of the change in exciton localisation can be carried out. These are schematically shown in
Figure 6.1 and are: the angle between the absorption and emission transition dipole moments
(0); the angle between the absorption transition dipole moment and the polymer backbone
() and, the angle between the polymer backbone and the alignment direction (g). This
chapter reports on experiments used to find angle € and hence «. The natural anisotropy, 6,

having already been measured in earlier experiments (Chapters 4 and 5).

104
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Figure 6.1: Schematic to show the molecular directions and angles between the transi-
tion dipole moments. The angle between the macroscopic alignment direction and the
polymer backbone is denoted ¢ and can be determined through x-ray diffraction, Raman
spectroscopy and polarised fluorescence. The angle o between the backbone and the ab-
sorption transition dipole moment is determined through linear dichroism spectroscopy
and the angle 6 between the absorption and emission transition dipole moment is found
by fluorescence anisotropy. 6 for the polymers investigated in this thesis have already
been found in Chapters 4 and 5

The angle € between the alignment direction and the polymer backbone has been determined
by three different experimental techniques: not all were used for all the polymers. X-ray
diffraction was used to study all the films; Raman Spectroscopy was used for a MeLPPP film
and polarised fluorescence was used for each polymer. Three different techniques were used
because of the suitability for the samples involved. X-ray diffraction allows for the study
of long range order in a sample. Polarised Raman spectroscopy studies short range order
relating to the position of known bonds in the molecule: when that piece of information
is not available, then a fluorescence anisotropy technique can be used to study short range
order. Each of these techniques measures the order parameter, ®, (as defined in Chapter 2,
equation 2.19). The techniques are dealt with in separate sections. Each of these sections
include a brief explanation of the background and theory, the results and a discussion of
them.

The angle o between the polymer backbone and the absorption transition dipole moment
has been determined using a polarised absorption technique called linear dichroism. This
technique finds the difference in absorption parallel and perpendicular to an alignment di-
rection. An existing experimental set-up was adapted and the control program altered to
measure the linear dichroism directly. It was also necessary to verify the results using a com-
mercially available spectrometer. A separate section holds the background, theory, results

and discussion of the linear dichroism experiment.

The results from these experiments were combined with the angles between the absorption
and emission transition dipole moments determined in Chapters 4 and 5 to describe the
electronic process that occurs in a polymer after excitation with light. The results of all the

separate sections are brought together in a final discussion section.
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6.2 Determination of the order parameter via x-ray
diffraction.

Having made stretch aligned films via the technique described in Chapter 3 it was important
to quantify the degree of alignment within them. This was done by determining the order
parameter of the films. X-ray diffraction is a technique that has been used to study the long

range order in many materials including polymer films.17% 180

6.2.1 Introduction to x-ray diffraction

X-ray scattering can be used to investigate a great number of phenomena including one of
the more famous twentieth century scientific discoveries; the structure of DNA; many other

1817184 The technique of x-ray diffraction has

applications can be found in standard texts e.g.
also been used to investigate the long range order of crystals by observing x-rays scattered
from planes of atoms. The improvements of experimental methods and high energy, high flux
x-ray sources (synchrotrons) has made it easier to study structures and contribute to various
scientific fields.

The basic theory of x-ray diffraction relies on elastic scattering from atoms in a sample that lie
in crystal planes. The waves scattered from multiple crystal planes can interfere constructively
if the path difference for the light is a multiple of the wavelength used. Bragg’s Law!3 18

describes the scattering pattern that arises from the constructive interference:
nA = 2dsiné (6.1)

where A is the wavelength of light, d is the separation of the crystal planes and 6 is the angle
of incidence (to the crystal plane). It is usual, in x-ray diffraction, to work with scattering
vectors and reciprocal space. The scattering vector, q, is a unit of reciprocal space and can

be related to the separation of the crystal planes in real space by:

2T
= — 2
lal=" (62)

The scattering vector, q, is given by the difference between the incident beam vector (k;)

and the scattered beam vector (ks) given by equation 6.3:
a=k;—k; (6.3)

The vectors can be resolved into three orthogonal directions: where the xz plane defines the

conventional scattering plane as shown in Figure 6.2. In the case of elastic scatter where
| k |= 27 /X185

Ay o [ €O 0 cosp — cost;
a=| q | = ~ cos By sin ¢ (6.4)
qd, sin 0y + sin 0;

here, ¢; is the angle between the incident beam and the sample; 0 is the angle between the
sample and the beam as it exits; ¢ is the azimuthal angle, away from the xz plane. Since q
is a unit of reciprocal space, it can be used to directly measure the physical properties of the

material under investigation using equation 6.2.1%6



CHAPTER 6: DETERMINING THE ORDER PARAMETER: X-RAY DIFFRACTION 107

Figure 6.2: Schematic of x-ray scattering and the molecular geometry used in the x-ray
work. The incident x-ray beam, k;, is indicated by the red arrow is in the xy plane and
makes an angle 6; with the sample (which is in the yz plane). The scattered x-ray beam,
k;, indicated by the blue arrow and makes the angle 6y with the sample and ¢ with the
xz plane.

Each distinct array of atoms, whether from a semiconductor crystal or an amorphous glass,
gives a characteristic pattern of scattered intensity. This pattern is the Fourier transform of
the scattering objects, which in the case of x-rays is the spatial distribution of the electron
density. The scattered intensity can be recorded directly with a CCD camera or by moving

a point detector in real space such that it covers the scattered beam in reciprocal space.

When the atoms are held within a fixed repeating lattice (e.g. a crystal or aligned polymer),
then the x-rays scattered from individual atoms coherently interfere with each other and a
detailed interference pattern following Bragg’s Law will be recorded. However, if the material
lacks any long range order (i.e. it is amorphous) then the scattering pattern observed is a
broad peak centred on the “nearest neighbour distance”. These patterns are combined for
scattering from an isotropic randomly oriented distribution of equally sized particles (e.g.
spun cast polymer film or a powder) and is visually represented as a diffuse “powder” ring

at a scattering vector, q, defined by the spacings between the planes of atoms.
6.2.2 Previous use of x-ray diffraction for polymers

A particular form of grazing incidence x-ray diffraction (GIXD), is used to study the sur-

116,181,186

face of a sample or very thin films. GIXD has proved to be a very successful

technique for studying thin spun luminescent polymer films. The structure of common poly-
6,72:91,115,188 10]y(3-

hexylthiophene)(P3HT),!8% 190 a5 well as the alignment layer used in polarised OLEDs, poly-
191

mers such as luminescent polyfluorene derivatives, PFO'®” and PF2/
imide'® and many other polymers,!?2719 have been determined with this method. GIXD,
with an angle of incidence of the x-ray of < 1°, has been used here to determine the alignment

of polymer chains and the existence and size of crystallites.

Work has also been conducted on blends of a host polymer and a guest luminescent polymer
to investigate the maximum concentration of the guest that can be incorporated in the
host before phase segregation occurs. Blending of polymers permits variation in phase from
complete miscibility to macrophase separation. This behaviour has significant implications for

the control of microstructures within polymer light emitting devices and photovoltaics.?% 196
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Phase segregation is the term given to a blended film where the components separate into
domains containing either the guest or the host at a micro or macroscopic level. For a
polyethylene (PE) host with a poly(2-butyl,5-(2-ethylhexyl)-1,4-phenylene vinylene) (BuEH-
PPV) guest it was found that at 30% guest the isotropic films were composed of an even
distribution of crystallites, but as the film was stretched it became an even distribution of

aligned, individual chains.™7

Part of this work was to investigate whether the behaviour of PF2/6 was similar to BuEH-
PPV and three different concentrations of PF2/6 blends were made and studied. GIXD has
previously been used to investigate the packing structure of thermotropically aligned PF2/6
films.”> 16:198 Tp such cases, the polymer was spun on a rubbed polyimide (PI) layer and
the grooves created by the rubbing process serve as an alignment layer. Images taken with
a two-dimensional MarCCD camera at the XMaS beamline at the European Synchrotron
Radiation Facility (ESRF) have already been published by Knaapila et al.”? 116,198,199 anq
used to prove that there are three different stacking patterns within aligned PF2/6 and that

annealing the film controls the surface morphology.

Type | Typell a_  Typelil
a

Figure 6.3: Diagram to show the hexagonal packing in PF2/6. The diagram shows the
three possible orientations of PF2/6 chains on a rubbed (aligned) polyimide (PI) layer.
The individual PF2/6 chains pack together into three different types of crystallites:
Type I and type II have a hexagonal unit cell and type III have very little order in the
equatorial plane (perpendicular to the film). Type I and II have their secondary axes
perpendicular and parallel to the film plane. Axes labeled ¢ and a represent the primary
and secondary axes of the hexagonal unit cell. Schematic from Crystal Growth € Design
and adapted with kind permission of the author.1%®

The three types of packing are shown in Figure 6.3. The helical chains form crystallites that
align with the rubbed PI surface. The chains can remain unoriented in the equatorial plane.
(The meridional and equatorial refer to the x axis and zy plane respectively.). (Type III)
or create a hexagonal unit cell (Type I and II). Type I and II have their secondary axes
perpendicular and parallel to the film plane respectively. It is the primary meridional 0021

reflection from the hexagonal unit cell in type I and II that can be seen in GIXD experiments.
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Figure 6.4: GIXD image from the aligned PF2/6 film in Knaapila et al.1® (a) Film align-
ment defined as the rubbing direction is perpendicular to the beam (b) Film alignment
parallel to the beam. The indices marked show the primary reflections of the two types
of packing in PF2/6. Reproduced from Crystal Growth & Design with kind permission
of the author.

Two GIXD images of an aligned PF2/6 on a rubbed PI substrate held perpendicular and
parallel to the x-ray beam have been reproduced here (Figure 6.4) to show the positions of
the primary meridional 0021 reflections of the hexagonal packing (at q ~ +(0.77) A_l) and
the primary reflections (Shown as dark points) at qy = 1.00 At 199

6.2.3 Experimental: XMaS beamline

To investigate the extent of alignment in the stretched polymer films containing (9,9-di(ethyl
hexyl)fluorene) (PF2/6) and ladder-type poly(para-phenylene)s MeLPPP and 2,6-NLP, graz-
ing incidence x-ray diffraction (GIXD) measurements were made. The GIXD experiments

were carried out at the XMaS beamline200

at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, during a visit in 2006. The beam (12 keV) was monochromated
using a double Si(111) (silicon) crystal and focused on the sample through 0.2 mm (vertical)
x 2 mm (horizontal) slits. To reduce the background, an additional set of anti-scatter slits
were placed very close to the sample. The samples (~ 10 mm x 5 mm) were mounted with
cyanoacrylate (superglue) on cleaved silicon wafers. In the geometry used, the z axis is al-
ways perpendicular to the film plane (xy0) and the incident beam lies along the x axis in the
xz plane, as shown in Figure 6.2. The mounted sample was oriented such that the stretch
direction was parallel to the x axis. To prevent radiation damage to the sample and minimise
air scatter the samples were placed in a Helium atmosphere at slightly above atmospheric
pressure during the measurements. When the film is stretched, the surface becomes slightly

buckled. However by using such a small sample, it was possible to use a reflected laser beam
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to orient the film in the xy plane. The films rested slightly above their silicon substrate and
it was possible to position the sample such that the x-ray beam passed through the film (i.e.
0;=0). No change in the GIXD patterns was recorded after prolonged exposure to the high
flux beam were observed. Data were recorded with a 2D MarCCD detector as a function
of the azimuthal angle (¢) around the z axis. ¢ = 0° was defined such that the scattering
plane was co-incident with the stretching direction. Each measurement on the 2D detector
records the scattered intensity as a function of reciprocal space parallel (qy) and perpendic-
ular (predominantly q,) to the film’s surface. By measuring the intensity of a reflection as a
function of ¢, it was possible to extract the in-plane mosaic of the film and hence allow the

order parameter of the polymer to be determined.

Several samples with differing concentration of PF2/6 were investigated. Films with 15%,
7% and just less than 1% of PF2/6 were created and stretched up to 30 times their original
length. Larger isotropic films of MeLPPP and 2,6-NLP spun onto silicon were also used to
identify the polymer’s powder diffraction rings. The configuration of the system for these
measurements was the same, but it was necessary to use a slight angle of incidence for the
measurements because these films were much thinner. This angle was 0.15° for the MeLPPP
film and 0.10° for the 2,6-NLP film, close to the critical angle of total external reflection for

these materials.
6.2.4 Results and discussion

The results from this work are predominantly qualitative and have been used in conjunction
with the published results of Knaapila et al.”? to show that the reflections recorded with
the CCD camera are those of aligned PF2/6. Figure 6.5 shows the data from an aligned
PE matrix containing 15% PF2/6. Only reflections of pure phases are observed, which
indicates that PF2/6 exists as separate crystallites within the crystalline PE matrix and not
as separate chains within PE unit cells. The image shows the primary reflection of the PF2/6
is at qy = 0.77A_1. This corresponds to the previously published data corresponding to

72,116,198,199 and Figure 6.4. There is a low intensity reflection from

the hexagonal packing
the other crystal planes. Whilst very faint and difficult to see in these images, the first
(equatorial) hexagonal reflection at qy, = l.OOA_1 is present. It most easily seen in the raw
data rather than in Figure 6.5. This indicates the same hexagonal packing that occurs in
annealed aligned films is also present in this highly concentrated film, a schematic of which

is shown in Figure 6.3.

In lower concentration films, shown in Figures 6.6 and 6.7, the meridional 0021 reflections
occur but with reduced intensity. Indeed the 7% film (Figure 6.6) shows very clear peaks
at this position indicating that the film remains highly aligned. The reflections from the
hexagonal packing vanish in the images from the 1% film. This is due to the low intensity
scattering as a direct result of the lack of structural order corresponding to this vector. It is,
therefore, hypothesised that the hexagonal packing is absent in such low concentrations. It
appears that at this concentration the results are compatible with the polymer being fully
dissolved in the PE matrix and the PF2/6 chains are well separated. This is fully supported
by later results from photoluminescence studies (in section 6.4) which show that the emission

from the low concentration films is comparable to the emission from a dilute solution.
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Figure 6.5: GIXD image of a stretch aligned polyethylene host film containing 15% PF2/6
guest. Top: Film alignment is perpendicular to the beam. Bottom: Film alignment is

parallel to the beam. The top image shows well defined partial rings at q, = 0.77 A

o —1 o —1
and at qy = 0.50 A . Faint curves are also apparent at q, = 1.00 A . These are most
prominent halfway up the image level with the number 6 in the colour key. The pair of
o —1 o —1
rings at q, =1.50 A  and qy, =1.75 A  correspond to scattering from the polyethylene
host. The colour mapping has been changed between the images to allow the features
to be more prominent.
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Figure 6.6: GIXD image of a stretch aligned polyethylene host film containing 7% PF2/6
guest. Top: film alignment is perpendicular to the beam. Bottom: film alignment is

o —1
parallel to the beam. The top image shows well defined points rings at q, = 0.77 A ,

0o —1 o —
a faint ring at q, = 0.50 A . Faint curves are also apparent at q, = 1.00 A . These
are most prominent halfway up the image level with the number 6 in the colour key.
o —1 o —1
The pair of rings at q, = 1.50 A  and q, = 1.75 A  correspond to scattering from the
polyethylene host. The colour mapping has been changed between the images to allow
the features to be more prominent.
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Figure 6.7: GIXD image of a stretch aligned polyethylene host film containing <1%
PF2/6 guest. Top: film alignment is perpendicular to the beam. Bottom: film alignment

is parallel to the beam. The top image shows a faint ring at q, = 0.77 A_l. The pair of

o —1 o —1
rings at q, =1.50 A and q, =1.75 A correspond to scattering from the polyethylene
host. The colour mapping has been changed between the images to allow the features
to be more prominent.
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Figure 6.8: Integrated intensities of the first (equatorial) hexagonal reflections and merid-
ional 0021 reflections of stretched PF2/6 - PE matrices. Percentages refer to the PF2/6
fraction. Lorentzian fits, from which the width of the orientation was evaluated are
shown by the solid red lines. Figure made with the assistance of Dr M. Knaapila.

The intensity of the first order reflections was measured from the results of the azimuthal
scans. An intensity was derived for each angle about the azimuth (or z-axis) ¢. This data
was plotted as a function of ¢ and fitted with a Lorentzian curve in the analysis package
Microcal Origin 7.0, by Dr M. Knaapila. The Lorentzian fits (shown in Figure 6.8) were then
used to determine the full width half maximum (FWHM) for each distribution of intensity.
This value gives the average angle that the crystallites, and the polymer chains in them,
makes with the stretch direction (g). These angles were found to be 10.7 £ 0.2 © for the first
hexagonal reflection in the 15% film; 8.9 + 0.2° for the meridional reflection of the same film
and 10.5 + 0.3° for the lower concentration 7% film.

The lowest concentration film (> 1%) did not show as clear hexagonal reflections and as
such when the procedure was repeated for these data sets, it was not possible to get a good

Lorentzian fit. This is due to the fact that the crystallites are reduced in size or do not exist.

Using equation 2.19 as an approximation which is assumed to be valid for thin films, the order
parameter, ® is between 0.93 - 0.95. This is very close to the order parameter published for

201,202 confirming that the stretching technique works very well for this

polyethylene sheets
polymer. The order parameter confirms that all the PF2/6 is highly aligned within a very

small spread of angles about an average angle of 12° (from equation 2.19)
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Figure 6.9: GIXD image from the isotropic cyanoacrylate sample. The image shows a
e —1
broad ring at q, = 1.00 A , which indicates the powder ring for the superglue.

The two rings that appear in all the images come from the PE matrix images. PE is a
randomly oriented crystalline solid and early x-ray diffraction studies have found two powder

s —1
rings?92294 corresponding to the two main reflections at 110 and 200 at gy ~ 1.5 A and

e —1
1.7 A .190:205 Other studies have been carried out on stretched PE films and, as the films are
extended to over 50 times, their original length the powder rings condense to single points
confirming that the entire film becomes more textured. But even in films stretched to 30

4197,203,206

times, the rings are still observe with the orientation remaining complex because

not all the original crystallites are aligned.?%7

The conclusion of this work is, that whilst PE powder rings are observed here, the polymer
contained within the matrix is aligned with a high degree of long range order. The powder
ring at approximately q, = 1 is from the cyanoacrylate (as shown in Figure 6.9). Every
attempt was made to limit the amount of the adhesive that was in the path of the x-ray
beam and in most cases, it only appears as a slight halo around the PF2/6 reflection points

and can only be observed in the raw data.

Figures 6.10 and 6.11 show the powder diffraction rings for MeLPPP and 2,6-NLP respec-
tively. Given that the structure of the polymers is very similar the fact the scattering vector
isq~1.5 A_l for both polymers is not surprising. The value also corresponds to the reflec-
tion of the PE host which is why it is impossible to separate the PE and these conjugated
polymers rings in the stretched films (Figures 6.12 and 6.13). The high intensity scattering
distribution at q, = 1.50 Ail, y = 0.00 Ail of the images indicates that these polymers
are not totally aligned. This broad peak is also evident in the data from the PF2/6 blends
but without another reflection to monitor, another physical method must be used to find the

order parameter in these films.
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Figure 6.10: GIXD image of an isotropic spun MeLPPP film. Image taken with a

scattering angle, § = 0.15. The image shows a wide ring centered at approximately

o —1
dy = 1.50 A . This scattering vector corresponds to powder rings from the MeLPPP
indicating there is no alignment in the film.

-y
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Figure 6.11: GIXD image from the spun isotropic 2,6-NLP film. Image shows a wide
e —1

ring centered at approximately q, = 1.50 A . This scattering vector corresponds to the

power rings from 2,6-NLP, indicating there is no alignment in the film.
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Figure 6.12: GIXD image of a stretch aligned polyethylene host film containing < 1%
MeLPPP guest. Top: film alignment is perpendicular to the beam. Bottom: film
alignment is parallel to the beam. The top image shows a high intensity scattering

o 1 o —1

distribution, shown red on the diagram, at q, = 1.50 A , q, = 0.00 A . The pair of
o —1 o —1

rings at q, =1.50 A  and qy =1.75 A correspond to scattering from the polyethylene

host. The colour mapping has been changed between the images to allow the features
to be more prominent.
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Figure 6.13: GIXD image of a stretch aligned polyethylene host containing < 2% 2,6-NLP
guest. Top: film alignment is perpendicular to the beam. Bottom: film alignment is
parallel to the beam. The top image shows a high intensity scattering distribution, shown

o —1 o —1 o —1
red on the diagram, at q, =1.50 A , q, =0.00 A . The pair of rings at q, =1.50 A and

o —1
dy =1.75 A correspond to scattering from the polyethylene host. The colour mapping
has been changed between the images to allow the features to be more prominent.
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6.2.5 Discussion of the microphase segregation in PF2/6

Earlier blend work by Heeger et al. showed that, at high concentration of BuEH-PPV guest
in a PE host, before stretching the guest polymer formed crystallites and stretching separated
the chains. This finding can be compared with the data from stretched PF2/6 15% blend
presented in Figure 6.5. The meridional reflections present arise from the hexagonal unit
cell indicative of Type I or II structures that PF2/6 is known to form (as shown in Figure
6.3). This means that hexagonal crystallites still exist in stretched films of high concentration
PF2/6 blends.

It is known that BuEH-PPV can form entanglements, i.e. bridges, that “tie” crystallites

97

together.!%” As the blend is drawn, the tensile forces stretch the bridges and force the

crystallites to break. As the stretching continues, the crystallites are destroyed.

PF2/6 has a lower alkyl chain density compared with BuEH-PPV has with PE. This re-
duces the compatibility between guest and host and the forces between guest and host in
PF2/6 blends are lower than in BuEH-PPV i.e. less entanglements can form between PF2/6

crystallites. Therefore, as the films are drawn, the crystallites are not totally destroyed.

This explanation does not explain the lack of hexagonal crystallites in the blends of low
concentration PF2/6 as it would require the number of entanglements to increase as the
concentration decreased which is unlikely. Here, it is thought that the low concentration
results in a a better miscibility of the guest polymer leading to smaller crystallites and a

higher proportion of isolated chains.
6.2.6 Conclusions

The x-ray diffraction experiments have been successfully used to investigate the order param-
eter in stretched polyethylene films hosting one of the conjugated polymers. The study has
shown that PF2/6 films have long range order. The order parameter was estimated to be be-
tween 0.93 - 0.95 for this blend. This corresponds to a small distribution of angles about the
average angle 12°. The study has also shown that hexagonal packing in PF2/6 is present in
higher concentration blends (~ 15% ) and that it is not present in low concentrations (~ 1%
PF2/6). The latter is explained by a more thorough isotropic distribution of molecules in
the blend. It is hypothesised that the former is a result of clumps of PF2/6 forming a phase
segregated aggregate that are not broken up as the film is stretched.

X-ray diffraction experiments on ‘pure’ films of MeLPPP and 2,6-NLP have indicated that the
powder reflections coincided with the polyethylene host and the cyanoacrylate glue. There
were no other reflections that were dependent on the angle the sample made with the beam. It
has already been shown that it is difficult to observe reflections in low concentration blends.
Therefore, it is most likely that there is no long range order in these films . The short
range order of these films were, therefore, investigated and the results for PF2/6 were used
to confirm the validity of the results of the fluorescence anisotropy technique. The order
parameters were also used in the later calculations to determine the angles of the transition

dipole moments.
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6.3 Determination of the order parameter via Raman
Spectroscopy

6.3.1 Introduction to Raman spectroscopy

Raman spectroscopy is a technique used to provide information on the bonds and their
orientation within a molecule. The Raman process involves inelastic scattering of light and
allows the vibrational and rotational energy to be measured. Thus the motions available to

electronic (covalent) bonds can be determined.

In elastic (or Rayleigh) scattering, a photon is scattered by a molecule and its energy is
unchanged. However, inelastic scattering can occur if the molecule undergoes a change in
vibrational or rotational energy (AFE) then the final energy (F,) of the scattered photon is
equal to its original energy plus (or minus) the energy loss (or gained) by the molecule. It is
defined thus:2%®

o £, =FEy+AFE: Stokes’s scattering

o £, =FEy— AFE: Anti-Stokes’s scattering

where E, is the energy of the scattered photon, Ej is the initial energy of the photon and AE
is the change in energy of the molecule. In most cases, the photon is scattered directly from
the molecule without any loss or gain of energy, indeed Stokes’s or anti-Stokes’s scattering
occurs less than once per ten million incident photons. For this reason highly sensitive Raman
microscopes are used to record these infrequent events. The equipment used in this work is

fully described in the next section.

The principles of Raman spectroscopy rely on the formation of an induced electric dipole
moment between atoms in a molecule. The induced dipole moment is a response to the
electric field of the incident photon with the molecule becoming polarised. It is most often
the case that the dipole moment is created along the bond, as this is the easiest way to

vibrate the bonding electrons.

The different bonds, between different types of atoms and their modes of vibration (bending,

208) have different polarisabilities, that is how readily a covalent bond

twisting, stretching etc
can be polarised. Different bonds will, therefore, show a different energetic position and
scattering intensity in the Raman spectra. Also, the intensity is dependent upon the angle
of the electric field of the incoming light, i.e. the linear polarisation of the light. By utilising
linear polarised light, it is possible to detect the direction of the bond within the molecule;
in an anisotropically oriented sample like a liquid crystal or a stretched film, the direction
of the bond relative to the orientation direction can be found. For stretched polyethylene
sheets, the polyethylene molecules align with the stretch direction. When a guest conjugated
polymer is incorporated into the polyethylene (host), the conjugated polymers are similarly

oriented when the film is stretched.?!:23
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When Raman Spectroscopy is carried out using a linearly polarised light source, it is possible
to determine the relative alignment of guest and host. For example, assuming that the order
parameter of the polyethylene tends to a maximum, it is possible to determine the order

parameter of the guest in the film 209,210

6.3.2 Experimental: Raman Spectrometer

The alignment of the chemical bonds in the stretched polyethylene films containing a con-
jugated polymer was studied with a Horiba Jobin-Yvon LabRamHR Raman microscope
equipped with a 536 nm laser. The laser beam was focused with a microscope objective
(50x) onto a small area of the sample, which was held on a rotatable mount. Since the
laser beam was predominantly polarised, partially polarised Raman spectra were taken as
the sample was rotated. Great care was taken to ensure that the same area of film was in

focus as the film was moved.
6.3.3 Results and discussion

Raman spectra of isotropic films spun cast from low concentration solutions of the two poly-
mers are shown in Figure 6.14 (a and b). The conjugated polymers contain carbon and
hydrogen, which will give rise to a range of vibronic modes corresponding to carbon-carbon
(C-C) bonds and carbon-hydrogen (CH) bonds. Their structures are shown in Figure 2.26
and it can be seen that there are intra-ring C-C bonds in the aromatic groups, but also

inter-ring bonds along the backbone, which join the aromatic groups.

The Raman bands of MeLPPP (Figure 6.14 (b)) have been previously recorded and the results
are in agreement. The bands at 1560 cm~! and 1600 cm~! have been attributed to aromatic
intra-ring C-C stretching modes. The mode at 1322 cm™! is considered to be the inter-ring
C-C stretch mode and can be considered to be along the polymer’s backbone.!32211-213

The Raman spectrum of 2,6-NLP (a) has not been reported previously and by compari-
son with other polymers it is believed that the modes around 1600 cm™! correspond to the
aromatic C-C stretch. 2,6-NLP is a polymer based on a naphthalene backbone and the Ra-
man spectrum of the polymer was qualitatively compared with those from naphthalene and
naphthalene based molecules. Naphthalene and its derivatives all have a mode between 1400
em ™! and 1450 cm ™!, the intensity and structure of which varies depending on the substituent
group attached to the rings in the base molecule.?'* For example, 1,5-dimethylnaphthalene,
which has methyl groups at the same position that 2,6-NLP has side groups, shows a more
structured Raman spectrum. The structure of this peak is also enhanced in other dimethyl-
naphthalenes with peaks distributed between 1400 cm ™! and 1425 cm ™! depending on the

location of the methyl groups.

The length of the side chain broadens this peak, obscuring the structure. 1-Naphthaleneneactic
acid methyl ester, which is a naphthalene molecule with a long side chain in the same po-
sition that 2,6-NLP has a side chain, presents a broad Raman peak at 1425 cm™'. It is
therefore hypothesised that the mode at 1405 cm ™! arises from the vibrational modes of the

long chains attached to the naphthalene unit and the bonds between adjacent rings. Further
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Figure 6.14: Raman spectra of (a) 2,6-NLP (spun cast film) (b) MeLPPP (spun cast
film) and (c) stretch oriented PE film doped with MeLPPP parallel (black squares)
and perpendicular (red circles) to a fixed arbitrary direction. This PE film doped with
MeLPPP was stretched to 8 times its original length. The spectrum of 2,6-NLP in
(a), shows a Raman band at approximately 1405 cm~! and a broad structured band
between 1575 cm~! and 1650 cm~!. It is hypothesised in the text that the first band
corresponds to vibrational modes of the side groups and the broad band correspond
to C-C vibrational modes. The spectrum of MeLPPP in (b) shows bands at 1560cm !
and 1600 cm~! which are intra-ring carbon-carbon (C-C) stretching modes. A third
band at 1322 cm~! corresponds to the inter-ring C-C stretch mode along the polymer’s
backbone.132:2117213 The gpectra in (c) show the Raman shift of both the MeLPPP and
the PE. By comparing (b) and (c¢) the Raman bands of PE are clearly evident at 1060
cm—1, 1130 cm—1 (both C-C stretching modes) and 1440 cm—1 (methylene vibrational
mode). The spectra in (c) also show how the intensities of the bands change as the film
is rotated by 90°. Note that the MeLPPP C-C band at 1322 cm~! and the PE C-C
band at 1130 cm~! behave similarly (they decrease with the rotation) but the PE band
at 1442 cm~! behaves oppositely and increases with the rotation.
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Figure 6.15: Intensity of Raman shift of different vibrational modes of a MeLPPP doped
PE stretched film that is rotated around the beam axis. The figure shows the MeLPPP
inter-ring mode at 1322 cm~! (squares) and the PE C-C stretching mode at 1130 cm™!
(circles). These modes correspond to the backbones of the polymers and vary with angle
in the same way. Therefore, they can be considered to be aligned with each other. Data
from the PE CH, bending mode at 1442 cm~! (triangles) is also shown. This confirms
that the two PE modes are at 90 °.This also indicates that the PE is better oriented than
the MeLPPP within it. Note that the PE C-C mode and the MeLPPP C-C mode are
on different scales.

investigations to resolve the spectrum in more detail are needed before a thorough assessment
can be made. Neither of the modes described have a known orientation in relation to the
backbone of 2,6-NLP, indeed the backbone is solely comprised of aromatic groups. Therefore,
films with this polymer could not be used for the polarised work. The order parameter for

these films was determined via a different method.

The Raman spectrum of a mechanically stretched PE film doped with MeLPPP in two orthog-
onal orientations is shown in Figure 6.14 (c). In addition to the MeLPPP bands at 1560 cm ™!,
1600 cm~! and 1322 cm ™!, which have been previously described, it is dominated by the PE
bonds. Peaks at 1060 cm ™! and 1130 cm ™! are the C-C asymmetric and symmetric stretching
modes,?!® and around 1440 cm™! there are many modes from the vibrational motion of the
methylene groups.?!6:217  Stretching undoped PE leads to the backbone becoming aligned

with the stretching direction and the order parameter is generally high.20%210 Tt is clear from
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Figure 6.14 that it is possible to take partially polarised spectra by rotating the anisotropic
film in an ordinary Raman microscope equipped with a strongly polarised laser and whilst it
is not equipped with an analyzer, it was possible to use the PE bands as an internal standard

to qualitatively determine how oriented the dopant polymer is.

The results of rotating the film and monitoring the intensity of the C-C modes in both the
MeLPPP and the PE can be seen in Figure 6.15 (in particular the black squares and red
circles). Both of these modes correspond to a polymer backbone. The data is very noisy, but
it can be seen that it follows the expected pattern of decreasing and increasing in Raman shift
intensity as the film is rotated. Since it can be seen that the two backbone modes change at
the same angle it is assumed that the MeLPPP backbone is aligned with the PE backbone to
some extent. The intensity of the C-C stretching mode in PE varies significantly more than
that in the MeLPPP leading to the assumption that the order parameter of the MeLPPP is
less than that of the PE.

The data shown in Figure 6.15 was used to quantitatively estimate the order parameter of
the MeLPPP. The ratio of peak to trough for the PE 1130 cm ™! band is 4.15. The ratio of
the the peak to trough for the MeLPPP 1322 cm™! band is 2.24. The ratio indicates that
the order parameter of the MeLPPP is approximately half (0.54) of the PE order parameter.
Studies into the alignment of PE have shown that it is possible to achieve an order param-

1.201,202

eter of On this assumption the order parameter for the incorporated MeLPPP is

approximately 0.54.

One of the PE methylene bending modes has been shown on the Figure 6.15 to highlight
that it is polarised perpendicular to the backbone as expected from its chemical structure in
Figure 2.26.

6.3.4 Conclusions

Rotating a stretch aligned polyethylene blend containing the conjugated polymer MeLPPP,
while recording the intensity of the Raman bands of the polyethylene backbone and the
conjugated polymer backbone, has been used to estimate the short range order of an MeLPPP

film stretched eight times. The order parameter of this film was determined to be ~0.54.

The Raman bands of 2,6-NLP could not be assigned to a unique band direction on the
backbone and, therefore, this technique could not be used for this particular conjugated

polymer blend.
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6.4 Determination of the order parameter via fluorescence
anisotropy

6.4.1 Introduction to fluorescence anisotropy of aligned films

As the x-ray and Raman methods for order parameter determination could not be successfully
applied to 2,6-NLP, due to the lack of long range order and the lack of a known Raman band
relative to the polymer backbone, it was necessary to find a technique that would work.
Published texts have referred to methods determining the polymer’s alignment in a film via

23,73 The technique relies on knowing the angle the polymer emits

polarised fluorescence.
at relative to the angle that it absorbs at (i.e. the natural anisotropy, r9) and recording
the intensity of emission parallel and perpendicular to the exciting light. From the ratio of
these it is possible to determine an angle for the polymer’s backbone relative to the stretch
direction, ¢ (which is related to the order parameter via equation 2.19). In essence, it is
a more advanced version of the linear dichroism technique which can determine the order
parameter from polarised absorption measurements if the angle between the backbone and

the absorption transition dipole moment is known.

This method can be carried out in a commercial L-format spectrofluorimeter (a fluorimeter
with a 90° angle between the excitation and emission ports) provided that the instrument’s
polarisation response function can be taken into account. Damerau and Hennecke derived the
mathematics for this method in their 1995 paper?!® and it has been used with some success

to determine the order parameter of various films and fibres.100,219-224

Fluorescence from a molecule is often described as a tensor of rank four because it is the
product of the absorption and emission tensors (both rank two).?>™ The total fluorescence

tensor (F) is comprised of nine individual terms:

Fxx Fxy Fxz
F=| Fyx Fyy Fxy

Fzx Fzy Fyzz

where X Y & Z refer to the experimental geometry as shown in Figure 6.16 and is related
to the molecular geometry of the polymer by the orientation distribution function. If the
orientation distribution function is uniaxial (which the stretched films are assumed to be)
then the order parameter ® can be determined from equation 2.19:

¢ = %(3<C082 e)—1) (6.5)

Equation 2.19 is used to calculate the order parameter from an angle in the molecular geom-
etry of an aligned film. Using the fluorescence anisotropy method for determining the order
parameter relies on knowing the natural anisotropy value (r9) of the molecule to find the

value of ¢ (the angle between the stretch direction and the molecular backbone.
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Figure 6.16: Schematic of the geometry used in fluorescence anisotropy measurements
of stretched films in an L-format spectrofluorimeter. The excitation beam (large blue
arrow, “Ex”) and the emission beam (large red arrow, “Em”) are at 90° to each other.
The angle of incidence (¢.,) was 30° and ., = 60°. The angles w,,, and w,, are within
the film and depend on the birefringence of the material. The film was positioned in the
YZ plane and rotated about the X axis. The stretch direction was parallel to Z axis.
For vertical measurements the Z axis is perpendicular to the page and for horizontal
measurements, the Z axis is within the page. Figure and text adapted from Figure 2 of
T. Damerau and M. Hennecke(1995)218

The average cosine of the angle, (cos?¢), can be determined from only three of the ten-

sor components (Fzz, Fzy & Fyy) and the total fluorescence tensor, using the following

equations:
¥ = Fyz+4F;y +2Fyy 4+ 2Fyx
_ [(3 — 2p)FZZ + 8Fyy + 4(3 — p)Fzy] (6 6)
(3—2p+p?) '
(cos? e) Lo L gtgy - S0 =p) 7R+ 4p75 + dp(1 — p) 6.7)
cose) = =+ —{cos”0)— .
22 (2-3p)*(3—p)

16pfy 4+ (12 — 10p) 22 + p(6 — Tp + 3p?
<COS4€> _ P~ ( p)F p( p+3p”) (6.8)
(2-3p)%2(3—p)

and
p = (2—+/10r)/3 (6.9)

The above equations are fully derived in T. Damerau and M. Hennecke(1995).%8

The three fluorescence tensor components can be evaluated from five of the eight possible po-
larised spectra that can be taken with the film either horizontal or vertical and the excitation
and emission polarisers similarly oriented. The spectra are: Iv,y, Ivon, {Hvw, LHon and Igp,

where Iprr ez em represents the intensity of light with film orientation (either horizontal (H)
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or vertical (V')) and orientation of the excitation and emission polarisers in the light path:
either horizontal (h) or vertical (v)?. Also required are the instrumental response functions,
G1 and Gs, which correspond to the effectiveness of the emission and excitation polarisers.
Full details of all of these terms and functions can be found in T. Damerau and M. Hen-
necke Determination of orientational order parameters of uniazial films with a commercial

90 degree-angle fluorescence spectrometer (1995).

The refractive index of the PE films is required. This was assumed to be the refractive
index of PE, npp = 1.52 and constant across the spectrum. It is acknowledged that the
incorporation of the conjugated molecules may change the refractive index. However, a brief
study into changing the refractive index by 0.5 showed that the order parameter changed by

only 0.001. Here, the estimated value of the refractive index used was appropriate.
6.4.2 Experimental: Spectrometer

Polarised fluorescence anisotropy from stretch aligned PE films was taken in a Jobin Yvon
Fluorolog-3 spectrofluorimeter with a 90° geometry as described in section 3.4. A specially
designed film holder was used and this allowed rotation of the sample in the plane of the
excitation beam which allowed the angles between the excitation ., and emission @.,, ports
to be controlled. In this experiment they were fixed at e, = 30° and @, = 60°. The
sample holder, shown in Figure 3.6, also rotated in the plane normal to the excitation beam
such that the orientation of the film could be changed without remounting the film. In all
cases the alignment of the film was done by eye. The film stretch direction was oriented
within 2 ° of the actual vertical or horizontal. This error was measured with a protractor and

was considerably less than is usually estimated in texts (5°-10° ).2

6.4.3 Instrumental response functions (G-factors)

Polarised emission from an isotropic sample is corrected for the anisotropic nature of the
emission polariser and the detector using G1 = Ip,/Ip,. This is the same G-factor used in
equation 3.1 in Chapter 3. This can be easily determined by recording the polarised emission
from a totally isotropic solution whose emission spectrum coincides with the spectrum of the
luminescent molecules (e.g. Fluorescein or Coumarin 6 in methanol). For polarised mea-
surements taken of aligned films, it is imperative to take the effectiveness of the excitation
polariser into account and a second instrumentation correction factor, Gy = I, /Inp, can be
determined by recording polarised excitation spectra of an isotropic solution whose absorp-
tion spectrum corresponds with the luminescent molecule’s spectrum. Here, the G5 factor
was determined with two dyes (Coumarin 120 and Coumarin 500) which together, cover an

excitation wavelength range from 275 nm to 475 nm.

2For example: Ig,n corresponds to the intensity from a film held with its alignment horizontal, the exci-
tation polariser vertical and the emission polariser horizontal
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6.4.4 Experimental: samples

Polyethylene films containing one of the three polymers were investigated with this tech-
nique. They were made using the method described in Chapter 3. To ensure the fluorescence
anisotropy method could be relied upon, the PF2/6 film was made from the same sample
that had been tested with x-ray diffraction. The PF2/6 film tested here was cut from the
same stretched strip of polyethylene directly adjacent to the film used in the x-ray study.

The comparison of the results was used to estimate the uncertainty in the measurement.

6.4.5 Results and discussion
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Figure 6.17: Excitation anisotropy spectra of isotropic PF2/6- (squares), MeLPPP- (cir-
cles) and 2,6-NLP- (triangles) polyethylene with representative error bars.

The natural anisotropy of the molecules is not always easily determined especially when the
molecules are incorporated into a host. It is often necessary to measure the anisotropy in an
isotropic film to estimate the effect the host has upon it. Figure 6.17 shows the excitation
anisotropy spectra for the three polymers in an isotropic PE matrix. These are the precursor
films to the stretch aligned films (as shown at the top and middle of Figure 3.1). PF2/6
shows the highest anisotropy in the PE matrix, a value of 0.20 4+ 0.02, which is higher than
the 0.10 value which is typically found for isotropic films?322% (

ladder films in Figure 5.7).

for example, the spun cast

The higher value of anisotropy in the isotropic PF2/6 film arises from the liquid crystalline
behaviour of the polymer. A value of 0.1 would have implied that the polymer and associated
transition dipole moments are aligned parallel to the Petri dish. This increased the value to

0.2, means that there is a further alignment of the molecules during the casting procedure.
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115,226 and is has been hypothesised in this chapter to

PF2/6 is a liquid crystalline polymer
form microcrystallites in PE at high concentrations. It follows that fluorescence anisotropy
value measured here is a result of probing these aligned crystallites, which in the isotropic
film have no preferential direction. Instead of yielding a value close to the natural anisotropy,
0.32 4 0.04, there is some excitation energy transfer between differently oriented crystallites

lowering the anisotropy value to 0.2.

The ladder polymers in an isotropic blend, by contrast, present an anisotropy of value of zero
(MeLPPP) or just below zero (2,6-NLP) implying either that all the the uniaxial rods are
aligned at the magic angle, 54.7° to the vertical, or that the films are amorphous. Alterna-
tively they may form a mosaic of crystallites that are all oriented differently. The isotropic
2,6-NLP blend presents a slightly negative anisotropy (an average of —0.03 & 0.02) which,
corresponds to an average angle of greater than 54.7° for a photoselected distribution. How-
ever, it is much more probable that both of these polymers do not lie in the plane of the film,
which would give a value of ~ 0.1. Spun films, however, present a value of 0.1 (see Figure

5.7) due to their anisotropic shape (thickness of a few nanometers).

It has been previously thought that MeLPPP is a liquid crystalline polymer, similar to
PF2/6, in that the polymer chains orient themselves uniaxially. The results of the blend
films indicates that the chains do not align preferentially in isotropic PE. However, when the
film is stretched, the excitation anisotropy spectrum follows the absorption spectrum in the
same way as the solutions, as shown in Figure 6.18. It is clear that stretching ladder polymer
blends forces a uniaxial orientation and destroys the amorphous-like isotropic state. Heeger
et al. studied BuEH-PPV in PE blends and found that the crystallites could be destroyed

197 Photoluminescence studies on the aligned films have shown that the

through stretching.
emission is the same as from dilute solutions are considered to be made of isolated molecules.
Therefore, as in BuEH-PPV, stretching the ladder type blends isolates the molecules and

they can be considered as such for the next part of this work.

As discussed in the x-ray section above (6.2.5), entanglement of adjacent crystallites in a
PE blend is the reason for their destruction upon stretching the film. Whilst this seems a
good explanation for MeLPPP and 2,6-NLP, further experiments, involving identifying the
packing regime of ladder polymers and varying the concentration of the PE blend, would be

needed to confirm this hypothesis.

The data from the x-ray work have that the conjugated polymer PF2/6 forms crystalline
microphases in the aligned PE. This also showed that as the concentration decreased so did
the size of the crystallites until at low 1 % concentrations, the crystallites were effectively
single molecules. The total dissolution (miscibility) of the molecules is comparable to the
molecules in a dilute frozen solution because in the PE and the host, the conjugated polymer
is unable to rotate or twist. For these reasons, PE matrices cause the polymers to behave as
they would at a very low temperature. The natural anisotropy of the molecules used in this

part of the study were estimated to be the same as those predicted by the low temperature
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Figure 6.18: Excitation anisotropy spectra of 2,6-NLP in dilute solution at room temper-
ature (squares), 165 K (circles) and in anisotropic PE film stretched 11 times its original
length. Also shown is the absorption spectrum of the polymer in dilute toluene solution.
Representative error bars are shown on the graph and the film is held vertically.

anisotropy measurements: for PF2/6, rop = 0.32 (see Chapter 4); 2,6-NLP, ry = 0.36; and
MeLPPP, ryg = 0.36 (see Chapter 5).

To investigate the reproducibility of the films and the measurements, the polarised emission
and order parameters were calculated for different PE films. The data from films containing
PF2/6 are shown in Figure 6.19 and the angle the polymer chain makes with the perfect
orientation direction is approximately 20° (a full list of results is in Table 6.3 below). The
order parameter is not explicitly linked to the film’s extension and it is clear that each
film is unique but measurements taken on films with the same extension made from the
same isotropic film do have very similar order parameters as expected. The error on these
measurements (taken through repeat readings of the same film) is + 0.04 which corresponds

to an error on the angle of + 2°.

Two order parameters were returned for similar films, 0.82 4 0.04 from fluorescence anisotropy
measurements and a slightly higher 0.93 4+ 0.02 from the GIXD. The order parameter from
the x-ray measurements is determined from the orientation of the crystallites, whereas the
fluorescence anisotropy measurement comes from individual chains of PF2/6. The analy-
sis for the order parameter value determined by GIXD was carried out for two differently

concentrated PE blends. It was shown in section 6.2.4 that at these concentrations, PF2/6
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Figure 6.19: Polarised fluorescence and order parameters of stretch aligned < 1% PF2/6
films. Films stretched 30 times their original length. Films (a) and (b) are taken from
the same stretched film. Films (c) and (d) are from the same isotropic batch. The error
on the order parameter was + 0.04.

formed hexagonal crystallites, in which the chains are aligned with the stretching direction.
As the concentration was reduced to < 1%, the size of the crystallites decreased to that of a
single molecule. It is assumed that the ordering of the single chains is similar to that of the

crystallites. Hence, the order parameter is used to describe such films.

The anisotropy based value comes from two experimentally derived values. In addition to
the fluorescence anisotropy experiment, it is dependent upon the successful determination
of the natural anisotropy and if this has significant errors then so to does the resulting
order parameter. The fluorescence anisotropy value also relies on the alignment of two Glan-
Thompson polarisers to produce the polarised light that is used. The synchrotron created
x-ray beam, due to its formation, is significantly more polarised and the x-ray results will be
more reliable. As such the 0.93 + 0.02 estimate is the more reliable of the two values and this
means that there is an error in ® of £+ 0.1 meaning an error in € of 45 ° for all the fluorescence
anisotropy measurements of the order parameter. Order parameters were estimated over the

area of strong fluorescence.

The polarised emission and order parameters calculated for different PE films containing
ladder polymers are shown in Figure 6.20. It clearly shows that as the extension increases
(e.g. the films in Figure 6.20 (b) and (d) are stretched about twice those of (a) and (c))

the order parameter increases. It can also be seen how important it is to calculate the order
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Figure 6.20: Polarised fluorescence and order parameters of stretch aligned 2,6-NLP ((a)
and (b) from the same isotropic batch) and MeLPPP ((c) and (d)). The films have been
stretched (a) 11, (b) 28, (c) 12 & (d) 20 times. The errors on the order parameter were
+ 0.02.

parameter for each individual film made with either of the ladder type polymers. The angle
the polymer backbones make with the perfect alignment direction is about ~ 38° for both
polymers in highly stretched films and the angles are shown in Table 6.3 below. The order
parameter of MeLPPP (Figure 6.20 (c) and (d)) and resulting angles (35 — 40°) correspond

well to the angle estimated using partially polarised Raman spectroscopy (35 °).

The ladder polymers clearly do not orientate as easily as PF2/6 does, neither in the isotropic
matrix nor in the stretched films. The data from films of different stretches and the two
different polymers confirm that the ladder-type polymers do not align as well as PF2/6.
However, there is suggestive evidence in Figure 6.20, that as the film is further extended,
more alignment is achieved. This cannot be rigorously proven as each film came from a
different strip of the same isotropic matrix. The degree of flexibility in PF2/6 clearly assists
the alignment procedure. The crystallites in PF2/6 are formed in the PE and this orientation
is carried through as the film is stretched leading to the high order parameters observed. The
ladder polymers, thought to also be liquid crystalline, are much more inflexible and yet this
liquid crystalline phase is not observed in isotropic blends. The zero fluorescence anisotropy
in the isotropic ladder blends suggest an aggregation with no orientation which is broken up
as the film is drawn out (as in BUEH-PPV!7). The polarised emission and absorption (in

the next section) indicate that there is a uniaxial distribution. The low value of the order
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parameter fits with a similarly low value calculated from Raman spectroscopy. It comes from
a wider distribution of the angle €. The angle calculated for these polymers must be used
carefully. However, the results should not be ignored, because PF2/6 can be aligned well and
a comparison between the three polymers can be used to explain results in later parts of this

thesis.

The lack of aligned crystallites explains why the x-ray diffraction results indicate that the
film is amorphous even when stretched to 30 times its original length and there is evidently
short range order. The low concentration of the aligned phase is not prominent compared

with that of the isotropic phase.

The method of fluorescence anisotropy to determine the order parameter in an aligned film
can only give a value of average angle for a homogeneous uniaxial model. For example,
microcrystalline domains each with a different domain orientation can give an “average angle”
of 10° from stretch direction. However, this angle represents the domains rather than the

single polymer backbone unless the crystallites are uniaxial.

PF2/6 creates crystallites (as shown in Figure 6.3) that are uniaxial which is confirmed by
the x-ray images in section 6.2.4. Therefore, it is safe to assume that the order parameters
derived in this section do give the average angle of € and the values determined can be used

in the following sections.
6.4.6 Conclusions

Using the natural anisotropy values found in Chapters 4 and 5, the order parameters of
stretched aligned polymer blends were found via a polarised fluorescence technique. The
order parameter was unique for each individual film. It was shown that the PF2/6 had a
higher order parameter than both MeLPPP and 2,6-NLP. It was shown that PF2/6 films,
from the same stretched sample, had the same order parameters within experimental error.
It was also shown that films made from the same batch, stretched the same amount, had

similar values of the order parameters proving PF2/6 can be aligned well by this method.

The data for MeLPPP and 2,6-NLP suggest that the alignment of these polymers is not as
good as they have a lower order parameter. The data also suggest that increasing the amount
of stretch increases the order parameter, indicating that the method does indeed align the

polymer.



CHAPTER 6: CONCLUSIONS ABOUT THE ORDER PARAMETER 134

6.5 Conclusions about the order parameter

Three different methods have been used to determine the order parameter of stretched
polyethylene films were used. The polyethylene films contained one of three conjugated
polymers, poly (9,9-di(ethylhexyl)fluorene) (PF2/6) and one of two ladder-type poly (para-
phenylene) polymers (MeLPPP and 2,6-NLP).

It was found through x-ray diffraction (GIXD) that PF2/6 aligns well and has a concentration
dependent phase segregation effect. When the concentration of PF2/6 in polyethylene is
more than 7%, the PF2/6 molecules cluster together and align to form crystallites. For films
containing less than 1% PF2/6, it was found that the crystallites were significantly smaller
(a single molecule) but assumed to have the same degree of ordering. It has been assumed
that as the concentration is reduced the size of the aggregates are significantly reduced but
that the order parameter created through stretching remains at a similarly high value for all

concentrations. The order parameter was estimated using x-ray diffraction to be 0.93 £ 0.02.

The GIXD method was not suitable for the ladder type films because this polymer does not
form aligned crystallites. Instead a polarised fluorescence technique was used to determine the
order parameter. Using this method, the estimated order parameter of the PF2/6 was high
(> 0.80) confirming that this molecule aligns well by the stretching method. The difference
between this value of order parameter derived from the fluorescence anisotropy method and
the GIXD experiments is ® £ 0.1 which corresponds to an uncertainty in the angle € of £10°

for the fluorescence anisotropy method.

Raman spectroscopy was used to investigate a single MeLPPP film stretched eight times.
The order parameter was measured relative to the order parameter of polyethylene (assumed
to be one). The polarised fluorescence method was used for MeLPPP and 2,6-NLP and it
was found that the order parameter for the films was ~ 0.40. The results of the studies on
MeLPPP and 2,6-NLP films indicate that these polymers do not align as well as PF2/6. This
was explained to be as a result of the rigid backbone of these polymers, whereas it is believed

that the PF2/6, because it is more flexible, can be more easily stretched.

The values for the ladder type films should be used cautiously as they come with a large
error but the photophysics for these films can be compared with isolated molecules in a

frozen solution. This knowledge will assist the explanations in Chapter 7.
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6.6 Determination of the angle of the absorption transition
dipole moment via linear dichroism

6.6.1 Overview

Using the values of the angle between the polymer backbone and the stretch direction, €, found
in the previous section, the angle the absorption transition dipole makes with the backbone
can now be investigated via linear dichroism. This requires the earlier measurements of the
order parameter. The low concentration films used to determine the order parameter were
studied with polarised absorption spectroscopy. The theory of which can be found in Chapter
2 section 2.5.5.

6.6.2 Experimental

Polarised absorption spectra were taken on equipment constructed in the laboratory and
a commercial 2-channel spectrophotometer as described in Chapter 3, section 3.4. Using
equation 6.10, it is possible to determine the angle between the polymer’s backbone and the

absorption transition dipole moment, a.

LD 1 )
= - - 1 '1
3y 2 (3(cos*a) — 1)P (6.10)

using the notation in Chapter 2 section 2.5.5.
6.6.3 Results

Figure 6.21 shows the polarised absorbance spectra of a 1% PF2/6 polyethylene blended film
stretched 30 times its original length. The figure shows that there is significant absorbance
parallel to the film orientation direction and only a smaller amount perpendicular to the
film direction. The absorbance perpendicular to the stretch direction is not negligible, giving
a dichroic ratio (A /A1) of 10. This indicates that the absorption transition dipole is not
completely parallel to the stretch direction, but only makes a small angle with it. If the
stretch direction and the absorption transition dipole moments are parallel then the dichroic

ratio would be very high because the absorption perpendicular would be almost negligible.

The figure also shows the angle between the absorbance transition dipole moment and the
backbone, «, shown by red circles. The angles were determined from the linear dichroism

data and the order parameter determined by x-ray diffraction, (® = 0.93) via equation 6.10.

The angle calculated varies with absorption wavelength. This is unusual for a single chro-
mophore which would normally give a single value. However, conjugated polymers, like
PF2/6, support a range of conjugation lengths (as first mentioned in Chapter 2 section
2.3.7.) The data suggests that each conjugation length has a corresponding absorption tran-

sition dipole moment confirming the postulate in Chapter 4
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Figure 6.21: An example of a polarised absorbance spectra of aligned < 1% PF2/6 films
stretched 30 times. The graph shows the absorbance parallel (black) and perpendicular
(red) to the films alignment direction. These spectra were used to calculate the linear
dichroism and using the order parameter determined by GIXD the angle between the
backbone and the absorption transition dipole moment were calculated. These angles
are shown on the graph by red circles. Angles at the maximum absorption wavelength
are tabulated in Table 6.1.)

It was also hypothesised in Chapter 4 that as the conjugated length extends, the transition
dipole becomes more aligned with the backbone. The data here shows that at short wave-
lengths (corresponding to short conjugation lengths) the angle « is large and tends to be a
minimum of approximately 20 ° at the peak absorbance (corresponding to longer conjugation
lengths). Again, the earlier hypothesis for PF2/6 is supported. The angle, «, used later in
this work, was determined to be the value of maximum absorbance because this corresponds

to the strongest transition.P

The data presented in Table 6.1 are taken from experiments on films that had been stretched
30 times their original length. The table includes data from two films taken from the same
stretched piece and two from the same isotropic batch that have been stretched independently.
It can be seen from the table that the films from the same stretched piece have similar short
range order parameters and similar LD values. Those from the same isotropic batch, but a
differently stretched piece, have different order parameters. However, they do show that « is
between 15° and 20 °.

PThe data for the film used in Figure 6.21 and that from PF2/6 films that had been stretched 30 times is
listed in Table 6.3.
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Polymer | Stretch | Order Parameter € LD" | «
40.02 +2° +5°
PF2/6* 30 0.937 12° | 0.75 | 21°
0.84 20° 15°
PF2/6* 30 0.931 12° | 0.73 | 22°
0.81 20° 15°
PF2/6** | 30 0.77 23° | 0.62 | 21°
PF2/6** | 30 0.64 29° | 0.60 | 12°

137

Table 6.1: Table of absorption transition dipole angles determined for PF2/6. (e: back-
bone to film alignment; a: backbone to absorption transition dipole moment; * & **
films were made from the same initial film. Order parameter determined by fluorescence
anisotropy measurements and T x-ray diffraction.

For comparison the angles predicted using the order parameter determined by GIXD (0.93)

and fluorescence anisotropy (dependent on the film) are shown in the table. It is noted that

the 5° difference that occurs in the angle ¢ is propagated to the angle «, and this changes

the absorption transition dipole moment angle by 5°.

Whichever order parameter is used, the absorption transition dipole is shown to be off-chain

for the region of highest absorption. The absorption transition dipole corresponding to the

blue edges of the conjugation length distribution are even further off-chain (Figure 6.21).
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Figure 6.22: Linear dichroism spectra of mechanically stretched polyethylene films doped
with MeLPPP stretched 8 (squares) and 12 times (circle). The graphs show that the
LD increases as the as the stretching increases. The energetic position of the main
absorbance transitions are unaffected by the mechanical process.

The experiments were repeated for films containing the ladder-type polymers showing a
similar trend in off-chain absorption transition dipole moment. First, the effect of different
stretch ratios is investigated and then the angles of absorption transition dipole moment for

the two edges of the conjugation length distribution are listed.

The linear dichroism (LD) results of two mechanically stretched MeLPPP in polyethylene
films are shown in Figure 6.22. The films came from the same unoriented sample and were
stretched 8 times and 12 times their original length respectively. The figure shows a structure
that follows the polymer’s absorption spectrum and, as the film is stretched, the LD of the two
peaks increases and the LD trough between them decreases. The LD at the two absorption
peaks is 0.03 and 0.07 at Ags = 425 nm and Agps= 460 nm respectively. The wavelengths
between the peaks has an LD of 0.02 at \gps = 440 nm. Using the order parameter determined
by Raman spectroscopy (® = 0.54), the angle between the absorption transition dipole and
the polymer backbone for the red-edge (455 nm), augeq can be calculated using equation 2.25
to be 18°. The angle between the absorption transition dipole and the backbone varies with
excitation wavelength as at the blue-edge of the spectrum (440 nm) apgpe = 42°, making an

angular difference of 24° across the absorption spectrum for this film.

Whilst the LD increased for the film stretched 12 times its original length, no measurement
was taken of its order parameter, so it is not possible to estimate angles from this film. If the
order parameter were the same (as assumed above, 0.54) then the average angle « is reduced

slightly and the angular distance between the two edges is similarly reduced.
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Figure 6.23: An example polarised absorbance spectra of aligned < 1% 2,6-NLP films
stretched 28 times. The graph shows the absorbance parallel (black) and perpendicular
(red) to the films alignment direction. These spectra were used to calculate the linear
dichroism and using the order parameter determined by fluorescence anisotropy the angle
between the backbone and the absorption transition dipole moment were calculated.
These angles are shown on the graph by red circles. Angles at the maximum absorption
wavelength are tabulated in Table 6.1.

Other films containing the ladder-type polymer were also investigated and were analysed
using an order parameter determined by fluorescence anisotropy. Figure 6.23 shows the
absorbance parallel and perpendicular to the films stretch direction. The figure shows that
there is a dichroic ratio of 2, again indicating that the absorbance transition dipole moment
is not aligned parallel or perpendicular to the stretch direction. The figure also shows the
angle, «a, calculated from equation 6.2, and the order parameter estimated by fluorescence

anisotropy.

As with PF2/6, and predicted in Chapter 5, the angle « is dependent upon the absorption
wavelength. This is attributed to the change in conjugated length. The angle is smallest
at the red-edge of each of the absorption vibronics. This fits with the idea that the longer
conjugation lengths are more aligned with the backbone (despite still being at 20° from the
backbone). The other point to note is that the angle a varies in the same way (follows
the absorption spectrum) as the fluorescence anisotropy follows the excitation wavelength.
This supports the idea that it is the absorbance transition dipole moment that varies with
wavelength not the emission transition dipole moment. It also confirms that there is a single
emission transition dipole. If there was more than one emission transition dipole moment,

the fluorescence anisotropy would not be an exact replica of the LD spectrum.
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The data from a collection of films containing one of the two ladder polymers are shown
in Table 6.2 and contain the angles derived from the results. As with the MeLPPP film
above, the data in the table suggest that increasing the extension reduces the angle that
the absorption transition dipole moment makes with the backbone. This is not physically
possible as the angle is intrinsic to a molecule. Therefore, the data should be interpreted as
showing that with increased extension more of the polymers become aligned and the width

of the distribution of the angles measured is reduced.

The width of the angular distribution in MeLPPP is broad and is believed to arise from the
fact that the backbone is branched (shown in Figure 2.12) and the two units contribute to
both polarisations. As the contributions are not necessarily equal they will have the effect of

increasing the experimental error.

Polymer | Stretch | Order Parameter | ageq | ape | Difference
2,6-NLP~* 11 0.20 25° | 33° 8°
2,6-NLP~* 28 0.42 22° | 38° 16°
MeLPPP 88 0.54 18° | 42° 24°
MeLPPP 12 0.39 28° | 35° 7°
MeLPPP 20 0.54 5° 22° 13°

Table 6.2: Table of absorption transition dipole angles determined for the ladder-type
polymers. (e: backbone to perfect alignment; a: backbone to absorption transition dipole
moment; apr.q and apg;,. refer to the edges of the conjugation length distribution.
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Figure 6.24: Diagram of the location of the the red and blue absorption transition dipole
moments lie in (a) 2,6-NLP stretched 28 times its original length and the order parameter
determined by fluorescence anisotropy and (b) MeLPPP stretched 8 times its original
length and the order parameter determined by partially polarised Raman Spectroscopy.

Table 6.2 and Figure 6.24 show the location of the absorption transition dipoles for the blue
peak and red-edge of the polymer’s absorption spectrum. They clearly show that the red-edge
is localised 20° off the chain axis and the blue-edge is up to a further 20° from that. The
cylindrical rotational symmetry of the transition dipoles around the polymer’s backbone has

also been indicated in the diagrams.

The results of the linear dichroism (LD) measurements (Figure 6.22) also confirm that there
are a range of absorption sites which are at different angles as hypothesised in Chapter 5. The
apparent change in alignment of both chromophores with respect to the stretching direction
as the mechanical stretching is increased indicates that the polymer is being straightened.
Because neither PF2/6 nor MeLPPP show a constant linear dichroism (which would be seen
as a constant «/) it can be confirmed that earlier assumptions about the polymer conjuga-
tion length distribution are valid. Had there been only one absorption dipole orientation,
and hence a single chromophore, the linear dichroism across the whole spectrum would have
tended to a constant value. Using the order parameter approximated via the Raman spec-
troscopy, the angle between the absorption transition dipole moment and the backbone for
the red-edge, ageq, is ~ 24 ° off that axis (for MeLPPP); whilst not directly confirming the
fluorescence anisotropy result, this new result strongly supports the theory outlined earlier.
The angle found using the films studied with fluorescence anisotropy shows a much smaller

angle (between 7° and 13°) which support the fluorescence anisotropy results.
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6.7 Location of the transition dipole moments relative to the
polymer’s backbone.

6.7.1 Overview

The results of the x-ray diffraction and fluorescence anisotropy have shown that the lumines-
cent polymer, PF2/6, can be aligned in a stretched polyethylene matrix. Similar experiments
have shown that MeLPPP and 2/6-NLP can also be aligned to some extent by the stretching
method.

The more flexible polymer, PF2/6, has shown the highest dichroic ratio and the highest
order parameter of the three polymers studied. It is significantly more aligned than the
ladder polymers and forms an angle of ~ 12° with the stretch direction of the PE host and
possesses some long range order. In contrast the order parameters of the ladder polymer
blends indicate that this angle is ~ 35° for the rigid-rod polymers and that it has very little

long range order.

The x-ray diffraction results have also confirmed previous work on stretched PE films that
have shown that there is still a large amount of alignment even if the PE does not show the
sharp diffraction peaks associated with long range alignment.20?207 Whilst x-ray diffraction
was not successful in determining the order parameter of the ladder type polymer blends,
the techniques that study a smaller area (fluorescence anisotropy and Raman spectroscopy)
of the sample were successful. It is worth noting that the different techniques give consistent

results within £+ 10° error.

Using linear dichroism on the stretch aligned films has allowed the absorption transition
dipole moment to be located for each of the polymers. It was found to be up to 21 ° off-axis.
Previous studies of other conjugated polymers have also found that the absorption transition
dipole moment is similarly off-axis, in the linear polyenes it was located 15° away from
the chain'% and this value has been confirmed for the conjugated polymer MeH-PPV.227
This information, coupled with the results from low temperature fluorescence anisotropy
measurements in the earlier chapters will allow progress in explaining the behaviour of the

excitation. This is dealt with in the following section.
6.7.2 Collation of results

The data collected in Chapter 6 is collated in Table 6.3. Even in tabular form, it can be
seen that for all three polymers the angle between the absorption transition dipole moment
is very similar to that of the angle between the absorption transition dipole moment and
the emission transition dipole moment. The predictions for these angles are related to one

another and they are shown in Figures 6.25 and 6.26.
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Polymer | Stretch | Order Parameter € LD" | o |0
+0.02 £2° +5° | £6°
PF2/6* 30 0.931 12° 1 0.75 | 21° | 21°
0.84 20° 15°
PF2/6* 30 0.937 12° ] 0.73 | 22° | 21°
0.81 20° 15°
PF2/6** 30 0.77 23° | 0.62 | 21° | 21°
PF2/6** 30 0.64 29° 1 0.60 | 12° | 21°
2,6-NLP~* 11 0.20 47° 1 0.14 | 25° | 15°b
2,6-NLP~* 28 0.42 38° 1 033 | 22° | 15°
MeLPPP 8 0.548 35° | 046 | 18° | 15°
MeLPPP 12 0.39 40° | 0.22 | 28° | 15°
MeLPPP 20 0.54 35° ] 054 | 5° | 15°
MeLPPP 25 0.44 38° | 0.55 - 15°

Table 6.3: Various polymer angles as determined in this study. (e: backbone to perfect
alignment; a: backbone to absorption transition dipole moment; 0: absorption transition
dipole moment to emission transition dipole moment. x and *x films were made from the
same initial film. b: error for the LPPPs is +15°.) Order parameter determined by flu-
orescence anisotropy measurement except {: x-ray Diffraction and §: partially polarised
Raman spectroscopy. 6 determined from low temperature fluorescence anisotropy and i
from Figure 6.18.

These figures show the location of the polymer backbone from the stretch direction at the
“average” angle determined via x-ray diffraction. Assuming a uniaxial distribution they
also show the average angles the absorption and emission transition dipoles make with the
backbone. The diagrams do not show the error on these measurements and are for illustrative

purposes only.

The emission transition dipole moment lies in a cone of angle, #, from the absorption transition
dipole moment, but in the figures only the location towards the backbone in the plane of the
paper is shown. For completeness, the small angular difference that arises from calculating the
positions with the order parameter determined by (a) GIXD and (b) fluorescence anisotropy
measurements is shown in Figure 6.25. The diagrams illustrate that the average absorption
transition dipole moment location is off axis whereas the emission transition dipole moment
is at an angle that is more along the backbone. Both images show that the transition
dipole appears to rotate from an off-axis position towards the backbone of the polymer. The
cylindrical rotational symmetry of the transition dipoles around the polymer’s backbone has

also been indicated in the diagrams.

The angle of the transition dipole moments determined for the two ladder polymers are shown
in Figure 6.26. But fluorescence anisotropy experiments clearly indicate the rotation of the
emission dipole towards the backbone. The schematics in Figure 6.26 ((a) 2,6-NLP and (b)
MeLPPP) show that there is a rotation of the transition dipole moments from a state located
off-chain to a state more aligned with the chain. In the ladder-type films this rotation is not
as complete as PF2/6. This is a result of larger experimental errors (the order parameter

measured via fluorescence anisotropy has a large error of + 10°) and the fact the films have
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Figure 6.25: Diagram of where the absorption and emission transition dipole moments lie
in a PF2/6 film. (a) shows the angles determined with the order parameter determined
by GIXD and (b) shows the angles determined with the order parameter determined by
fluorescence anisotropy. The short solid arrows indicate the absorption transition dipole
moment and the dotted arrows are the emission transition dipole moment.

Figure 6.26: Diagram of where the red and blue absorption and its emission transition
dipole moments lie in (a) 2,6-NLP stretched 28 times its original length and the order
parameter determined by fluorescence anisotropy and (b) MeLPPP stretched 8 times
its original length and the order parameter determined by partially polarised Raman
Spectroscopy. The short solid arrows indicate the red and blue absorption transition
dipole moment and the dotted arrows are the emission transition dipole moment.
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a low order parameter. The difference in backbone position that arises due to the two order
parameter measurements comes from a combination of two effects. The first, most obvious
discrepancy arises from aligning the system by eye which can give an error of up to 3°. The
second discrepancy arises from the fact the two experiments probe different order ranges; x-
ray diffraction probes the long order range whilst the fluorescence technique probes the short
range. From the results from stretched polymer films it can be seen that the polyethylene is
not totally aligned (it would appear as single peaks instead of powder rings if it were) which
means there may be areas of the film that have slightly different ordering. This is due to
either an imperfect blend or a higher doping concentration. If the PE is not perfectly aligned
it would provide a lower estimate of the order parameter on the short scale and there would
be a small degree of variation if the two areas probed by the fluorescence anisotropy and the
linear dichroism techniques were slightly different. This is entirely feasible since the piece of

film studied was 1 cm x 1.5 cm.

Another aspect to take into account is that the equations used in the determination of the
order paramter via fluorescence anisotropy contain another experimentally determined value,
the natural anisotropy. An estimate for its value was based on a low temperature extrap-
olation of fluorescence anisotropy results taken in dilute solution, see Chapters 4 and 5.
Fluorescence anisotropy of materials in solution does give an excellent estimate of the nat-
ural anisotropy?'® but the value can be subject to solvation effects and, as noted previously
in this chapter, it is necessary to know the value of the host material’s anisotropy. In Figure
6.17, the anisotropy for the isotropic PE blends are presented and the PF2/6 value is about
(r) = 0.20 £ 0.01. If this value were used, then the order parameter for the films shown in
Figure 6.19 (a) and (b) increases to 0.96 (from 0.84) and 0.93 (from 0.81) which is in excellent

agreement with the x-ray diffraction results.

This analysis procedure fails when applied to the ladder-type films, where a low natural
anisotropy gives rise to an order parameter greater than 1. As suggested previously, this low
natural anisotropy is explained by the lack of order in the isotropic phase. It is apparent that
when the hot o-xylene solution is poured on to the glass slide it does not affect the ladder-type
polymers and force them into order in at least one direction. The random orientation in this
plane must not be ignored once the film is stretched and some polymers may not lie in the
plane of the film. This has the resultant effect that the transition dipole moments will not lie
in that plane either. Since the results presented are for the whole sample, any out of plane
polymer will mean the angles determined will be slightly less perfect (as shown in Figure
6.26) and yet still fit with the theory for PF2/6. It can be safely assumed that the PF2/6

molecules do reside in the plane of the film due to the anisotropy value of the isotropic blend.

The schematics, with all their associated errors, do illustrate that the same dipole reorien-
tation process occurs in the flexible PF2/6 and in the more rigid ladder-type polymers. In
previous work, this depolarisation has been explained as a result of the polymer’s flexibility,
where the twisting of the backbone drives the process.*® 8! Here it is shown that this the de-
polarisation is more fundamental and not necessarily linked to physical conformation change

because it lies in a fixed matrix.
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In Chapter 4, shortening the polymer chain and removing excitation migration to new sites
were observed as an increase in the fluorescence anisotropy. But in no case was the maximum
value of fluorescence anisotropy observed. It was explained in Chapter 4 that the conforma-
tional relaxation facilitated the fluorescence anisotropy loss in PF2/6. With the polymers
immobile in an isotropic host this explanation is not viable, the only explanation left is that
the electronic relaxation of the excited state is responsible for the anisotropy loss. This re-
laxation is equivalent to a conjugation length change of just a few bonds but is enough to
cause a significant reorientation of the dipole moments. The interpretation is that as the
conjugation length increases the emission transition dipole moment becomes more aligned

with the polymer backbone.

This explanation almost fits with Westenhoff et al.3' who have theorised that, as planarisation
of the molecule occurs, the excited state extends over a few more adjacent bonds. In this
case, it is unlikely that the polymer PF2/6 can undergo total planarisation (or twisting to
the same extent as it can in solution) because of the rigid matrix. However, the electronic
extension of the excited state is not precluded. A similar process must happen in the ladder

polymers independent of phase because it is a rigid-rod that is incapable of planarising.

Ignoring a polymer’s flexibility and concentrating solely on the ladder-type polymers, the
location of the absorption transition dipole moment relative to the polymer’s backbone can
be considered. The linear dichroism results suggest that the ground state also behaves in the
same way: as the conjugation length increases, the angle between the absorption transition
dipole moment and the polymer’s backbone reduces. As expected the electronic states are
governed by the backbone configuration and as the states delocalise they overcome the crooked

nature of the backbone.

Another finding of this work is that PF2/6 undergoes phase segregation in a polyethylene
matrix. X-ray diffraction results and fluorescence microscope images have been used to
show that microcrystalline regions of PF2/6 guest arise in the PE host. These results do
support the concept of phase segregation at higher polymer concentrations and will be the
basis for more research into polymer blends. As the concentration is reduced to below 1%,
the micocrystallites reduce in size, possibly down to single molecule size. Thus, at low
concentrations it can be assumed that these PE films take on the characteristics of dilute

solutions suggesting that the molecules are indeed isolated.

This assumption is confirmed by the measurements on the ladder polymers as the fluorescence
anisotropy for a stretched film and that of a solution (found in the previous Chapter 5)
appear very similar. But given that aggregates can still form, it is not possible to determine
whether it is a small aligned aggregate that explains the photophysics. Interestingly, before
stretching, the films tend to have an amorphous nature and as they are stretched, they take

on the properties of a dilute solution.
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6.8 Conclusions

The order parameter of stretched polymer blends (conjugated polymer in polyethylene)
was determined through x-ray diffraction, polarised Raman spectroscopy and a fluorescence
anisotropy technique. The angle of the backbone to the stretch direction was found to be ~
12° for PF2/6, ~ 40° for both 2,6-NLP and MeLPPP. The results from different techniques
were compared and found to vary with an error of 10°. This is thought to have arisen from
the errors associated with fluorescence anisotropy approach as this relies heavily on another

experimentally derived value.

Linear dichroism experiments were carried out successfully on the films for which the order
parameter had been determined. This data was used with the order parameter measurements
to calculate the angle between absorption transition dipole moments and the polymer back-
bone. The results strongly suggest that the absorption transition dipole moments lie up to

20 ° off-axis.

The information about the order parameter and the linear dichroism results was then com-
bined with the natural anisotropy values from Chapter 4 (for PF2/6) and Chapter 5 (for 2,6-
NLP and MeLPPP). This information gives the angle between absorption transition dipole
moment and emission transition dipole moment and was used to determine the relationship
between the emission transition dipole moment and the polymer backbone. It was illustrated
that one conclusion is that the emission transition dipole moment is along the backbone. This
was shown diagrammatically for PF2/6. The results in Chapter 5 showed that the anisotropy
varied across the absorption spectrum and this was used in conjunction with linear dichroism
to calculate the absorbance angles for the ladder-type polymers. For 2,6-NLP it was found to
be dependent upon the order within the film: but the higher energy edge is over 16 ° from the
red-edge, slightly more than predicted by the fluorescence anisotropy results of the previous
Chapter 5.

For MeLPPP, it was found to be similarly dependent on order, but is still thought to be
~ 15° further from the red-edge and, therefore, comparable with the anisotropy results. It is
conjectured that the longer lengths are delocalised along the polymer’s backbone and as the

conjugation length shortens, it becomes more localised away from the polymer’s backbone.

The reason for the varying absorption transition dipole moment angle with wavelength is due
to the distribution of conjugated length supported by a polymer. Each conjugation length
has a different absorbance transition dipole moment, dependent upon its length (the angle
reduces as the conjugation length increases). It follows that the extension of the conjugation
length over more bonds affects the angle. It has been hypothesised that the kinks in the
polymer backbone (from flexibility in PF2/6 branched formation in MeLPPP and non-linear
backbone in 2,6-NLP) cause this difference.

As a consequence of these findings if these aligned molecules were used in conjunction with a
semiconductor LED to create a polarised backlight, the molecules would need to be oriented
at 15 ° to the LED polarisation direction for maximum absorbance. They would also need to

be parallel to the transmission axis of the polariser for the maximum transmission efficiency.
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These experiments have successfully produced results that show how depolarisation changes.
However, they have not proved why it occurs. To understand the process at an electronic
level, time resolved studies need to be carried out. Preliminary investigations into polarised

single photon counting experiments are reported in the next chapter.



CHAPTER 7

TIME-RESOLVED FLUORESCENCE ANISOTROPY
STUDY

7.1 Introduction

This chapter contains the first time-resolved spectroscopy on the newly synthesised polymer,
poly(naphthylene-phenylene) (2,6-NLP) and reports its fluorescence lifetime. The chapter
also reports on time-resolved fluorescence anisotropy measurements carried out on polymers
in solution, spun cast films and in an inert aligned PE matrices. In particular, this chapter
contains further experimental work on the polymers poly|[9,9-di(ethylhexyl)fluorene] (PF2/6),
methyl-substituted ladder-type poly(para-phenylene) (MeLPPP) and 2,6-NLP. These exper-
iments investigate the fluorescence anisotropy decay time which reveals more information

about the processes behind the fluorescence anisotropy loss in these polymers.

Time-resolved fluorescence anisotropy measurements (TRAM) are used to study the fluores-
cence anisotropy changes over very short timescales. The anisotropy loss is the orientation
change between the absorption and emission transition dipole moments and is sometimes
referred to as fluorescence depolarisation. This term is used because the initial polarisation
represents the orientation of the absorption transition dipole moment and the final polarisa-
tion represents the orientation of the emission transition dipole moment. The change between

them constitutes a depolarisation.

In Chapters 4 and 5 the steady state fluorescence anisotropy of the polymers PF2/6, MeLPPP
and 2,6-NLP was investigated. In all cases, the fluorescence anisotropy was observed to be less
than the theoretical maximum, even at low temperatures. In Chapter 4 the anisotropy loss
in the flexible PF2/6 was explained as a consequence of excitation energy transfer to different
sites along the chain. A smaller anisotropy loss was still observed in short oligomers that are
unable to support excitation energy transfer. This was explained to be a result of the the
planarisation of the polymer’s backbone. The results in Chapter 5 were used to suggest that
the anisotropy loss in the inflexible MeLPPP was due to exciton migration, perhaps between
adjacent orthogonal chromophores. Depolarisation in 2,6-NLP, another rigid polymer, could
only be due to an electronic process on chain. Using TRAM and measuring the anisotropy
decay times, it is hoped, that the mechanisms proposed in these earlier chapters can be

confirmed.

TRAM allows fluorescence anisotropy decays to be observed from the maximum anisotropy to
the steady-state value. The maximum can only occur if the absorption and emission transition
dipole moments are parallel. If the decay starts at an anisotropy less than the theoretical
maximum (0.40), it confirms the presence of another anisotropy loss process which is intrinsic

to the molecule. TRAM is then used to monitor the fluorescence anisotropy loss from the

149
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early-time anisotropy to the steady state value.

TRAM also estimates the anisotropy decay time (sometimes called the depolarisation time)
which can be used to determine the mechanisms responsible for the anisotropy loss. A slow
anisotropy decay time implies that the mechanism is likely to be due to a physical change
in the molecule. An electronic process will occur much faster than a physical process and

fluorescence depolarisation due to this will occur in less than one picosecond.*8:228

In Chapters 4 and 5 the natural anisotropy of the three polymers was evaluated. Each of the
polymers presented a high natural anisotropy (0.32 for PF2/6 and 0.36 for ladder) but none
of them presented a natural anisotropy of the theoretical maximum 0.40. This suggests that

there is a process responsible for a fundamental anisotropy loss.

In an attempt to uncover the fundamental anisotropy loss process, all three polymers were
investigated using TRAM. To be able to solely investigate the intrinsic anisotropy loss process,
the short, rigid-rod polymer 2,6-NLP was studied in preference to the other two polymers.
Its length and structure both stop the common anisotropy loss processes that the other two
suffer from. The short length of the polymer reduces, if not eliminates the possibility for
exciton migration. This is because polymers of such a short length cannot support more

than one chromophore. The rigidity of the polymer removes conformational motion.

By studying 2,6-NLP in different media (highly dilute solution, spun films and aligned PE ma-
trices,) it was confirmed that this polymer does not rotate in solution (another anisotropy loss
mechanism). Comparison of the results from different media has highlighted an anisotropy
loss process that is independent from the polymer’s surroundings. This comparison has also

showed that the intrinsic anisotropy loss that happens on the molecular level.

The TRAM results of the other polymers were also compared with this short, rigid-rod
molecule to compare the anisotropy loss processes within them. It was ascertained that the

intrinsic anisotropy loss is the same as in other conjugated polymers.

None of the experiments revealed an early-time anisotropy of greater than the natural anisotropy
of the molecule. This indicates an anisotropy loss process that occurs faster than the resolu-

tion of the experimental equipment.

7.2 Previous Research

Time-resolved anisotropy measurements (TRAM) have been used successfully in several sci-

229-231 232-234 235-238

entific fields including chemistry , physics and most importantly biology.

This interdisciplinary technique studies the fluorescence anisotropy as a function of time and

is most frequently used to study structures, conformational changes and rotation in biological

77,154,155, 239-241

molecules and conjugated polymers.?427245 Very recently it has also been used

to observe fluorescence depolarisation in an attempt to understand the physical processes of

conjugated polymers after excitation.?46-248
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TRAM are usually made by recording polarised emission as a function of time and the only
limit for the experiment is the temporal resolution of the equipment used. For example,
single photon counting methods (as described in Chapter 3) with a time resolution of tens of
picoseconds are used to measure rotation times of long proteins. The advent of increasingly
faster laser response systems has meant that it is possible to probe earlier into the electronic
time frame of a molecule’s excited life. Using three-pulse photon-echo experiments it has
been possible to investigate processes that occur on the 100 fs timescale and hypothesise as
to what happens prior to thig. 44,228,249

Other ultrafast (faster than 1 ps) techniques have been employed by some groups to inves-
tigate what is rapidly becoming a very important topic.2”4852250 The anisotropy loss is
linked to electronic relaxation within the polymer and this is either energy transfer or ex-
citation migration to defects. Both of these processes can hinder the efficiency of devices
made of conjugated polymers. Once the processes have been identified and understood, the

information can be used to limit these detrimental migration processes.

Dykstra et al. have recently listed the anisotropy loss processes and their time frames in
the flexible polymer MEH-PPV.228 Their work has linked the movement of excitons through
the polymer chain to different time frames. The researchers have hypothesised that intra-
and inter-chain migration of the excitons occurs between 1 ps and hundreds of picoseconds
after excitation and confirm that this would have a significant effect upon the fluorescence
anisotropy. Their work has also hypothesised that fluorescence anisotropy can be lost in less
than 100 fs because the exciton is trapped on a specific site as a result of planarization of
the backbone. They propose a “dynamic localisation” to explain the fastest anisotropy loss
process (~ 50 fs). This is a process which changes the energy and shape of the excited state

but the excitation is essentially localized on a polymer segment.*®

The work of Dykstra et al. and many other experimentalists has been carried out on flexible
polymers, that is polymers that can undergo torsional motion about their backbones (the
same as is hypothesised to occur in PF2/6). This key fact about the structure has played an
important role in the explanation of their data. The TRAM experiments carried out here, to
understand the intrinsic anisotropy loss (from 0.40 to the natural anisotropy), were carried
out on rigid polymers. It is hoped that the measurements will further extend the knowledge
of the polymers already investigated in this thesis and confirm the processes hypothesised to
exist within them. An important additional finding will be the comparison of depolarisation

results from a wholly rigid polymer to those already published.
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7.3 Time-resolved Fluorescence Anisotropy Measurements -
Theory

Measuring the evolution of fluorescence anisotropy decay can be done with several methods
including photon echo, polarised pump-probe and time correlated photon counting (TC-
SPC). TRAM using a TCSPC technique has been very successfully used in the biological sci-
ences. %% 251,252 Here, an existing TCSPC experiment, with a resolution of 7 ps was adapted
to measure polarised decays. The TCSPC system, described in Chapter 3 section 3.4.8 and

shown in Figure 3.8, had additional polarisers placed before and after the sample.

As explained in Chapter 2, the fluorescence anisotropy is a measure of the average angular
difference between the absorption and emission transition dipole moments. This difference
can only be observed during the fluorescence lifetime of the polymer and equation 2.26 can

be made into a function of time to give.’!

Iy(t) = 1.(2)

r(t) = —————— 7.1
(r®) I(t) +210.(2) (7.1)
where Iojignment is the intensity of the emission, and || and L are the relative alignment of

the excitation and emission polarisers. In an experimental situation equation 7.1 becomes:

Iy(t) — GIp(t)

<r(t)> - Ivv(t) +2GIvh(t)

(7.2)

where Iy e represents the intensity of light with orientation of the polariser in the light
path: either horizontal (h) or vertical (v). The fluorescence anisotropy can also be described
as a function of time, in particular by a series of exponentials of the rotational correlation

times (or anisotropy decay times), ©;:

(r(t)) = ) Biexp(—t/6;) (7.3)
=1

where B; is the pre-exponential factor.

This equation assumes that the molecule is a spherical rotator and that it has only one ro-
tational correlation time. It has already been shown in Chapter 4 that the rotation of the
polymers investigated is extremely limited, therefore the rotational correlation time refers
solely to the electronic on-chain depolarisation processes in this case. The emission comes
from sites that are only reached due to depolarisation processes. This means that all the
emission components contribute to the overall depolarisation (anisotropy loss). This assump-
tion means that the polarised emission decays can be written as a series of terms involving the
fluorescence lifetimes, 77;, and the rotational correlation times ©; by Lakowicz®! and Hauer
et al.1??
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Intagic(t) = > Ajexp(—t/7p;) (7.4)
=1
Ii(t) = In(t)

= IO+ 2 ()] = Y Asexp(~t/mp)[L+ 2 Byexp(~/6;)] (7.5
i=1 j=1

I,(t) = GILx(t)

1 n m
= IO ()] =Y Aexp(—t/7)[L =Y Byexp(—t/0))]  (T.6)

=1 7j=1
To analyse the experimental data the following procedure was used: experimental polarised
fluorescence data was first globally analysed with the above equations to retrieve I, H(t) and
I, (t). The fits were then used to create an anisotropy decay via equation 7.2 which was then

fitted with equation 7.3 in Microcal Origin Pro 7 to find the rotational correlation times.

7.4 Experimental

The time-resolved fluorescence decays and anisotropy measurements were made with the time-
correlated single photon counting equipment described in section 3.4.8 in Chapter 3. This
was achieved by the addition of a polariser in the emission collection optics. In particular,
the emission polariser was aligned at the magic angle for isotropic (Magic angle: Ipsqgic(t))
decays and parallel or perpendicular relative to the vertically polarised excitation in order
to collect the polarised decays I)|(t) and I, (t) respectively. The same integration times were
used for both polarised decays and were kept as short as possible to give at least 6,000 counts

at the peak(no more than 600s). The laser was deemed to be stable for these durations.

The analysis procedure (described in section 3.4.11) involved deconvoluting the magic angle
decays first to determine the fluorescence lifetime. This value was then included in the
analysis employed to fit each polarised decay. The polarised decays were fitted as a series of
exponentials as per the expansion of the equations 7.5 and 7.5. The fitted polarised decays
were then used to model the anisotropy decay using equation 7.2 which was fitted to a sum

of two rotational correlation terms as in equation 7.3.

However the more typical method, of fitting for the rotational correlation coefficients directly,
was also employed and it was found to deliver the same © value. The data presented is from
the indirect method to show that time-resolved fluorescence anisotropy can be analysed very
simply and with less sophisticated fitting software. The only limit with this method is the
number of terms required in the fitting procedure: for two fluorescence lifetimes and two
rotational correlation coefficients then six terms are required. All the information pertaining
to the rotational correlation coefficients is contained within the series exponential fit, but it

is accessed when the anisotropy decay is analysed.

The process was repeated for several emission wavelengths corresponding to the emission

spectrum of the polymers. These values are clearly indicated in the text.
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The time-resolved fluorescence anisotropy technique was carried out on the short rigid-rod
polymer 2,6-NLP. Three different hosts for the polymer were investigated: highly dilute solu-
tion (isotropic), thin spun cast film (isotropic) and within a polyethylene blend (anisotropic).
Solutions of the conjugated polymer in either toluene or methylcyclohexane (MCH) were
made with a concentration of 3 mg/mL. This resulted in absorbance of 0.1 O.D. at the
maximum absorbance wavelength and removed reabsorption effects. The isotropic spun cast
film was made from a 10 mg/mL toluene solution. The anisotropic polyethylene blend was
stretched 30 times its original length and had an order parameter of 0.42 (as determined by a
fluorescence anisotropy technique in Chapter 6section 6.4. Full details of sample preparation
can be found in Chapter 3 section 3.3. These experiments were used as a basis for comparison
with the results from a rigid, but branched polymer MeLPPP, studied in dilute solution only
and with a flexible polymer, PF2/6, which was studied in solution, spun isotropic film and

PE matrix.

7.5 Isotropic time-resolved emission of 2,6-NLP results and

discussion
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Figure 7.1: Raw data (black) and model from global analysis (red) for fluorescence decays
of 2,6-NLP in MCH. The excitation wavelength was 454 nm and emission was collected
at 460 nm and 484 nm. Beneath the figure the weighted residuals of the analytical fit are
shown. The fluorescence lifetimes and pre-exponential factors found by global analysis
are also stated. The small residuals and the low x? factor indicate that the parameters
are a good fit for the raw data. The results corresponding to the other decays are collated
in Table 7.1

This section contains the first report of the fluorescence lifetimes of naphthylene-substituted
ladder-type poly (para-phenylene) (2,6-NLP). The lifetimes found in this part of the work will
be used in the time-resolved anisotropy measurements that follow this section 2,6-NLP is a
newly synthesised ladder-type polymer. Ladder-type materials are known for their blue-green

emission and rigid backbone conformation. The absorption and emission of the polymer are
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shown in Figure 5.1. It can be seen that the spectra contain very narrow peaks meaning that
there is only a small change between the ground and excited states orbital configurations.
The fluorescence lifetimes have been found through time correlated single photon counting
(TCSPC described in Chapter 3) in toluene and MCH. The results will be compared with
those from the existing ladder polymer methyl- substituted ladder-type poly (para-phenylene)
(MeLPPP) which is also measured here.

Fluorescence lifetimes have been found for two excitation wavelengths; one at the peak ab-
sorption (448 nm) and the other at the red edge of the absorption spectrum (454 nm), and two
emission wavelengths (peak and red edge of the emission). The two excitation wavelengths
were chosen to enable an investigation into two parts of the conjugation length distribution.
Exciting at the wavelength of maximum absorption means that there are a number of lower
energy electronic sites for an excitation to move to before recombination and emission which
leads to a longer lifetime. The number of sites with lower energy is reduced by exciting at the
low energy edge of the conjugation length distribution. This should be revealed as a shorter
lifetime because the excitation does not move to a new site. Decays were also recorded for
two different emission wavelengths which allows a global fitting procedure to be carried out.
Global analysis is a procedure that allows the data for different emission wavelengths to be
fitted simultaneously and assumes that the lifetimes are identical. By increasing the amount
of data, the global analysis and deconvolution process can be assumed to be more accurate

than for a single data set. Overall four decays were recorded for each polymer in each solvent.

The data was globally fitted for pairs of emission wavelengths: an example of this analysis is
shown in Figure 7.1. The figure shows the raw data, the analysis from the fitting procedure
and the weighted residuals. It can be seen that the analysis is a very close fit to the raw
data. This is explicitly indicated by the small weighted residuals which indicate the difference
between the raw data and the model created from global analysis. The x? factor evaluates
this difference for the whole data set and a value close to 1, as here (1.02 and 1.07), shows
that the model fits for the whole data set.

The experimental data was analysed with a single exponential resulting in large residuals and
a poor 2 factor, thus the best fit was achieved for two exponential terms. There is a small
spike in the residuals which coincides in time with the instrument response function (IRF).
This is most likely to have arisen from a slight scattering of light in the finite width of the
IRF. Global fitting with a third exponential term did not locate a short lifetime responsible
for the spike. Since the spike is very small and present in all the experiments it is considered
to be a systematic experimental artefact. It is discussed in the results of the time-resolved

anisotropy measurements in the following section.

The small residuals and x? factor close to unity indicates that the fluorescence lifetimes and
pre-exponential are appropriate for the raw data. The lifetimes found (360 ps and 170 ps)
are both well above the resolution limit of the equipment (7 ps) and they are separated by at
least twice the lowest lifetime. Therefore, they can be considered to be two separate lifetimes

that have been successfully resolved.
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Solvent Aex[Dm]  Aemy [nm] 7y [ps]:(A1) 72 [ps]:(Ag) Fit quality
2

X
MCH 448 454 367 (0.71) 229 (0.29) 1.06
483 367 (0.59) 229 (0.41) 1.05

454 460 360 (0.69) 169 (0.31) 1.02

485 360 (0.69) 169 (0.31) 1.07

Toluene 448 454 338 (0.75) 219 (0.25) 1.08
483 367 (0.71) 202 (0.29) 1.04

Global 448 454 350 (0.68) 212 (0.52) 1.15
analysis 483 350 (0.82) 212 (0.18) 1.14
454 460 335 (0.73) 173 (0.27) 1.04

485 335 (0.74) 173 (0.26) 1.05

Table 7.1: Analysis parameters of the fluorescence decays of 2,6-NLP in MCH and
toluene. All but the data from excitation at 448 nm have been globally analysed. The
global analysis of this set increased the y? factor but has been included in the table in
italics to show this.

The data acquisition and analysis was repeated for toluene solution and the lifetimes and pre-
exponentials and x? factors are also listed in Table 7.1. The data was mostly analysed globally
because this improves the reliability of the analysis procedure to find the real lifetimes. In
the case of excitation at 448 nm globally fitting the data increased the x? factor and the
weighted residuals as shown in the table. Lower residuals were achieved by fitting the data
individually. The table shows for the excitation wavelength 448 nm that the lifetimes and
pre-exponential factors found are very close to each other and within 10 ps for the shorter

lifetime and 20 ps for the longer lifetime and this corresponds well with the global analysis.

In all cases, the fluorescence decays from 2,6-NLP were analysed better (low residuals and 2
close to unity) with two clearly separated lifetimes. For solutions in MCH and excitation at
the peak absorption wavelength (448 nm) the lifetimes are 370 + 20 ps and 21 + 10 ps, with
the longer lifetime making up approximately 70 % of the decay. For excitation wavelengths
at the edge of the polymer’s absorption spectrum (454 nm) the two lifetimes remain. The
longer lifetime is unchanged within the error (~ 360 ps) but the shorter lifetime is reduced
to 170 ps. The contributions of the two lifetimes stay the same with ~ 70% for the longer
lifetime and ~30% for the shorter.

The effect of solvent is small. In toluene, which is less viscous than MCH, the longer lifetime
is shortened to 350 =+ 20 ps. This shorter lifetime is still within the error of the MCH data
and cannot be positively identified as a definite shortening. The shorter lifetime remains
unchanged as a function of solvent. The data clearly show that 2,6-NLP supports two separate
lifetimes. They are not affected significantly by solvent viscosity which rules out physical

motion as an explanation of either of the lifetimes.
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The lifetimes are, however, affected by excitation wavelength. The longer lifetime is indepen-
dent of excitation wavelength which suggests an electronic process that is independent from
the conjugation length distribution. The shorter lifetime is dependent up on the excitation
wavelength. Exciting at the maximum absorption wavelength corresponds to the mean conju-
gation length and this gives a longer time than exciting at the edge of the distribution (which
has longer conjugation lengths). The increase in conjugation length will be accompanied by
in increase in vibronic couplings between the excited state and vibronic levels. In turn the
non-radiative decay routes will increase in significance and this contribution will cause an

decrease in the lifetime of the state.?

Solvent Aex[nm]  Aeyy [nm] 7y [ps]:(A1) 72 [ps]:(A2) Fit quality

X2

MCH 448 458 316 (1) 1.06
490 316 (1) 1.05

454 460 316 (0.91) 167 (0.09) 1.02

492 316 (0.92) 167 (0.08) 1.07

Toluene 448 458 322 (1) 1.08
490 322 (1) 1.04

454 460 319 (0.91) 163 (0.09) 1.04

492 319 (0.94) 163 (0.06) 1.05

Table 7.2: Analysis parameters of the fluorescence decays of MeLPPP solutions. All of
the decays were globally analysed in pairs.

The same data acquisition and analysis procedure were repeated for MeLPPP. Good fits were
found via global analysis and the lifetimes and pre-exponential factors are listed in Table 7.2.
The polymer was excited at the peak and the edge of the absorption spectrum (conjugation
length distribution) and decays were recorded for emission at the peak and the red edge of
the emission spectrum. The results show that MeLPPP has a single exponential (~320ps)
when exciting on the blue edge of the absorption peak confirming the fluorescence lifetime

54,122,253 Dyjias et al. also noted that for emission in the red, it

reported by different groups.
was necessary to include a small proportion of a second lifetime to fit the data well.>* In
these experiments, when exciting on the red edge, the main fluorescence lifetime does not
change significantly but it was necessary to include a small percentage (<9%) of a second
shorter lifetime (~165ps) to obtain a good fit. This second lifetime is very similar to the

shorter lifetime in 2,6-NLP. Again the effect of solvent is very small.

It is observed that MeLPPP has only one fluorescence lifetime when excited at the peak of the
conjugation length distribution and two at the edge. It is noted that the lifetime dominates
(> 90%) in the decay from excitation at the edge of the conjugation length distribution.
This long lifetime (320 ps) is on the same timescale as that in 2,6-NLP (350 ps) but it is the

second, shorter lifetime that highlights the similarities of the two polymers.

#Section 2.5.10 has the relevant equations.
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It has already been seen, through a spectroscopic comparison in Chapter 5, that these two
polymers can be considered to be very similar electronically. They are also both rigid and,
in solution, do not rotate significantly within their fluorescence lifetimes. The evidence that
the lifetimes are also very similar serves to support the suggestion above that the electronic

states are also very similar, if not identical.

The data in Tables 7.1 and 7.2 show that the lifetimes of 2,6-NLP and MeLPPP are very
similar and have similar photophysics. The tables also confirm good fits have been made
through the analysis procedure. Finding the fluorescence lifetimes is a vital first step for the
analysis of time-resolved anisotropy measurements. It is very important to note that any
rotational lifetimes found in the next section, that are longer than the fluorescence lifetimes
found here, cannot be relied upon because it is only possible to observe the polymer within

the fluorescence lifetime.

7.6 Time-resolved fluorescence anisotropy measurements -
Results

The results of the time-resolved anisotropy measurements (TRAM) and analysis for the
polymers are presented in this section. This section contains the anisotropy decay times and
the early-time anisotropy values for each polymer in solution when excited at the peak and
the red-edge of their absorption spectra. In addition, 2,6-NLP and PF2/6 were investigated

in aligned film form and these results are presented.

Raw data was acquired as two polarised decays, 1, and 1, for each of two excitation wave-
lengths and two emission wavelengths. The samples were excited at the peak and the edge
of the conjugation length distribution to investigate the effect of limiting the number of sites
to which an excitation can migrate. It is thought that, if the excitation is unable to move to
different sites, the dipoles should remain almost parallel and the anisotropy should be high.
Similarly, if an excitation is free to move away from the initial site then the anisotropy should

be reduced.

These measurements allow an investigation into the initial anisotropy and the anisotropy
decay times. The anisotropy will be the maximum anisotropy of 0.40 unless there is an
anisotropy decay time much faster than the resolution of the system. In this case it is
only possible to record the earliest anisotropy and a comparison with the maximum and the

previous natural anisotropy results (Chapters 4 and 5) can be made.

Polarized decays at a specific excitation and emission wavelength were globally analysed in
pairs with the equations 7.5 and 7.6 using lifetimes found through isotropic decays (e.g. in
the previous section). The pairs were fitted simultaneously and it was assumed that the
anisotropy lifetimes are identical for I,, and I,;. This assumption is valid for the polarised

decays because the same processes will affect both polarisation configuration.®!
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Figure 7.2: Global analysis and residuals for polarised fluorescence decays of Coumarin 6
in Ethylene Glycol with excitation wavelength = 448 nm and emission wavelength at 510
nm. The fluorescence lifetimes and pre-exponential factors found are also given. These

value correspond with those found by Kapusta et al. in
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Figure 7.3: Raw data (a) and model (b) anisotropy decay of Coumarin 6 in dilute
Ethylene Glycol solution excited at 454 nm and emission recorded at 485 nm. (Time
axis has been zeroed to the midpoint of the pulse for clarity). The fluorescence lifetimes
and pre-exponential factors found are also given. These value correspond with those

found by Kapusta et al. in
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An example of the global analysis is shown in Figure 7.3. The figure shows the raw polarized
decays of Coumarin 6 in ethylene glycol excited at 448 nm and emission collected at 510 nm
(the peak of the molecule’s emission spectrum). The figure also shows the residuals from the
global analysis and the x? fit parameter that gauges the suitability of the fit. The residuals
are small and uniform about zero and The x? parameter is close to unity , all of which mean
that the model is a good fit to the data. Two exponentials (2.31 ns and 1.03 ns) were required
to achieve fit the data and create the model. These two values correspond with those found
by Kapusta et al. (2.31 ns and (average) 1.02 + 0.04 ns).

The models for the polarized decays were then used in further analysis of the fluorescence
anisotropy decay. This involved creating a model of the fluorescence anisotropy decay which
was fitted with a first order exponential decay in Microcal Origin and this provided a value for
the rotation lifetime of Coumarin 6 in ethylene glycol. The raw decay and model anisotropy
decay are shown in Figure 7.3 and the anisotropy decay time was found to be 2.03 ns. The
figure clearly shows that there is a single decay time and there is no additional decay on the
timescale of the resolution of the system (5 ps). Kapusta et al. measured the decay of the
anisotropy to be 2.08 £ 0.03. The value measured here is within two standard errors of this

value.160

A further set of examples of polarized decay, global analysis results and the fluorescence
anisotropy decay models for 2,6-NLP in a dilute MCH solution excited at 454 nm and with
emission measured at 483 nm are now considered. Figure 7.4 shows the raw data, the model
created by global analysis and the residuals from the fit. The small weighted residuals and
x? parameter close to unity indicate that the model used to analyse the data is a good fit.
Three exponentials were required to achieve this fit and two correspond closely to the two
fluorescence lifetimes of 2,6-NLP. The final lifetime is very fast. Figure 7.5 (a) shows the
raw, anisotropy created from the polarised decays before deconvolution of 2,6-NLP in MCH
excited at 454 nm. It can be seen that the early time anisotropy is almost at the natural
anisotropy predicted in an earlier chapter (rg ~ 0.36 found in Chapter 5) but is masked by the
noise and that it decays quickly to the steady-state value. Figure 7.5(b) shows the anisotropy
decay curve created from the functions determined by the individual decays and has not been
reconvoluted. This shows an almost immediate loss of anisotropy before a much slower decay
to the steady-state value measured for this sample. The R? value gives an indication of the
suitability of fit and in this case, it is close to one (close to ideal). Two anisotropy decay

lifetimes were required to fit the fluorescence anisotropy decay: 7 ps and 542 ps.
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Figure 7.4: Global analysis and residuals for polarised fluorescence decays of 2,6-NLP in
MCH with excitation wavelength at 454 nm and emission wavelength at 484 nm. The flu-
orescence lifetimes and pre-exponential factors found are also given. Data corresponding
to the other polarised experiments is collated in Table 7.3
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Figure 7.5: Raw data (a) and model (b) anisotropy decay of 2,6-NLP in dilute MCH
solution excited at 454 nm and emission recorded at 484 nm. (Time axis has been zeroed
to the midpoint of the pulse for clarity). The fluorescence lifetimes and pre-exponential
factors found are also given. Data corresponding to the other polarised experiments is
collated in Table 7.3.
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Solvent Aex[nm]  Aep, [nm] @1 [ps]:(B1) ©2 [ps]:(Ba) R2 7“8 rx
Toluene 448 454 3 (0.53) 587 (0.47) 0.99927 0.28 0.23
484 1 (0.63) 952 (0.37) 0.99987 0.25 0.23
454 460 0 (0.49) 500 (0.51) 0.99971 0.28 0.25
484 2 (0.57) 780 (0.43) 0.99927 0.29 0.25
MCH 448 454 1 (0.68) 549 (0.32) 0.99985 0.28 0.17
483 4(0.41) 963 (0.59) 1 026 017
454 460 2 (0.47) 666 (0.53) 0.99920 0.37 0.22
484 7 (0.30) 542 (0.70) 0.99985 0.37 0.22

Table 7.3: Analysis parameters of the 2,6-NLP anisotropy decay models created from
individual polarised decays. Table contains data for the 2,6-NLP which has a natural
anisotropy of 0.36 (as estimated in Chapter 5). 1 Early-time anisotropy created from fit
parameters of the individual polarised fluorescence decays. * Steady-state fluorescence
anisotropy taken with 2 second integrations. Values + 0.01.

The fluorescence anisotropy decay times found for 2,6-NLP in different solvents are listed in
Table 7.3. The table clearly shows that 2,6-NLP decays are well fitted (low x?) with two
decay lifetimes. The pairs of lifetimes comprise a very short decay time (~ 10ps) and a longer
decay, which ranges from 540 ps to 960 ps. The longer decay is always much longer than
the fluorescence lifetime of 2,6-NLP found above (350 ps) and as such cannot be accurately
determined. Only its existence can be confirmed and that it is a factor of ten longer than the
short lifetime. As a result only the shorter lifetime will be fully investigated here. The shorter
lifetime lies within a range of 6 ps for all the data collected. This spread may be due to the
polymer’s behaviour or due to the fact that each anisotropy decay was analysed separately
for each pair of emission wavelengths. There is no apparent dependence on the anisotropy
decay lifetime with either excitation or emission lifetime. But because the values are close,
global analysis would confirm the independence of the lifetimes from emission wavelength and
possibly reveal further information on dependence upon excitation wavelength. This type of
analysis was not possible. It is assumed that the short lifetime is, therefore, (10 & 6) ps and

inherent to the polymer.

Table 7.3 also gives the early-time anisotropy (denoted r.) and the steady-state anisotropy
(ry) for 2,6-NLP in solution. As can be seen the early-time anisotropy values are higher
than the steady state values confirming a loss of anisotropy within the polymer’s fluorescence
lifetime. The r. values are not at the theoretical maximum of 0.40 nor the natural anisotropy
estimated from the results in Chapter 5. This deviation from the maximum means that there
is a loss that has occurred within the instrument response time of 5 ps. This means that
there are at least two anisotropy loss processes occurring: one that lowers the early time
anisotropy and occurs in less than 5 ps and at least one longer process that is responsible for

the steady-state value.
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The early-time anisotropy value and the steady-state value are dependent upon excitation
wavelength. Excitation at 448 nm (peak absorption wavelength) leads to the biggest devi-
ation from the maximum value, whereas excitation at 454 nm (red-edge of the absorption
spectrum) produces very high anisotropy values. There is one case where the early-time
anisotropy is approximately the same as the estimated natural anisotropy measure in Chap-
ter 5. Exciting 2,6-NLP in MCH solution at 454 nm, the edge of the absorption spectrum,

reveals an early-time anisotropy of 0.38 indicating that it is a special case which is discussed

below.

Solvent Aex[Nm]  Aepy [nm] @1 [ps]'(Bl) ©2 [ps]:(B2) R? rl Ty
Toluene 448 458 (0.53) 359 (0.47) 1 0.28 0.07

490 (0 79) 195 (0.21)  0.99999 0.19 0.07

454 460 3 (0.60) 260 (0.40) 0.99996 0.28 0.11

492 0 (0.63) 204 (0.37) 0.99996 0.22 0.11

MCH 448 458 3(0.57) 324 (0.43) 1 021 0.09

490 3 (0.24) 5 (0.76) 0.99155 0.27 0.09

454 460 9 (0.50) 256 (0.50) 0.99999 0.33 0.12

492 9 (0.60) 295 (0.40) 0.99998 0.26 0.12

Table 7.4: Analysis parameters of the MeLPPP anisotropy decay models created from
individual polarised decays. Table contains data for the ladder-type polymers only. 7
Early-time anisotropy created from fit parameters of the individual polarised fluorescence
decays. x Steady-state fluorescence anisotropy taken with 2 second integrations. Values
+ 0.01.

The experiments and analysis were repeated for the ladder polymer, MeLPPP, and the results
are listed in Table 7.4. As with the 2,6-NLP results, the data were best fitted with two
anisotropy decay lifetimes comprising a very short time (~ 20 ps) and a longer lifetime
(~ 260 ps). In most cases, the longer lifetime is very close to the fluorescence lifetime of

54,122,253 and, therefore, cannot be considered a highly accurate value.

the polymer, 320 ps
However, the findings do confirm the existence of a long time anisotropy loss process. The
shorter lifetime is, as in 2,6-NLP, a factor of ten smaller than the longer time. It is also
dependent upon the excitation wavelength. Exciting at 448 nm produces longer times than
exciting at 454 nm. The short lifetime value for MeLPPP at 454 nm in toluene is the same

as the short lifetime intrinsic to 2,6-NLP in both solvents.

Table 7.4 also shows the early-time anisotropy and steady-state anisotropy for MeLPPP in
solutions. The early-time anisotropy is not at the maximum 0.40 nor at the natural anisotropy
estimated for MeLPPP in Chapter 5. However, the values recorded are in line with those
for 2,6-NLP. The values do not reflect the dependence of the anisotropy on the excitation
wavelength that the steady-state values show. The early-time anisotropy is also dependent on
the observation (chosen emission) wavelength and the value decreases as the emission moves
into the red whereas steady-state anisotropy has once again been found to be independent of
observation wavelength. In general, 2,6-NLP has a much higher anisotropy than the MeLPPP
for both early-times and steady-state.
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Figure 7.6: Anisotropy decay from isotropic spun thin film of 2,6-NLP, held parallel with
respect to excitation beam. Raw data (a) and model (b). Excited at 454 nm, emission
recorded at 485 nm. (Time axis has been zeroed to the midpoint of the pulse for clarity).
The fluorescence lifetimes and pre-exponential factors found are also given.
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Figure 7.7: Anisotropy decay from stretched thin film of 2,6-NLP in PE, held parallel
with respect to excitation beam. Raw data (a) and model (b). Excited at 454 nm,
emission recorded at 485 nm. (Time axis has been zeroed to the midpoint of the pulse
for clarity). The fluorescence lifetimes and pre-exponential factors found are also given.
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In order to rule out rotation as a major source of anisotropy decay 2,6-NLP was investigated
in film form. The polymer was spun cast into a thin isotropic film. It was also incorporated in
a PE film which was then stretched to give the system small scale order. The same procedure

as used for solution data analysis was followed for the film and PE data.

Figure 7.6 shows the raw anisotropy decay data, deconvoluted model and the model anisotropy
decay for 2,6-NLP in isotropic film. It is clear that the almost immediate anisotropy loss ob-
served in solution decays (Figure 7.5) is also present in isotropic film. However, the early-time
anisotropy, and the value it tends to, are very different from the solution work. The values of
early-time anisotropy are listed in Table 7.5 and are lower than the natural anisotropy (0.36)

and the equivalent solution data (also shown in the table).

Figure 7.7 shows the raw anisotropy decay data, deconvoluted model and the model anisotropy
decay for 2,6-NLP in an anisotropic stretched PE film. The film was stretched 30 times its
original length. Here, the early anisotropy value is the same as measured in the solution
decays and the data are listed in Table 7.5.

Polymer Form Aex  Aem  O71:(B1) 02:(B2) O3:(B3) ry rl
[nm]  [nm] [ps] [ps] [ps]

2,6-NLP MCH Solution 454 485 7 (0.30) 542 (0.70) - 0.36  0.37

Spun film 454 485 11 (0.93) 123 (0.07) - 0.36 0.34

stretched film 454 485 10 (0.80) 100 (0.20) - 0.36 0.38

(0.45)

PF2/6  MCH solution 385 410 11 (0.30) 116 (0.45) 823 (0.25) 0.34 0.23
stretched film 385 410 11 (1) - 0.36  0.93

Table 7.5: Anisotropy decay times and early-time anisotropy values for 2/6-NLP and
PF2/6 in different states this table is to do with the comparison between sf and pf data
* means found in Chapter 5 and  means early time anisotropy found with decays.
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Figure 7.8: Anisotropy decay from PF2/6 in dilute MCH solution. Raw data (a) and
model (b). Excited at 385 nm, emission recorded at 410 nm. (Time axis has been zeroed
to the midpoint of the pulse for clarity). The fluorescence lifetimes and pre-exponential
factors found are also given.
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Figure 7.9: Anisotropy decay from stretched thin film of PF2/6 in PE, held parallel with
respect to excitation beam. Raw data (a) and model (b). Excited at 385 nm, emission
recorded at 410 nm. (Time axis has been zeroed to the midpoint of the pulse for clarity).
The fluorescence lifetimes and pre-exponential factors found are also given.
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Similar experiments were also carried out for PF2/6 in MCH solution and stretch PE film.
Figures 7.8 and 7.9 show the raw data, models and fits of these experiments. The fluorescence
lifetime was measured prior to the investigations and found to be the reported by Dias et al..?*
The anisotropy decays and pre-exponential factors are tabulated in Table 7.5. The results
for the solution required three lifetimes to fit the data well (low R?), one of which is greater
than the fluorescence lifetime of the polymer and is, therefore, unreliable. The second longest
is ~ 110 ps and the shortest is 11 ps. In stretched film form, only one anisotropy lifetime is
required to describe the data. This short time is 11 ps and is the same as in solution. As can
be seen, PF2/6 in two different media present almost the same short lifetime as 2,6-NLP in

its three different media.

The early-time anisotropies for PF2/6 in solution and PE film are also given in Table 7.5.
For experiments in solution this is lower than the natural anisotropy found in Chapter 5.
There is still some angular loss in the anisotropic film which suggests that the transition
dipole moment moves through a small angle, 6. This sample has long range order (shown by
x-ray diffraction experiments in Chapter 6) and equation 7.7 fully defined in Chapter 2 can

be used to estimate this angle.

COS2 —
(ry = Bl =1) (77)

2
An early-time anisotropy value of 0.9 is recorded from the raw anisotropy and the model and
gives an angular loss of ~ 15°. This angle fits with our estimate from the regression from
the temperature dependent fluorescence anisotropy data found in Chapter 4. This equation
cannot be applied to the data from the 2,6-NLP film because this matrix only has short range

order, similar to that found in a solution.

7.7 Discussion

Time-resolved anisotropy measurements (TRAM) allow the evolution of the transition dipole
moment orientation from absorption transition dipole moment to emission transition dipole
moment to be observed. This method has allowed the observation of the change from the
maximum recorded anisotropy to the steady state value. The work so far in this thesis
has hypothesised that the orientational change of the dipoles is from off the chain axis to
along the chain. The results presented above have shown that ladder-type poly(naphthylene-
phenylene) (2,6-NLP) has a fluorescence anisotropy decay time that is independent of the
molecular environment. The data also show that this anisotropy decay time is the same
as for another conjugated polymer, PF2/6, in solution and anisotropic film and MeLPPP
in solution. They strongly suggest that the anisotropy decay process is intrinsic to all these
conjugated polymers and is one that occurs in different types of polymers and in their different
media. These new results are used to build on the concepts presented in Chapter 5 and 6 and
to confirm that the anisotropy loss process from theoretical maximum to natural anisotropy
is electronic in origin is an elongation of the electronic state through the conjugation length
distribution and that the loss from the natural anisotropy to steady-state value is also an

electronic process but due to exciton migration.
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Elimination of fluorescence anisotropy loss processes

Fluorescence anisotropy loss in molecules can be caused by many processes as discussed in sec-
tion 2.5.8 in Chapter 2 . The main loss processes are: (1) rotation of the entire molecule; (2)
planarisation and associated elongation of the electronic state; (3) migration to an adjacent
chromophore that is at an angle to the first; (4) inter-chain excitation migration possibly
within an aggregate; intra-chain migration via hopping to lower energy states and (5) an
elongation of the electronic state through the conjugation length distribution. Scattering
and re-absorption are also causes of small anisotropy loss on the timescale of the fluorescence
lifetime but will not cause a significant loss in highly dilute solutions. Systematic investiga-
tions in previous chapters has ruled out many of the fluorescence anisotropy loss processes in
2,6-NLP.

In Chapter 4 , PF2/65-29 was shown not to rotate significantly in its fluorescence lifetime.
2,6-NLP is the same length as PF2/6,y-90 and, therefore, would not be expected to rotate
significantly despite having a longer fluorescence lifetime. The rotation of an entire molecule
is hypothesised to be comparatively slow (~ x107*° ps~! which corresponds to a rotation of
~ 0.1° in its fluorescence lifetime and a change in anisotropy of much less than 0.01 (which
is the error in the measurements). As such rotation cannot be responsible for the significant
anisotropy loss observed. The mathematical model used to analyse the data is specific for a
spherical rotator and is most often used by researchers to calculate the molecule’s rotation

time.51,80

In previous chapters the rigid-rod nature of the 2,6-NLP molecules has been
relied upon. Therefore, a spherical rotator model is not the most appropriate to determine
the rotation time of these polymers. It is a good approximation for the rotation of a small
molecule such as Coumarin 6. The spherical rotator is still applicable for the polymer because,
as mentioned above, the rate of rotation is particularly low for the polymers and the model
is being used specifically to measure the rotation of the transition dipole moments. These

are point dipoles so a spherical rotation model is a suitable approximation.

In Chapter 4, two anisotropy loss processes were observed in PF2/6 one of which was a
conformational motion that planarised the molecule and elongated the electronic state. In
Chapter 5 it was confirmed that 2,6-NLP is a rigid-rod polymer that is already planarised.
This rules out planarization as a cause of anisotropy loss in 2,6-NLP. Also in Chapter 5 it
was observed that rigid-rod polymers undergo fluorescence anisotropy loss. In MeLPPP, this
was partially explained as a result of the branched backbone (see Figure 2.12) which has the
potential to create a large angle between adjacent chain segments. 2,6-NLP does not have the
same branching defects in its structure and is much more linear. Transfer between adjacent
chromophores could not induce such large anisotropy changes in 2,6-NLP and anisotropy
values are expected to remain high. Chapter 5 showed that large aggregates did not form
in low concentration solutions of 2,6-NLP. Inter-chain energy transfer within an aggregate
can cause a substantial anisotropy loss (as mentioned in Chapter 2 section 2.5.8 ). The side
groups on 2,6-NLP are sufficient to separate the backbones such that the aggregates cannot

form. However, the possibility of small aggregates or dimers could not be ruled out and could
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be a cause of the fluorescence anisotropy loss. The concentrations of the solutions used here
were deliberately kept low to avoid aggregates and to separate the molecules. Calculations,
based on the concentration of the solutions have been used to estimate the average separation
between molecules. As discussed in Chapter 2 section 2.4.4, transfer can only happen when
the molecules are in close proximity (~ 6 nm). The length estimated for the solutions is

nearer ~ 300 nm, making inter-chain energy transfer interactions very highly unlikely.3?

Aggregates are most likely to form in isotopic spun films, yet there is no difference in
anisotropy decay lifetime between 2,6-NLP in solution or in film. It was expected that the
aggregate behaviour would be more prominent and give a faster decay lifetime in film. In a
film, inter-chain transfer can occur more easily due to the close proximity of the molecules.
The similar lifetime in solution and in film suggests that the same process occurs in both
media. Whilst this could be aggregation it is more likely that it is intrinsic on-chain exciton

dynamics because of the low probability of aggregates in solution (discussed above).

Small aggregates would explain the rapid anisotropy loss in 2,6-NLP but this mechanism
would also occur for the other polymers. If this were the case, the dipole alignment within the
aggregate would have to retain some polarization because the fluorescence is not completely
depolarized. This suggests that the aggregates would have to be comprised of a small number
of ordered molecules e.g. dimers. The same argument would then need to be used for both
MeLPPP and PF2/6 because the data collected here suggest that all the systems are alike.
In general the MeLPPP and PF2/6 are considered to be isolated because of their similar
behaviour to many other individual polymer chains e.g. MEH-PPV and polyfluorenes.'%6
The implications of the aggregate argument would be that conjugated polymers are never
truly isolated. The steric chemistry of different chains has been used to confirm that other
molecules are separated,'%® therefore, it is assumed that in dilute solution the electronic

processes in 2,6-NLP occur on an individual chain and intra-chain process do not occur.

In films, however, the aggregate argument is more difficult to dismiss because of the significant
loss in anisotropy which is enhanced by the close proximity of molecules. Co-facial aggregates
are known to cause significant depolarisation®” and this is a valid explanation of anisotropy
loss in isotropic films. However, aggregates are not observed in isotropic films of MeLPPP

135,136 and these are

and 2,6-NLP. MeLPPP is reported to form yellow emitting aggregates
not present in the fluorescence spectra in Figure 5.2 ). Because of the similarities in 2,6-NLP
and MeLPPP, this leads to the conclusion that molecules do not form aggregates or, if it does,

they do not affect the fluorescence spectra in the way that has been reported previously.

In Chapter 4 the length of the oligomers was found to limit the intra-chain excitation mi-
gration. It was found that oligomers of less than ten units could not support many sites to
which an excitation could migrate. 2,6-NLP is approximately 21 monomer units long and,
in theory though unlikely, may support more than one chromophore: intra-chain hopping

between states would cause some fluorescence anisotropy loss.
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In Chapters 5 and 6 it was hypothesized that the elongation of the excited state through the
conjugation length distribution could cause fluorescence anisotropy loss from the maximum
value 0.40. 2,6-NLP is capable of supporting a distribution of conjugation lengths and the
distribution is narrow. (The narrowness gives rise to the well-defined vibronic replicas of the
transition, evident in both the absorption and emission spectra of each polymer (see Figure
7.5 )). It is expected that the absorption and emission transition dipole moments of these
states are parallel as the two states did not change between transitions. However, as shown
in Chapter 5 there is still significant depolarisation even at when the very red-edge of the
density of states is excited (i.e. with low energy excitation wavelengths in 2,6-NLP, as shown
in Table 7.3) . Since fluorescence anisotropy in solution depends on photo selection, (only
molecules with dipoles oriented parallel to the electric field of the illuminating photons are
excited), it has been possible to record the orientational evolution of the dipole moment as

the excited state relaxes.

The experimental technique and the subsequent analysis were successfully tested for Coumarin
6 in ethylene glycol (see Figures 7.2 and 7.3 ). Coumarin 6 is a small highly luminescent
molecule. It is just larger than a monomer unit of 2,6-NLP and is a known, almost spheri-
cal, rotator. The global analysis of polarised decays produced model decays that correspond
(within error) to those found by previous authors.!0 The fluorescence anisotropy decay
model and subsequent analysis of the decay gave a rotational time of 2.03 ns which is two
standard errors from that previously published. (Propagation of the error in lifetime into
this complex function estimates the error at 0.2 ns. This is a specific case for Coumarin 6
and the error is smaller for the other measurements.) This evidence gives good reliability of

the experimental method used and high confidence in the results it yields.

The results for Coumarin 6 do not show an anisotropy decay on the 10 ps time scale which is
measured for all of the polymers. There was no change in the experimental set-up between
taking the measurements, proving that the short decay observed is intrinsic to the conjugated
polymers and not an experimental artefact. Therefore, this decay is real for the polymers

and not a systematic experimental error.

Having ruled out many of the common anisotropy loss processes the suitability of the spheri-
cal rotator model global analysis is confirmed. The mathematical model used to analyse the
polarised decays (see equations 7.5 and 7.6 ) relies on the assumption that all fluorescence
components contribute to the anisotropy decay.80 This was a particular concern when ana-
lyzing 2,6-NLP because, unlike MeLPPP and PF2/6, it has two fluorescence lifetimes. This
makes the mathematical model (see equations 7.5 and 7.6) more complicated and more sub-
ject to errors. If one of theses lifetimes did not contribute to the fluorescence anisotropy, the
model would not be appropriate. However, since only electronic (fluorescence) contributions

remain the applicability of the analysis method used in this experiment is confirmed.
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7.7.1 Discussion of remaining processes in 2,6-NLP

All but three major anisotropy loss processes have been ruled out by studying 2,6-NLP in
dilute solution. The remaining processes are inter-chain migration (in small aggregates),
intra-chain migration via hopping to lower energy states and an elongation of the electronic
state through the conjugation length. The discussions above have highlighted how limited

inter- and intra-chain migration are in 2,6-NLP, but they are still worth considering.

The data from 2,6-NLP in solution indicates that there are three different anisotropy pro-
cesses. Table 7.3 lists three pieces of information about 2,6-NLP in solution: that it has two
lifetimes; the lifetimes are independent of solvent; and that the early-time anisotropy is not
0.40. The processes are identified as: a very long lifetime due to a slight rotation; a dominant
picosecond scale process, which is electronic; and an ultrafast (< 5 ps) process, responsible
for the early-time anisotropy less than 0.40, which is also electronic in origin. Each of these

processes is discussed separately below.
Several hundreds of picoseconds fluorescence anisotropy loss.

The longer of the two lifetimes cannot be clearly resolved in this experiment because it is
considerably longer than the polymer’s fluorescence lifetime. It does however exist and it
is significantly (about three times) the fluorescence lifetime. It is thought to arise from the
slight rotation undergone by the molecule (~ 0.1°) because it is not the most dominant

process involved in anisotropy loss.
Ten picosecond fluorescence anisotropy loss.

The shorter anisotropy lifetime is dominant. It is due to an electronic process that is respon-
sible for up to half the total anisotropy loss. The timescale is approximately (12 £ 5) ps for
all excitation wavelengths. The lifetime is independent of excitation and emission wavelength
and solvent, and is, therefore, intrinsic to the polymer. Dykstra et al. have hypothesized
that anisotropy loss on this timescale is electronic in origin either intra- or inter-chain energy
transfer.??® . This lifetime appears in all of the anisotropy decays for three different polymers

and in different media. The origin of this lifetime is discussed below.
Ultra-fast fluorescence anisotropy loss.

The maximum fluorescence anisotropy was not observed for 2,6-NLP and an electronic process
is deduced to be responsible for it. It has already been discussed in Chapters 4 and 5 that
the natural anisotropy is not 0.40 and that the molecule has an intrinsic angle between
absorption and emission transition dipole moments. The evolution of this process (from
absorption to emission transition dipole moment) is not observed in the time resolution of
this experiment. The anisotropy loss from 0.40 to the natural anisotropy must occur in
under 5 ps (the experimental resolution. From the description of anisotropy loss processes
by Dykstra et al., a process occurring in under 5 ps must be electronic in origin.??® thus

confirming the ideas outlined in earlier chapters in this thesis.
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7.7.2 Discussion of remaining processes in MeLPPP

The data in Table 7.4 can be interpreted to show that the three processes identified in 2,6-
NLP also occur in MeLPPP. However, in this polymer, the longer lifetime is on the scale
of the fluorescence lifetime indicating that the process causing it, which is not dominant, is
scattering or reabsorption. Both these processes can occur on this timescale. The MeLPPP
solutions were slightly higher concentration than 2,6-NLP and, therefore, scattering is the
most convincing reason. The short lifetime in MeLPPP is approximately 15 ps and within
the error of that of 2,6-NLP. It is responsible for the majority of the anisotropy loss. This
means that intra-chain migration between branched segments is possible in this polymer.
Once again the maximum value of anisotropy is not reached proving that there is an ultrafast
anisotropy process. Like 2,6-NLP, MeLPPP is rigid and, therefore, any anisotropy loss cannot

be ascribed to conformational motion.

As predicted above, the early-time and steady-state anisotropy values are lower in MeLPPP
than in 2,6-NLP, due to the shape and chain length of MeLPPP. MeLPPP is a longer chain
than 2,6-NLP and can support more than one energetic site. The findings fit with the earlier
hypothesis that the lightning shaped backbone of MeLPPP enhances the anisotropy loss
process compared with 2,6-NLP. For 2,6-NLP and MeLPPP the results for excitation at the
peak absorption wavelength produce lower anisotropy values suggesting an enhancement of
the anisotropy because of excess excitation energy. The excess energy applied to MeLPPP
initiates hopping to other states which produces a small effect in 2,6-NLP because this latter

polymer is much shorter.
7.7.3 Discussion of remaining processes in PF2/6

These results and findings are not solely linked in rigid-rod ladder-type polymers, the short
anisotropy lifetime in PF2/6 corresponds directly with the 2,6-NLP lifetime. Figures 7.8 and
7.9 show that the PF2/6 can be studied in the same way as 2,6-NLP. The results listed in
Table 7.5 show that PF2/6 has three anisotropy decay lifetimes. The two lifetimes present
in 2,6-NLP, a short time of ~ 12 ps and a lifetime much longer than the fluorescence lifetime
are also present in PF2/6. (In PF2/6 the lifetime, 11 ps, is within the error for 2,6-NLP).
The existence of the two lifetimes in PF2/6 is explained in the same way as for 2,6-NLP i.e.
the much longer one is due to a slight rotation of the molecule and the short lifetime is an
electronic process. The similarity in lifetime between PF2/6 and 2,6-NLP suggests that the

same process occurs in both polymers.
PF2/6: Several tens picoseconds fluorescence anisotropy loss

The results for PF2/6 in solution present a third anisotropy lifetime of 100 ps which is ascribed
to conformational twisting of the polymer backbone. Three lifetimes are only observed in
PF2/6 in solution: only the 100 ps lifetime is not present in the data from 2,6-NLP in the same
solvent. The main difference between the two polymers is the flexible backbone in PF2/6. It
therefore follows that this lifetime arises as a result of the polymer’s flexibility. As discussed

here in Chapter 4, conformational twisting (resulting in planarization) alone is not sufficient
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to change the anisotropy unless it is coupled with an elongation of the electronic state. It is
therefore concluded here, that the 100 ps lifetime is created by the process of planarisation
and elongation. The anisotropy decay result confirms that the fluorescence lifetime observed

by Dias et al. between 30 ps and 100 ps is indeed due to conformational twisting.
Confirmation of chain isolation in PE films

The high early-time anisotropy value of PF2/6 in anisotropic film suggests that the molecules
are well separated and that the system acts like a frozen solution. The x-ray work in chapter
6 has suggested that the domain size in PF2/6 blends is small or molecular chain sized. The
early-time anisotropy results correspond to the natural anisotropy of the “average” molecule
i.e. an isolated molecule or dimer. The results of PF2/6 in anisotropic films are identical
to that of an isolated small planar molecule (2,6-NLP). This suggests that the molecules do
not form large aggregates in the matrix and, as discussed above, they are immobile, much
like a molecule in a frozen solution. Given the dilute solution is not thought to form large
aggregates, it can be assumed that the small domains measured in chapter 6 are indeed
single molecules. This set of results also confirms the postulation in Chapter 6 that the guest

conjugated molecules in a stretched polyethylene host are completely dissolved.
7.7.4 Interpretation of the two fast anisotropy loss processes.

The data have shown that there are three fluorescence anisotropy decay times for polymers
studied in solution. At least two of these are fast processes that can only be electronic
in origin. These are the ultra-fast process that occurs in less than the experimental time

resolution and the ~ 11 ps decay. The processes are now discussed separately.
Ultra-fast fluorescence anisotropy loss process in all polymers studied

The three polymers did not show the maximum anisotropy, 0.40, in solution or in an anisotropic
stretched film proving that there is another anisotropy loss process that occurs in less than 5
ps. Figure 7.9 gives an early-time anisotropy corresponding to the natural anisotropy found
in Chapter 4 and not the maximum anisotropy. This loss of anisotropy must take place on a
time scale less than the resolution of the equipment. This is the same phenomenon observed

in 2,6-NLP where the maximum anisotropy measured was the natural anisotropy.

The fluorescence anisotropy is incontrovertibly linked to a reorientation of the transition

254 reports such

dipole moments and it is shown here to occur in under 5 ps. Indeed Lanzani
an anisotropy loss that occurs faster than 5 fs as judged from his ultra-fast measurements. The
change from maximum to natural anisotropy occurs as the emission transition dipole moment
rotates from being parallel to the absorption dipole to its final state. This is a finite process
and will not cause total depolarisation of the polymer. Chapters 4, 5 and 6 have showed
that the ground states of the polymers are localised up to 20° off the chain long axis, (with
higher energy states in 2,6-NLP even further axis.) indicative of localised initial excitons. It

has also been shown that the emission transition dipole moment is oriented parallel to the
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backbone. This is the first time that an ultrafast electronic change to the excited state have
been linked to the microscopic alignment of the polymer backbone. More importantly the
time-resolved anisotropy measurements have revealed that this process occurs in under 5 ps.

Processes under this time must be electronic.

The origin of this ultrafast anisotropy loss is linked to the electronic behaviour of the polymers
and is ascribed to the elongation of an excited state over longer conjugation lengths. Earlier
chapters discussed the concept that the ground state was localised on a segment and that the
excited state was more delocalised along the polymer chain. The interpretation of the change
in dipole orientation from maximum to natural anisotropy is that the exciton wavefunction
spreads out after it is created becoming more delocalised along the chain axis. It is still
localized (located) on a chain segment (which can be the entire chain in small fully conjugated
polymers) but it is elongated over a longer conjugation length, compared with the ground

state.

Experiments published by other researchers on experimental systems with a shorter resolution
time have also recorded very fast depolarization (anisotropy loss) times. (For example, ultra-

fast transient absorption anisotropy on fully conjugated MEH-PPV present a depolarisation

255 yltrafast time-resolved fluorescence of P3HT show sub-100 fs lifetimes.2%6

63,257-259 )

lifetime of < 1 ps,
Work on discotic molecules has also shown the depolarization to be sub 1 ps. . In
many cases these very short lifetimes were explained as “dynamic localization”, a process
which changes the energy and shape of the excited state but the excitation is localized on a

polymer segment.*8 P

In some of the experiments mentioned above, the polymers were flexible and part of the
delocalisation was explained as a result of a physical motion. By working with a short rigid
polymer we have confirmed that the elongation process that is known as dynamic localization
is simply a result of an electronic relaxation process. It is perhaps better referred to as
“dynamic delocalisation”. It is therefore proposed that since this process is the same in flexible
and rigid molecules that the true process is entirely electronic and that it is an electronic
extension of the exciton wavefunction over adjacent bonds after initial excitation i.e. the
conjugation length dynamically increases to accommodate the exciton. Most importantly

the work here suggests that it is inherent to all conjugated polymers.
Ten picosecond fluorescence anisotropy loss in all polymers studied

All three polymers presented a fluorescence anisotropy loss of approximately 11 ps. In all
cases this was the dominant fluorescence decay lifetime and it accounted for up to half the
anisotropy loss between the natural anisotropy and the steady-state value. Where 2,6-NLP
was excited at the red-edge of the conjugation length distribution, this short lifetime was
responsible for all of the anisotropy loss. Anisotropy loss on this timescale can be caused by

inter- or intra-chain migration or a further electronic process.

PThe polymer segments were created by conjugation breaks caused by a flexible backbone.
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This lifetime is independent of structure in three of the polymers studied here and it is
assumed that it will also be inherent to other conjugated polymers. This lifetime could
be explained a number of different ways, depending on the experimental data interpreted.
For example, in solid-state, the lifetime could correspond to inter-chain migration which is
expected to dominate. Yet, it has been proven here that these molecules are isolated (in
solution) and the same lifetime is recorded, ruling out inter-chain contributions. Also, should
two or more processes occur, the experiment would not be able to resolve them, making
the interpretation of the data even more difficult. Here, the experimental considerations
eliminated many fluorescence anisotropy processes in an attempt to explain the fundamental

fluorescence loss in a conjugated polymer.

PF2/6 held in an anisotropy matrix further confirms that the short lifetime is electronic in
origin. When PF2/6 is held in a rigid matrix of polyethylene (PE) only one anisotropy decay
is recorded: this is the 11 ps lifetime. The other two lifetimes that were present in solution
are absent in the film data. These were ascribed to either inter- or intra- molecular motion.
Their absence in solid state confirms their origin and the fact that molecules are held rigid
and immobile in a PE matrix. The 11 ps decay is therefore not a physical process but at

such a rate it can only be electronic.

Exciting at the red-edge of the absorption spectrum of 2,6-NLP produces higher early and
steady-state anisotropy values because the number of anisotropy loss processes are limited.
2,6-NLP is a rigid-rod polymer capable of supporting a distribution of conjugation lengths:
as the conjugation increases over more bonds, the corresponding energy of the chromophore
decreases. The change in fluorescence anisotropy is also connected to this change in conju-
gation length. By exciting just the edge of the conjugation length distribution it is possible
to select a low energy site. The low energy of the site limits the number of processes that
can occur, the main one, as found for PF2/6y-99 in Chapter 4 , is the cessation of excita-
tion hopping to lower energy sites. Therefore, for excitation wavelengths at 454 nm in (the
short polymer) 2,6-NLP in MCH, there is little doubt that there are no other states for an
excitation to travel to. Therefore, exciton hopping is not responsible for anisotropy loss in
2,6-NLP when excited at the red-edge.

The origin of the electronic anisotropy loss with a lifetime of 11 ps could be a function of
the chain length. PF2/6 is not believed to form aggregates in dilute solution and therefore
rules out this intra-chain migration as a major cause of anisotropy loss. Side-chains in the
PF2/6 should prevent the molecules forming aggregates. However, this cannot be totally
ruled out and is a possibility for anisotropy loss as it is in 2,6-NLP. The polymer PF2/6 used
here has ~ 60 monomer units meaning that it is very likely to support inter-chain excitation
migration as shown in Chapter 4. Inter-chain migration is a known cause of fluorescence
anisotropy loss (see Chapter 2 and section 2.5.8) especially in coiled polymers like PF2/6.
This process occurs on the 10 ps time scale.??® Exciton hopping between segments has
been previously reported by other groups for different polymers such as PDOPT,* MEH-
PPV?%and partially conjugated MEH-PPV.%*® These reports all report a lifetime of ~ 10 ps.
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The electronic anisotropy loss process in PF2/6 is not aggregation but could be inter-chain

hopping down through energetically lower states of the coiled chain.

However, the lifetimes in 2,6-NLP and PF2/6 are the same which means that the same process
or processes occur in both polymers. The extent of anisotropy loss in the polymers depends
upon excess excitation energy as does the early-time anisotropy. This may be because other
anisotropy loss processes take place on the same timescale. The data in Table 7.5 indicates
that PF2/6 and 2,6-NLP have the same short lifetime in solution and in stretched film. The
origin of the 11 ps lifetime has been discussed in 2,6-NLP to be due to exciton hopping when
there is enough excess excitation energy. And, in the case of PF2/6, there is a large number
of sites for an excitation to hop down indicating that the 11 ps lifetime is at least partially
explained by exciton hopping. However, there is still no clear explanation of the anisotropy

loss process when exciton hopping is eliminated.

Whilst an explanation for the anisotropy loss process is, at present, unclear, the findings
do work towards further understanding of the electronic processes within polymers. The
work has shown that there is a fundamental anisotropy loss on he picosecond timescale (as
well as on the ultra-fast time-scale). Therefore in future work of this kind, it is no longer
appropriate to ascribe anisotropy loss solely to a property of the polymer under test. The
interpretation of the decays on this lifetime plays an important role in the understanding
of electronic properties in polymers and the efficiency of devices. It is strongly suggested
that further work should be undertaken to resolve the different processes that occur on this
time scale. For example, what role is played by solvent rearrangement in solution and what
are the effects do adjacent chains have on the orientation of the emission transition dipole
moments? These questions are of particular importance for research into solid-state polymer

devices which rely on the close packing of chains.
Comments on planarisation assisted fluorescence anisotropy loss

The value of both the early-time and steady-state fluorescence anisotropy in PF2/6 is lower
in solution than in film which indicates that the conformational twisting and the associated
planarisation assist the electronic process. As stated above holding the polymer in a rigid
matrix removes the physical motion of the molecule. As a result the number of anisotropy
loss processes is reduced to one and the early time anisotropy is equivalent to the natural
anisotropy of the polymer. The steady state anisotropy is also very high, indicating that there
has been little contribution of the electronic anisotropy process. Indeed close observation of
Figure 7.9 shows that the fast decay is very short lived. It is theorised that the anisotropy loss
process is hindered by the molecule’s surroundings i.e. that it is held rigidly. As mentioned
above the effect of the rotation is very small, meaning that the conformational motion helps

the electronic process responsible for anisotropy loss.

It was suggested that the electronic process was either hopping down the chains or an elonga-
tion of the excited state through the conjugation length distribution. Exciton hopping would

be able to overcome the twisted backbone to reach lower energy sites that were not collinear
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with the original site. But it is the planarisation that is key to assisting this process which is
why the anisotropy loss rate is seen for a short period of time. The planar polymer 2,6-NLP
shows only a small anisotropy loss at red-edge excitation. However, when it has enough
excess energy, the anisotropy loss is greater. This gives further credence to the idea that the
planarisation assists the anisotropy loss. The findings here support the theory of Westenhoff
et al. who first suggested that conformational twisting was linked with planarisation.®! The
data here has been used to postulate that the 11 ps decay, that is independent of phase and

polymer is electronic and most likely to be inter-chain excitation migration.

7.8 Conclusions

Time-resolved fluorescence anisotropy measurements (TRAM) have been successfully carried
out on a time correlated single photon counting system in Durham University. TRAM were
used to monitor the evolution of the fluorescence anisotropy decay in polymers that show
unexpected fluorescence anisotropy. Ladder type polymers are linear and planar and not

expected to have a difference in dipole between absorption and emission.

By using a short, rigid polymer naphthylene poly(para-phenylene) (2,6-NLP) 2,6-NLP many
of the common fluorescence anisotropy processes (significant rotation, planarisation, intra-
chain migration) were automatically ruled out leaving just purely electronic processes. These
can only be excitation migration and an elongation of the excited state to encompass longer

conjugation lengths.

The data have shown that the major decay route has an anisotropy decay of 10 ps. The results
of the polymer held in different media (solution, thin spun film and anisotropic polyethylene
matrix) show the anisotropy decay rate as being independent of the polymer’s surroundings.

This is likely to be inter-chain migration.

At no point was the maximum anisotropy, 0.40, observed; instead only the natural anisotropy
was recorded. Therefore the loss from the maximum had to occur in under 5 ps, the resolution
limit of the experimental equipment. Again this process must be electronic process that
rotates the emission transition dipole moment from parallel to the absorption transition
dipole moment to its final orientation. Work in previous chapters hypothesised that this
was due to increased delocalisation of the excited state. Here a further step is hypothesised
that this is a “dynamic delocalisation” caused by the elongation of the excited state across

adjacent molecular bonds.

We have shown that a popular concept of “dynamic localisation” is applicable to our work
with the understanding that the final excited state is located on a polymer segment, but it

is further delocalised over a longer conjugation length.

The fast fluorescence anisotropy decay that is observed in the rigid-rod polymer, is also
present in the more flexible polyfluorene poly[9,9-di(ethylhexyl)fluorene](PF2/6). This proves
that conformational changes are not wholly responsible for fluorescence depolarisation. How-
ever results have shown that the flexibility of the polymer enhances the anisotropy loss pro-

cesses.
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Finally, the data presented here confirms the assumptions made in earlier chapters. Specifi-
cally that long chain polymers (over 20 monomer units in length) do not rotate significantly
in solution. That 2,6-NLP, MeLPPP and PF2/6 do not form large aggregates in solution or
in stretched polyethylene matrices. That the individual molecules are well separated in dilute
solution and in PE matrices and that excitations remain on a single chain when excited on
the red edge.



CHAPTER 8

CONCLUSIONS

The work contained in this thesis has increased the understanding of the interaction between
conjugated polymers and linearly polarised light. The work has concentrated on blue emitters
because these are particularly important due to their rarity. The x-ray data collected for this
thesis has been used in an international collaboration to investigate phase morphology of
blended films. This thesis also includes the first photophysical report on a newly synthesised

conjugated polymer.

Four different blue emitting conjugated polymers from two different classes of polymer were
studied. The results from the flexible polyfluorene derivatives were compared with those
from the inflexible ladder-type poly(para-phenylene) (LPPP). This comparison was made to
further understand the photophysical processes that occur on polymers and to investigate
the difference between polymers whose excited state can undergo conformational relaxation
(flexible) with those that cannot (inflexible).

The study has also provided further understanding of the angle between of the absorption
and emission transition dipole moments (anisotropy). These dipole moments govern the po-
larisation of the emission and absorption transitions. Appreciating the orientation of these
relative to the backbone of the polymer will reveal a fundamental understanding of lumines-

cent polymers.

This work continues the work of Dias et al, whose results from time resolved single photon
counting measurements, led them to postulate that there were two distinct physical processes
in the polyfluorene derivative poly[9,9-di(ethylhexyl)fluorene| (PF2/6). A conformational
motion, which is a rotational twist about the chain axis, and excitation migration of excitons

from one state to an energetically lower state.

Initially, PF2/6 was investigated through polarised spectroscopy and the work performed
showed that its anisotropy increased with the excitation wavelength, rising smoothly to a
steady-state value at the red edge of the polymers absorption spectrum. The natural (inher-
ent) anisotropy was estimated from low temperature anisotropy measurements taken with
excitation wavelength at the red edge of the spectrum. This value showed that there is
an angular separation between the absorption and emission transition dipole moments for
this polymer. Three short chain oligomers, which limited the exciton hopping but not the
conformational twisting, were studied in addition to PF2/6. Overall, the results of these
low temperature experiments confirmed the existence of the two processes in polymer as

postulated by Dias et al.
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To verify that one of the two processes responsible for the excitation wavelength anisotropy
change was due to conformation relaxation it was necessary to study the two processes sepa-
rately. By choosing a ladder-type polymer which, due to its structure, eliminated conforma-
tional motion, it was possible to study excitation migration This class of ladder-type polymer
was represented by two materials: Methyl-substituted-LPPP (MeLPPP) and napthylene-
LPPP (2,6-NLP). They were investigated by the same methods and it was identified that
these polymers did not behave in exactly the same way as the polyfluorene derivatives. It was
found that their anisotropy is also dependent upon the excitation wavelength, but instead of
reaching a steady state value at the red-edge of the spectrum, the LPPPs has a peak before
reaching this plateau. The peak in anisotropy is at the same wavelength as the vibronic peak
in the absorption spectrum. It was found that the orientation of the absorption transition

dipole moment is dependent upon the absorption wavelength.

The results of low temperature work showed that as with the PF2/6, the natural anisotropy of
the LPPPs indicated that there is an angular separation between the absorption and emission
transition dipole moments. This new result did not fit with the accepted theory that all the

transitions were parallel because they were thought to be aligned along the polymeric chain.

Further experiments were then undertaken to locate the angle between the absorption and
the polymer chain. From this knowledge and the natural anisotropy results found previously,

it was possible to locate the relative positions of the emission and the backbone.

To do this the experiments required the known orientation of the polymer backbone and this
was achieved by mechanically aligning the polymer and measuring the orientation distribution
of the chains. A method of fabrication used by other workers was developed and adapted to
make suitable aligned films. Polyethylene films, containing approximately 1% of the polymer
under investigation, were stretched to approximately 30 times their original length. To find
the orientation distribution of the polymer (or how well aligned the polymer was in the film)
the films were investigated with a number of techniques, including X-ray diffraction, polarised

Raman spectroscopy and fluorescence anisotropy.

The results, using these films, showed that the PF2/6 had a high degree of long range order
and that the average angle the polymer backbone made with the stretching direction was
small. Whereas the MeLPPP and 2,6-NLP results indicated a short range order and a wider

distribution of orientation angles. The average angle the backbone made was quite large.

Having rebuilt the existing apparatus and enhanced the control program, polarised absorption
spectra (linear dichroism) were obtained. The results of this experiment provided strong
evidence that the absorption transition dipole moment was not aligned with the backbone in
any of the polymers used. These conclusions are in agreement with those found experimentally

for other similar conjugated polymers by Shang et al.'%6

Using the natural anisotropy results found previously, it was postulated that the emission
transition dipole moment of PF2/6 was oriented parallel and along the polymer backbone.

Although the results for the LPPP films are not as conclusive, they still present evidence
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that is not inconsistent with the same behaviour. The structural similarity of the polymer
backbones leads to the conclusion that the emission transition dipole moments lie along the
backbone.

Having already found that all the polymers exhibit a significant anisotropy loss across the
absorption spectrum, investigations were carried out to measure the rate of this loss. An
existing picosecond time resolved single photon counting system was adapted allowing indi-
vidually polarised decays were measured. Using the standard equation for anisotropy, these

decays were combined to create an anisotropy decay.

PF2/6 and the two ladder-type polymers were investigated in this way. The polymers were
studied in dilute solution to compare with the steady state results and in thin isotropic and

aligned films.

It was discovered that there was one main decay mechanism responsible for the immediate
anisotropy loss. This mechanism was independent of the form the polymer was in and, to the
limit of the experiment: independent of polymer. The majority of the anisotropy was lost in

under 5 ps, the limit of the equipment.

It is expected that a decay route due to physical deformation would be on the order of several
picoseconds and an electronic process would be much faster. Whilst the equipment here could
not resolve the decay times, the measurements do confirm that the anisotropy loss process is

electronic in origin.

Comparing the rates for the flexible PF2/6 and the ladder-type polymers has shown that the
major anisotropy loss is the same for both polymers. The fact that the decay time is similar
for the polymer in solution and in films, indicates that this is a process that is intrinsic to both
polymers. This theory with previous reports of ultrafast depolarisation has been explained

as “dynamic localisation” of the exciton.

For the first time it has been possible to link the microscopic chain order with basic elec-
tronic processes yielding new and important information on exciton relaxation and dynamic

conjugation length changes during the initial period after photoexcitation.

Throughout this thesis the origin of the fluorescence anisotropy loss (Fluorescence depolar-
isation) in conjugated polymers has been investigated and theorised about. Investigations
herein have systematically removed excitation migration, rotation and conformational motion
yet, fluorescence depolarisation still occurs. When combined with the time resolved results
it was proposed that this fast electronic process is an inherent property of all conjugated
polymers. From observations of the dipole orientation change from off-axis to on-axis with
increasing conjugation length, it is believed that the exciton delocalises to create a longer
conjugation segment. This elongation of the excited state is responsible for the fluorescence
depolarisation from the theoretical maximum to the natural anisotropy. Because the process
is electronic, it occurs in a timescale to fast for the experiments herein, but other sources

have recorded unknown depolarisation processes to occur in under 100 fs.
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This thesis has also increased the knowledge of the behaviour of conjugated polymers in
blends. Through x-ray diffraction experiments it was discovered that high concentrations of
conjugated polymers in polyethylene form phase segregate aggregates which can be ordered,
but not separated, through stretching. The work also showed that low concentration blends
simulated the solution phase of the conjugated polymer, thought to be due to a thorough
dissolution of the polymer in the host. These findings are particularly useful for controlling

the internal microstructures of light emitting and voltaic devices.
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