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EXPERIMENTAL INVESTIGATIONS OF EXCITED-
STATE DYNAMICS IN CONJUGATED POLYMERS
USING TIME-RESOLVED LASER SPECTROSCOPY

Edward William Snedden

Abstract

In this thesis, time-resolved laser spectroscopy has been used to advance the understanding of
the excited-state dynamics in a variety of conjugated polymers and related systems.

The properties of electron-phonon coupling in the conjugated polymer ladder-type
methyl-substituted poly(para-phenylene) have been investigated using steady-state and
picosecond fluorescence spectroscopy, with results demonstrating the thermal population of
low energy stretching modes of the polymer backbone in the excited-state after thermalisation.
Polarised measurements are used to demonstrate a fundamental relationship between the
vibrational mode of the polymer through which fluorescence occurs and the corresponding
fluorescence polarisation. Time-resolved measurements confirmed that the electron-phonon
coupling in the polymer does not influence the fluorescence lifetime, with observations to the
contrary attributed to the presence of an underlying defect state.

Picosecond fluorescence spectroscopy has also been used to investigate the properties of
intramolecular energy transfer between different monomer subunits in the conjugated
copolymer Super Yellow. The photoluminescence quantum yield of the copolymer was
measured and its relatively high value was attributed to the effect of the aforementioned energy
transfer.

Femtosecond pump-probe spectroscopy has been used to identify and characterise the
properties of interchain  exciton formation in ladder-type  methyl-substituted
poly(para-phenylene). This process was observed to occur with a time period of 1ps, which
was attributed to the time required for a singlet exciton to become delocalised over adjacent
polymer chains.

Finally, delocalised polaron generation in blends of the regio-regular polythiophene
poly(3-dodecylthiophene-2,5-diyl) with the electron acceptor [6,6]-phenyl-Cq;-butyric acid
methyl ester was investigated using femtosecond pump-probe spectroscopy. Both the rate and
yield of delocalised polaron formation were shown to be dependent on excitation energy, with
the dissociation of geminate polaron-pairs making a substantial contribution to the yield. This
latter observation is significant, as the geminate recombination of polaron-pairs constitutes a
fundamental and inherent loss of potential delocalised polarons in this system.
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Chapter 1  Introduction

1.1 Conjugated polymers

For the first half of the twentieth century it was generally understood that polymers did not
conduct electricity. While inorganic solids were known to possess a wide range of different
electrical properties, including conductivity, semi-conductivity and insulation, polymers were
very much confined to being insulators. In 1977 however, Alan Heeger, Alan MacDiarmid and
Hideki Shirakawa, who shared the Nobel Prize for Chemistry in 2000, discovered that
polyacetylene could display near-metallic levels of conductivity upon doping with sodium.
This pioneering research was followed up by the discovery in 1990 by Richard Friend of
electroluminescence — the emission of light as a result of an applied current - from
poly(p-phenylene vinylene).? Both of these materials are examples of conjugated polymers,
which are polymers characterised by a network of alternating single and double covalent bonds
along their backbones. This bonding network allows for an excitation of the polymer to
become delocalised over a large number of chain segments, imbuing these systems with

conducting and semiconducting properties.

In the twenty years following on from Friend’s work there has been a significant worldwide
research effort made into the fundamental photophysical properties and optoelectronic
applications of conjugated polymers. Much of this work has focussed on utilising conjugated
polymers as the active emitting material in so-called organic light emitting diodes (OLEDSs).
OLED technology is expected to revolutionise the lighting and display industry, offering
efficient, self-emitting display units featuring large viewing angles at low manufacturing costs.
Indeed, OLED-based display units are already available commercially in mobile phone and

monitor display units, with the first commercial white-light OLED flat panel units expected to
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break into the open market in 2013.% Further research is required however to realise a ‘plastic
electronics’ future in which the inherent mechanical flexibility of a conjugated polymer can be
utilised in an OLED device. Some examples of early prototype OLED technology are shown in

Fig. 1.1.

Figure 1.1: Examples of OLED display technology: Sony 27” OLED Television, and LGChem flat
panel OLED lighting. Images from Refs. [4, 5], released into the public domain.

Recent years have also seen a surge in interest concerning the development of photovoltaic
devices in which a conjugated polymer is used as the active optical material. With continuing
developments allowing the power-conversion efficiency of such devices to pass 7% during
2010,° there is anticipation that organic photovoltaic technology may yet realise its promise as a
practical and affordable solution in the photovoltaic market.” ® Significant work still remains
however in order to develop a sufficiently efficient organic photovoltaic device that can
compete with the more established technology based on silicon that currently dominates the
market. To this end, formulating a detailed description of the photophysical processes that
occur in an organic photovoltaic system has become a subject of focus for many research
groups worldwide, including as of 2010 the Organic Electroactive Materials Group at Durham

University. An example of a prototype organic solar cell array is shown in Fig. 1.2.
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Figure 1.2: A conjugated polymer solar cell array, produced by Siemens. Image from Ref. [9],

released into the public domain.

Aside from their application in numerous optoelectronic devices, conjugated polymers are
innately fascinating systems in their own right and display a wealth of photophysical
phenomena that can be attributed to the confinement of photoexcitations in the quasi-1D
geometry of a polymer chain. As a result of this confinement both electron-electron and
electron-phonon interactions are enhanced in conjugated polymers as compared to, for
example, bulk inorganic semiconductors, with the primary excitation consisting of a bound
electron-hole pair called an exciton, as compared to a free electron-hole pair. Initial models
that attempted to describe the photophysical properties of conjugated polymers began as
extensions of inorganic semiconductor theory that incorporated enhanced electron-phonon
coupling into the theoretical framework.’> These ideas were later succeeded by the work of
Bassler et al. which demonstrated that it was necessary to include a contribution from the
substantial electron-electron interactions that arose in such systems as a result of the disordered
nature of the polymer microstructure.* It was with this research that the ‘modern’ and now

commonly accepted theoretical treatment of conjugated polymers was born.
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1.2 Conjugated polymers and time-resolved laser
spectroscopy

The current research canvas of conjugated polymers is vast and includes many individual areas
of focus, such as energy transfer and migration,*? spintronics,™ quantum-chemical modelling of
chain dynamics™ and charge generation™ to name but a few. Interest has also built up around
the study of conjugated copolymers; conjugated polymers consisting of multiple, chemically
distinct monomer subunits.® These systems display an even richer variety of photophysical
phenomena as opposed to their homopolymer counterparts by allowing for specific interactions

between different subunits along the same polymer chain.”

Many of the fundamental photophysical processes of conjugated polymers are characterised by
very short time scales. For example, the fluorescence lifetime of a conjugated polymer is
typically of the order of 100 ps.*>'® Exciton energy transfer occurs with a time period between
the order of 1 and 100 ps,'* '* ?° with the thermalisation of excess vibrational energy on a
polymer chain occurring over an even shorter period of the order of 100 fs.”* As a consequence
time-resolved laser spectroscopy has emerged at the forefront of experimental investigations
into the photophysical properties of conjugated polymers, with the ability to process timescales
as short as 10 fs? proving an invaluable tool. At the heart of these investigations is the ultrafast
laser itself, whose continuing development has now moved out of the academic community to
become commercially available.”® The Organic Electroactive Materials Group in Durham
University has access to two Ti:Sapphire ultrafast laser oscillators, incorporating both
picosecond and femtosecond operation. The femtosecond system, consisting of both a

Ti:Sapphire laser oscillator and a regenerative amplifier, is shown in Fig. 1.3.
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Figure 1.3: The femtosecond laser system of the Organic Electroactive Materials Group, Durham
University. The Ti:Sapphire oscillator can just be seen at the left hand side of the image, with the

regenerative amplifier in main view.

The field of ultrafast laser spectroscopy is broad, diverse and incorporates many different
experimental techniques. Each of these methodologies has certain advantages and
disadvantages and it is therefore often necessary to combine results from different experiments
to build up a complete physical picture of a system. For example, picosecond fluorescence
spectroscopy, which encompasses methodologies such as time-correlated single-photon
counting and streak camera measurements, is able to measure the fluorescence lifetime of
photoexcitations in conjugated polymers over periods of time ranging from 10 ps up to
10 ns.”* ® This method is limited however in its ability to only probe the population dynamics
of excited states which emit with a sufficient intensity to be adequately detected and has a
minimum time-resolution typically of the order of 1 ps. On the other hand, femtosecond pump-
probe spectroscopy can be used to measure time-resolved absorption and is therefore able to

probe the dynamics of both emitting and non-emitting excited states over time periods typically
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ranging from 100 fs up to several nanoseconds.”* Unfortunately the practical implementation
of pump-probe spectroscopy is often non-trivial to perform, with the results from this method
often complicated by a large number of different factors, both experimental and physical in
origin. Furthermore the experimental limitations associated with this method means that it is
typically only possible to accurately measure excited-state processes over femtosecond and
picosecond timescales; to accurately measure longer processes, such as phosphorescence and
charge recombination which are active on a microsecond timescale, another experimental

method is required.

1.3 Thesis summary

This thesis outlines the details of several studies performed with the aim of advancing the
current understanding of the excited-state dynamics in a variety of conjugated polymers
through the application of time-resolved laser spectroscopy. A comprehensive review of the
effects of electron-phonon coupling in the steady-state and time-resolved fluorescence spectra
of the conjugated polymer ladder-type methyl-substituted poly(para-phenylene) (MeLPPP) has
been performed, under the intention of addressing the nature of an unidentified long-lived state
in the time-resolved fluorescence spectrum. Femtosecond pump-probe spectroscopy has also
been applied to the study of MeLPPP in order to characterise an unidentified photoinduced

absorption band in the transient transmission spectrum of the polymer.

In addition to investigating issues of a fundamental nature, time-resolved laser spectroscopy has
also been applied to develop a description of the microscopic processes in conjugated polymers
that have a direct bearing on macroscopic properties of certain optoelectronic devices.
Picosecond fluorescence spectroscopy has been applied with the aim of investigating the
relationship between the excited-state dynamics in the prototypical emitting conjugated

copolymer Super Yellow and its high photoluminescence quantum yield, which characterises
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the copolymer for use in an OLED. Femtosecond pump-probe spectroscopy is also applied to
develop a description of the microscopic processes behind charge generation in a typical
organic photovoltaic system, consisting of the regio-regular conjugated polymer
poly(3-dodecylthiophene-2,5-diyl)  (P3DDT) doped with the electron acceptor

[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM).

A detailed summary of the content of this thesis proceeds below. Following this chapter, the
conceptual background behind the research presented in this thesis is given in chapters 2 and 3.
Chapter 2 begins with an introduction to the basic theory of conjugated polymers and their
photophysical properties, before developing towards more specific theoretical concepts that are
considered in later chapters. Chapter 3 consists of a description of the theoretical and practical
concepts behind the application of time-resolved laser spectroscopy to the study of conjugated

polymers. A description of other supplemental experimental techniques is also included.

The remaining chapters of this thesis detail the results and analysis of experiments performed
on different systems based on conjugated polymers. Both the work of chapters 5 and 6 are
conceptually related to and follow on from the discussion of chapter 4. Although the order in
which these chapters are presented could have easily been exchanged, the decision has been
made to arrange the work of this thesis by the principle experimental method used in each
chapter; the research of chapters 4 and 5 incorporates the use of picosecond fluorescence
spectroscopy, while chapters 6 and 7 incorporate the use of femtosecond pump-probe

spectroscopy.

In chapter 4 the properties of electron-phonon coupling in the conjugated polymer MeLPPP has
been studied using steady-state fluorescence spectroscopy, polarised fluorescence spectroscopy
and picosecond fluorescence spectroscopy. Temperature dependent measurements are used to

demonstrate the thermal population of low energy stretching modes of the polymer backbone in
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the excited-state after thermalisation. It is proposed that the depopulation of these modes at
low temperatures initiates a structural change in the polymer which is observed to occur below
150 K. Polarised measurements are used to demonstrate a fundamental relationship between
the polarisation of fluorescence and the vibrational mode through which radiative decay occurs.
This behaviour is attributed to the presence of strong interchain interactions in the polymer.
Finally, time-resolved studies are used to confirm that the electron-phonon coupling of the
polymer does not influence the fluorescence lifetime, despite early measurements appearing to
show otherwise. In those cases the observation of an energy dependent fluorescence lifetime is

instead attributed to the presence of a photophysical defect of the polymer.

In chapter 5 the dynamics of intramolecular energy transfer in the prototypical emitting
conjugated copolymer Super Yellow has been investigated using picosecond fluorescence
spectroscopy. Energy transfer between adjacent but chemically distinct copolymer subunits is
confirmed in the analysis of dynamic data obtained using a streak camera, with this energy
transfer proposed to contribute to the high photoluminescence quantum yield of the copolymer.
In a similar manner to that discussed in chapter 4, a study of the electron-phonon coupling in
the copolymer is also performed, with the thermal population of low-energy ring-torsional
modes of the polymer backbone shown to determine the form of the fluorescence spectrum as a

function of temperature.

In chapter 6 femtosecond pump-probe spectroscopy has been used to identify and characterise
the dynamics of interchain exciton formation in MeLPPP.  Measurements of the
photobleaching dynamics, performed as a function of probe energy, are used to identify the
presence of an unidentified photoinduced absorption transition which overlaps with the
photobleaching band of the polymer. Using results from polarised pump-probe spectroscopy,
this photoinduced absorption is confirmed to have a transition dipole moment perpendicular to

that of the intrachain singlet exciton population, with the photoinduced absorption consequently
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attributed to the formation of interchain exciton states. This finding correlates with the
presence of strong interchain interactions in regions of MeLPPP in the solid-state, as proposed

in chapter 4.

Finally, in chapter 7 the dynamics of charge generation in a typical organic photovoltaic
system, consisting of the regio-regular conjugated polymer P3DDT doped with the electron
acceptor PCBM, has been studied using femtosecond pump-probe spectroscopy. This research
marked the first step of a much larger research project concerning the photophysical processes
in an organic solar cell system. By measuring and analysing the photoinduced absorption
dynamics of key excitonic and charged states in the system, a model of charge generation in
ordered regions of polymer is developed, focussing on the contribution of geminate-pair

dissociation towards the charge yield.



Chapter 2 Theoretical considerations

This chapter provides a conceptual background to the electronic properties of conjugated
polymers and their photophysical behaviour. It should be noted that such a discussion is not
intended to be a comprehensive guide to all aspects of study within the field of conjugated
polymers; some sections have been developed more at the expense of others according to their

priority within the context of the research presented in this thesis.

The first three sections of this chapter consider the fundamental physics of conjugated
polymers, beginning with a discussion of the molecular and electronic properties of conjugated
polymers, before moving to describe the nature of the fundamental excitations of these
materials and their photophysical properties. The remaining sections address more in-depth
fields of study directly related to the research presented in chapters 4 through 7;
electron-phonon coupling in conjugated polymers, exciton energy transfer and migration, and

the photophysics of polymer/electron acceptor blends.

2.1 The chemical structure of organic molecules

Organic chemistry, the study of molecules and compounds based on the element carbon, is a
vast field with a wide range of applications. The structural diversity of organic compounds
arises from the chemical properties of carbon; in particular, the ability of carbon to form
chemical bonds with up to four neighbours. Amongst many things, this property of carbon
allows it to be connected in chains of varying length through the repetition of a single structural
unit. A polymer is a large molecule consisting of many such repeat units. Indeed, some
polymers can consist of more than a thousand repeat units and reach a total length of 1 pm®
and as such are also referred to as macromolecules. If a chain consists of only a few (for

example, up to ten) repeat units, then the structure is referred to as an oligomer. Given the
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flexibility of the carbon-carbon bonds which make up the backbone of a polymer chain, these
molecules can form complex shapes and can interact strongly with one another. This
microscopic behaviour has a strong influence on the mechanical and electrical properties of

polymers, which can be markedly different to inorganic materials.

The electronic properties of polymers are also strongly influenced by the type of chemical
bonding that occurs between the carbon atoms along the chain. The carbon atoms in a polymer
are bound together by covalent bonds, formed by the sharing of pairs of electrons between
atoms. The concept of covalent bonding can be developed in more detail by calling upon some
of the ideas of molecular orbital theory.®® As a case study, consider the formation of diatomic

hydrogen (H;), shown in Fig. 2.1.

+ + i = a3 + = +
g
Hls Hls T H-H
Constructive
overlap
Nodal plane
+ + T = + = -+
G*
Hls Hls H-H

Destructive
overlap

Figure 2.1: Molecular orbital formation in diatomic hydrogen. As two hydrogen atoms are
brought together, the 1s atomic orbitals of each atom begin to overlap with each other. When this
overlap is constructive a ¢ molecular orbital is formed; when the overlap is deconstructive a

o* molecular orbital is formed. Figure adapted for use from Ref. [27].

As two hydrogen atoms are brought together, the 1s electrical orbitals of each atom begin to
overlap, with the negatively charged electron in the 1s orbital of one atom feeling an increased

electrostatic attraction towards the other positively charged nucleus, and vice-versa. Eventually
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the two orbitals can no longer be considered distinct, resulting in the formation of two new
molecular o orbitals with different energies. When the 1s orbital overlap is constructive, a low
energy bonding o molecular orbital is formed; when the orbital overlap is deconstructive, a

high energy anti-bonding o* molecular orbital is formed.

The origin of the break in degeneracy between the molecular orbitals is a consequence of the
probability distribution associated with each orbital. In the o orbital electrons have a high
probability of being found in the region between the two nuclei and thus experience a large
electrostatic attraction. This reduces the total energy of the system with respect to the initial
atomic orbital energies. In the o* orbital a nodal plane of zero-probability instead lies between
the two atoms and as a result the electrons are more tightly confined, which increases the
energy of the o* orbital with respect to the atomic orbital energies. The energy levels of the

o and o* molecular orbitals in hydrogen are shown in Fig. 2.2.

+ D -

— O*H-H ~
+ His 4— }{—Hls +

.'%"GH-H

“

H H-H H

lDestatu’lization due
to antibonding

Energy

Stabilization due
to bonding

Figure 2.2: Molecular orbital energies in diatomic hydrogen. The electrons of each hydrogen atom
are filled into the o molecular orbital with equal and opposite spins as according to the Pauli
exclusion principle. This results in the formation of a covalent bond. Figure adapted for use from
Ref. [27].
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In the case of diatomic hydrogen, the two electrons in the 1s atomic orbitals are filled into the
lowest energy molecular orbital (¢ molecular orbital, as discussed above), with equal but
opposite spins according to Pauli’s exclusion principle, which states that no two electrons in a
single electronic system may possess the same set of quantum numbers. This lowers the
overall energy of the system and results in the formation of a covalent bond, as shown in
Fig. 2.2. The o molecular orbital is completely filled and is referred to as the highest occupied
molecular orbital (HOMO); the o* is completely unoccupied and is referred to as the lowest

unoccupied molecular orbital (LUMO).

In order to explain the molecular geometry of organic systems it is necessary to introduce the
concept of hybridisation, in which the atomic orbitals of an atom are combined together to form
a new set of orbitals with different energies and orientations. To help develop this point

further, consider below the covalent bonding in methane and ethylene.

The carbon atom possesses four valence electrons in a 2s?2p? electronic structure. In methane
the 2s and the 2py, 2p,, and 2p, orbitals are combined together in a process referred to as sp
hybridisation to form a new set of four degenerate orbitals. As shown in Fig. 2.3, these orbitals
are oriented at 109.5° with respect to one another,”® with each one overlapping with the 1s
orbital of a hydrogen atom in a tetrahedral structure. These highly directional orbitals have an
improved degree of overlap with the 1s orbitals of the four surrounding hydrogen atoms, as
compared with overlap involving partially filled 2p orbitals. This results in an increase in the

electrostatic interactions in the bonds and a reduction to the total energy of the system.
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Figure 2.3: A) Formation of sp® hybridised orbitals. The 2s, 2p,, 2py and 2p, atomic orbitals of
carbon are combined together to form a new set of so-called sp® hybrid orbitals. Figure adapted
for use from Ref. [28]. B) Chemical structure of methane, highlighting the overlap of the sp®
hybrid orbitals of a carbon atom with four surrounding hydrogen atoms. Image by K. Aainsqatsi,

released into public domain.

A different hybridisation scheme is required to explain the geometry of the ethylene molecule,
which is known to be planar. In this case, the 2s orbital of carbon is mixed with the 2p, and 2p,
orbitals to form three sp? hybrid orbitals oriented at 120° the 2p, orbital is left unchanged and
lies perpendicular to the plane defined by the sp? orbitals. The shape and orientation of these
orbitals is shown in Fig. 2.4. The sp? hybrid orbitals in ethylene form three o bonds; two
involving overlap with the 1s orbitals of hydrogen atoms, with the third overlapping with the

sp? orbital of the other carbon atom. The remaining 2p, orbitals also overlap to form a =
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molecular orbital between the two carbon atoms into which two electrons are filled, forming an

additional bond. The combination of the o and & bonds together is referred to as a double

bond.
P i 0(1s+sp2) o(sp +sp2)
@ O
O@ E’@ " @
2p; 't(2p,+2pz)

Figure 2.4: Molecular orbital formation in ethylene. Each carbon atom is sp? hybridised. Two
hybrid orbitals of each atom form o bonds with two hydrogen atoms, with the remaining hybrid
orbitals overlapping together to form a o bond between the two carbon atoms. The 2p, orbitals of
each carbon atom which are not involved in the hybridisation process also overlap together,
forming a 7 molecular orbital. The combination of both the ¢ and & orbitals that act between the

two carbon atoms together is referred to as a double bond. Figure adapted for use from Ref. [27].

Given the geometry of the 2p, orbital overlap, the = molecular orbital is restricted to lie out of
plane and consequently is not as effective at maximising electrostatic interactions as the o
molecular orbitals. This results in a smaller energy splitting between the & and =n* orbitals, as
compared with the o and o™ orbitals, and consequently the HOMO in ethylene is the = orbital,
with the n* forming the LUMO. The geometry of the © overlap also acts to restrict torsional
motion about the carbon-carbon bond, as any significant rotation will decrease the 2p, orbital
overlap and eventually destroy the = orbital, resulting in an increase to the total energy of the

system.
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2.2 Conjugated polymers

Benzene, shown in Fig. 2.5A, is an organic compound consisting of six sp hybridised carbon
atoms in a ring structure, connected by a series of alternating single and double bonds in what
is referred to as a conjugated structure. As in the case of ethylene, the 2p, orbitals of each atom
overlap together to form a r orbital network that encompasses all six atoms, allowing for

electrons in that orbital to become delocalised over the entire ring.

O

Figure 2.5: Chemical structures of A) benzene and B) poly(para-phenylene). Both molecules
consist of an alternating pattern of single and double covalent bonds, referred to as a conjugated

structure.

Imagine now connecting a large number of benzene molecules together to form the polymer
poly(para-phenylene), which is shown in Fig. 2.5B. In this new structure the alternating series
of single and double bonds is preserved between rings and extends across the entire
macromolecule, making poly(para-phenylene) a simple example of a conjugated polymer. Ina
similar manner to that discussed in the context of benzene, the 2p, orbitals of each carbon
overlap to form a large = orbital network that allows electrons to be theoretically delocalised
over the entire macromolecule, assuming there is no mechanism that breaks the conjugation at
any point. Unlike more common bulk inorganic conductors and semiconductors, in which

delocalisation can occur in all three dimensions, the orbital overlap present in a conjugated

16



Chapter 2 Theoretical considerations

polymer restricts the delocalisation of charge to lie solely along the chain direction in a

quasi-1D geometry.

It is the delocalisation of electrons in such a = orbital network from which the fundamental
electronic properties of conjugated polymers are derived. The primary electronic transition in a
conjugated polymer is the t—r* transition, corresponding to the excitation of an electron from
the HOMO to the LUMO. The difference in energy between the HOMO and LUMO is
governed by the number of electrons and nuclei that participate in bonding in the m orbital
network and therefore is related to the extent of the conjugation along the polymer backbone.
The number of monomer units over which the conjugation extends is referred to as the
conjugation length. Longer conjugation lengths involve more electrons and nuclei; this
stabilises the bonding in the polymer and reduces the HOMO-LUMO energy interval. This
concept is analogous to the simple guantum mechanical treatment of a particle in a box,
although a more quantitative description requires the use of molecular exciton theory?® and

quantum chemical simulations.*?

The concept of unbroken conjugation along an entire polymer chain is rarely realised in
practice and the chain length of a conjugated polymer is not the determining influence on the
HOMO-LUMO energy interval. This is a consequence of the fact that conjugated polymers do
not typically form well-ordered, periodic structures like most inorganic semiconductors, but
possess a strong level of disorder at both intramolecular and intermolecular length scales.** For
example, a conjugated polymer is subject to various conformational defects that can twist the
polymer backbone out of place, such as chemical impurities and torsional distortions.™ 3* 3!

At these defect points m-orbital overlap between adjacent carbon atoms is no longer possible

and the conjugation is said to be broken.
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Figure 2.6: Example of how a conjugated polymer can be broken up into a series of chromophores

of different conjugation lengths, labelled 1-6. Figure adapted for use from Ref. [12].

As a consequence of this structural disorder, a single polymer chain can be broken into
segments of different conjugation lengths called chromophores'! which are typically between
two to five repeat units in length.™ *> ¥ An example of how a single chain can be broken into
different chromophores is shown in Fig. 2.6. Averaging over many different polymer chains
leads to a distribution of chromophore conjugation lengths which in most cases is assumed to

be Gaussian.*®

2.3 The fundamental excitations of conjugated polymers

2.3.1 Excitons

In conjugated polymers electron-electron interactions are strong as a result of the electronic
confinement and occur with relatively weak coulomb screening (polyacetylene: £~2).** As a
consequence, following photoexcitation an electron promoted from the HOMO to the LUMO
of the polymer will remain strongly correlated to the hole in the LUMO, forming a bound
quasi-particle state called an exciton. Such a state is neutrally charged and does not contribute

to the conductivity of the system. This situation can be compared with that of bulk inorganic
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semiconductors (silicon: £=11)% in which the screening is moderate and the result of
photoexcitation is an uncorrelated electron-hole pair. This difference between the basic results
of photoexcitation is a fundamental distinction between the electronic properties of conjugated

polymers and inorganic semiconductors.

Conjugated polymers are also characterised by strong electron-phonon coupling and upon
photoexcitation a polymer chain will reconfigure about an exciton in the excited state.*® ¥ This
process can be understood as the exciton lowering its energy by surrounding itself with a
‘cloud’ of phonons. Results from quantum chemical simulations have shown that this

structural reorganisation involves the planarization® %

of the polymer. As the electron-hole
pair moves through the polymer system, so will the corresponding distortion of the polymer;
the bound electron-hole pair and the corresponding distortion field together constitute a quasi-

particle state.

There are two primary classes of exciton which refer to how tightly bound the electron and hole
are to one another. Mott-Wannier excitons have lower binding energies and are delocalised
over multiple polymer chains; in this respect they are often referred to as interchain or
charge-transfer excitons. Frenkel excitons are tightly bound states in which the electron and
hole are confined to the same molecular unit and are also referred to as intrachain excitons. On
the basis that in most conjugated polymers electron-electron interactions between chains are
mediated by a weak van-der-Waals type attraction, the primary photoexcitation of a conjugated

polymer is typically a molecular Frenkel exciton with a binding energy of ~0.5 eV.*

Both the electron and hole that make up an exciton are spin %2 particles. As a consequence, the
total spin (S) of an exciton is zero, referred to as a singlet exciton, or one, a triplet exciton. The

corresponding wavefunctions of these states are shown in Eq. 2.1.
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S =0(singlet)  (ITil) = L) mg=10

|T1T2> mg = 1 (21)
1

\/Z(lle'Z)'l' [4T2) mg =0

[Lilp) mg=—1

S =1 (triplet)

In Eq. 2.1 m is z-component of the spin and 1 and 2 are particle labels. A diagrammatic
representation of the different exciton spin states is shown in Fig. 2.7. It should be noted that,
for simplicity, in this figure the electron has been placed in the LUMO of the conjugated

polymer, with the exciton said to be in the S; state.

Energy

LUMO
' |

1] I 1

HOMO
| v | |

A) Ground state, Sy B) Singlet exciton, S; Triplet exciton, T,

Figure 2.7: Relative spin orientations of the electron and hole for different electronic states in a
conjugated polymer: A) polymer ground state (Sy); B) first singlet exciton state (S;) and C) first

triplet exciton state (T,).

For most conjugated polymers the triplet energy is approximately 0.7 eV lower than the
corresponding singlet energy.* This amount of energy is known as the exchange energy and is
fundamentally related to the anti-symmetry of the quantum wavefunction required of any

fermion state. This origin of this energy arises from the fact that in the spatial state of the
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triplet wavefunction, which must be anti-symmetric, electron-electron repulsions are reduced as
the electron density associated with the wavefunction vanishes as the two particles move to the

same position.

2.3.2 The polymer density of states

As discussed in section 2.2, the length of a conjugated segment is the primary factor in
determining the HOMO-LUMO separation of a chromophore and thus in turn the exciton
energy. Having a distribution of chromophore lengths in a conjugated polymer thus results in
an inhomogeneous distribution of exciton energies. The distribution of exciton energies is
known as the density of states (DOS) of the conjugated polymer, with an example DOS shown

in Fig. 2.8.

Exciton energy, E

<E>

n
>

Number density of excitons, n(E)

Figure 2.8: Example of a Gaussian DOS of a conjugated polymer. In this circumstance the DOS
has been chosen to be completely filled (green fill), with the average exciton energy <E> lying
directly in the middle of the DOS.
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The DOS of a conjugated polymer is a dynamic quantity and is dependent on temperature.
Thermal fluctuations can generate a brief reconfiguration of the DOS by changing the
conformation of a polymer chain for a short period of time.?® ***' For example, a conjugation
break generated by a torsional twist may be briefly overcome through a thermally assisted
rotation of the chain, increasing the conjugation length and thus temporarily lowering the
corresponding chromophore energy. At lower temperatures there is less thermal energy for
such processes to occur, typically resulting in a decrease to the inhomogeneous broadening of

the DOS.

2.3.3 Polarons

When a single charge is injected into a conjugated polymer, strong electron-phonon interactions
result in the distortion and polarisation of the polymer around the charge. As the particle
travels through the system, so will the associated distortion; this quasi-particle is called a
polaron. Unlike excitons, which are neutrally charged and do not contribute to the conductivity
of a conjugated polymer, polarons can move from chromophore to chromophore upon
application of an electric field, forming the passage of an electrical current. This process is
however complicated by the amorphous microstructure of a conjugated polymer,*** with the
conductivity of such systems measured to be between 1x10° and 1 cm?V™s™, as compared to

~1x10%cm?V*s™ for inorganic semiconductors.*®

The energy levels of the polaron state, shown in Fig. 2.9, differ from that of an exciton and lie
within the HOMO-LUMO interval of the polymer. There are in general three different possible
polaron states in a conjugated polymer; a free electron polaron, a free hole polaron and a
geminate electron-hole pair. Direct polaron generation in a conjugated polymer can occur

either through the injection of charge under the application of an electric field or through the
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introduction of a chemical dopant which oxidises/reduces the chains. These processes result in

the formation of free electron and hole polarons.

i A) B) C)

%—%
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levels
HOMO 4| 4 4]
lv Iy |y
Electron Hole Polaron pair
polaron polaron

Figure 2.9: Polaron energy levels in a conjugated polymer. A) Electron polaron created by adding
one electron into a polaron level; B) hole polaron created by removing one electron from the
HOMO of the polymer; C) electron-hole pair as created when the binding energy of an exciton is

overcome.

Direct optical generation of polarons in a conjugated polymer is complicated by the fact that
upon absorption an electron and hole will remain correlated to one another, forming a neutral
exciton. It is therefore clear that a direct path towards polaron generation involving optical
excitation necessitates exceeding the binding energy (~0.5 eV) of the exciton state. This can be

done in a number of different ways.

The most effective mechanism of polaron generation following photoexcitation is the
application of a sufficiently strong electric field that can offset the coulomb binding energy
between the electron and hole of an exciton.” Other mechanisms of polaron generation are
based upon generating an exciton with a sufficient degree of excess energy that can be used to

overcome the coulomb binding energy. This can be achieved either through one-step excitation
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with a high energy source, known as an auto-ionization process, or two-step excitation

involving a primary excitation followed by a second ‘push’ excitation.*®

Two-step excitation leading to polaron generation has been extensively studied in conjugated
polymers.”®" The general principle of such a process is that optical re-excitation of an exciton
generates a highly excited singlet state (typically denoted as Sy) with a large exciton-hole
separation.”® In such states the correlation between electron and hole is significantly reduced,
leading to the formation of polarons. Reported charge yields from this method are much lower
as compared with electric-field assisted dissociation, with experiments showing that the
polarons generated from excited singlet states rapidly recombine to reform S; excitons before

they can be collected as a photocurrent.*® *°

This has led to polarons being classified into two
distinct types: if the electron and hole remain coulombically bound to each other, such that
charge recombination will only occur between that pair and no other, then the polarons are said
to form a geminate polaron-pair. If the electron and hole have no correlations of any kind then
they are referred to as free polarons. It is possible to distinguish between free polarons and
geminate polaron-pairs in terms of their recombination dynamics: the recombination of free
polarons is dependent on the excitation density; the recombination of geminate pairs is not.*’

Geminate polaron-pairs are also thought to retain some degree of spin-correlation; both singlet

and triplet geminate pairs can exist.>

2.4 The photophysics of conjugated polymers

In section 2.2 the role of electron delocalisation in stabilising the HOMO-LUMO energy gap of
a conjugated polymer was discussed. This physical property has important ramifications for
the interaction of conjugated polymers with light; for the conjugation lengths typical of these
systems, the HOMO-LUMO energy gap approaches that accessible by the visible (450-800 nm)

and near-ultraviolet (350-450 nm) regimes of the electromagnetic spectrum. As such
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conjugated polymers have a high degree technological significance; they are examples of
organic semiconductors which strongly interact with light and thus are materials which can be

used in a wide range of optoelectronic devices.>®’

In such a context understanding the photophysical properties of conjugated polymers is a matter
of great interest. In this section the basic photophysical processes that occur in a conjugated

polymer are reviewed. These processes are neatly summarised in the so-called Jablonski

diagram, shown in Fig. 2.10.
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Figure 2.10: The Jablonski diagram, which summaries most of the significant photophysical
processes that occur in a conjugated polymer. Electronic (black lines) and vibrational sub-levels
(dotted lines) have both been included. Photophysical processes that occur include absorption and
fluorescence, excited-state absorption, non-radiative decay and internal conversion. Intersystem
crossing occurs between the singlet (S) and triplet (T) manifolds of state, with a spin-forbidden

transition from the T, to the Sy occurring as phosphorescence.
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2.4.1 The selection rules for optical transitions

Starting from the Sy ground state of a conjugated polymer, the absorption of a photon of visible
light will lead to an optical transition and the generation of a S; exciton in the excited-state.
Such a process is typically modelled using the electric dipole approximation.”® This is a
perturbation approach which treats the absorption of a photon as an interaction between the
dipole moment of the electronic system with the electric field of the photon. The rate of

transitions between energy levels are governed by Fermi‘s Golden Rule:

2 _ _ .
I, = % \(; |8 [w:)|*g(E;), where A" = —Fyqre=it (2.2)

I": Transition rate, g(E): Density of states
F,: Magnitude of electric field, r: Orientation of dipole

w: Frequency of electric field, i,j: Energy level index

It should be noted that the energetic dependence of these transitions is contained within the
overlap of the initial (y;) and final (1;) state wavefunctions and is not explicitly clear in
Eqg. 2.2. It can however be shown that the transition rate will be directly related to the
difference in energy between the transition interval and the incoming photon energy, with the
transition rate largest when E; — E; = hw. This principle is at the heart of all optical
spectroscopic methods; a photon of light will interact with a sample and generate an electronic
transition if its energy is tuned to the interval between two energy levels. There are however
many other factors which affect the probability of a transition occurring which are also
contained within Eq. 2.2. These factors are summarised by a set of conditions known as the
selection rules. The selection rules related to parity, spin, angular momentum and orbital

symmetry are now discussed in turn.
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Parity

If a quantum wavefunction retains its sign under an inversion of particle coordinates it is said to
be of even or gerade symmetry (denoted by the subscript g); if it changes sign it is said to be
odd or ungerade (subscript u). The parity selection rule states that transitions between states of

the same parity are forbidden; for example, g — u is allowed, but g — g is not.

Electron correlation effects in conjugated polymers result in the ground state S, being of even
symmetry (1A,), with the S; being of odd symmetry (1B,), the S, even again (2A,) and so on.**
¥ Asa consequence one-photon transitions between the Sy and S, levels are forbidden. Note
that the Mulliken symbols A and B are used to denote even and odd orbital symmetry following

a rotation about the C, axis (corresponding to 180°) of the molecule in question.®

Spin

The spin selection rule forbids transitions in which there is a change in the total spin (S). For
example, the transition S; — T, requires AS = 1 and consequently is spin-forbidden. Likewise
the process T;to Sy is also spin-forbidden. Sufficiently strong spin-orbit coupling in conjugated
polymers can allow such processes to occur, but with a probability that is a factor of 10° smaller

than spin-allowed processes.*

Angular Momentum

In order to conserve angular momentum in an electronic transition (in which a photon is either

created or absorbed) the system must also change its angular momentum by one unit.
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Orbital symmetry

In order for a transition to be allowed there must be sufficient spatial overlap between the
relevant orbital wavefunctions. For example, a transition between orbitals that are

perpendicular in space to one another is forbidden.

Outside of the selection rules, it is also important to note that the transition rate of optical
transitions also depends on the orientation of the electric field with respect to the electric dipole
moment; absorption will be strongest when the electric field is aligned parallel to the dipole
moment. This is the basis of polarisation spectroscopy and is a topic that is covered in more

detail in section 3.9.

2.4.2 Absorption and fluorescence

When light of the correct frequency corresponding to a transition between energy levels is
incident upon a sample, photons passing through that sample will be absorbed and the intensity
of the light will vary as a function of the distance transmitted. The exact relationship associated

with this process is expressed by the Beer-Lambert law, which is given in Eq. 2.3:%

1=1,-10C2D) (2.3)

a: Absorption coefficient

D: Distance transmitted through sample

The Beer-Lambert law can be equivalently written using the definition of optic density (0.D.),

given in Eq. 2.4:

28



Chapter 2 Theoretical considerations

I
0.D.= 1og10(7°) =aD (2.4)

In these expressions the energy dependence of the transmitted intensity of a sample is
incorporated into the absorption coefficient, which becomes a function of the incoming photon

energy; a(hw).

The probability for a photon to be absorbed and generate an electronic transition in a sample is
governed by Eq. 2.2 and the selection rules discussed in section 2.4.1 above. It should be noted
that the same rules can be applied to govern the reverse process, in which an excitation loses
energy in the form of a photon under presence of a perturbing field. This process is known as
stimulated emission, because the transition occurs in the presence of an applied electric field;
when this process occurs in the absence of an electric field it is referred to as spontaneous

emission.?

The physical origin of spontaneous emission can only be rigorously explained using quantum
field theory.®® Einstein was however able to show that the processes of stimulated and
spontaneous emission must be related to each other on thermodynamic principles. A key
conclusion of this work was that both the rates of stimulated and spontaneous emission depend
on the same squared matrix term expressed in Eq. 2.2 above.”® Consequently the selection rules

of section 2.4.1 above can be equally applied to spontaneous emission.

The process in which emission occurs from a sample that has been optically excited is more
commonly referred to as photoluminescence; when this process is allowed, as according to the
selection rules outlined above, it is specifically referred to as fluorescence. By measuring the
absorption and fluorescence spectra of a conjugated polymer it is possible to gain a great deal
of information about the energies of the different electronic states in that sample, assuming that

those states can be accessed by allowed, one-photon optical transitions.
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2.4.3 Excited-state absorption

In the same way that it is possible for the ground state of a conjugated polymer to absorb a
photon of light, resulting in a transition to an excited state, it is also possible for an excited-state
to absorb a photon and undergo a transition to an even higher-lying state. This process is
known as excited-state absorption. For example, an S; exciton can absorb a photon of light to

undergo a transition to a higher excited singlet state Sy;:

S1+hw - Sy (2.5)

If the excited state was generated through the initial absorption of a photon, as discussed in the
context of ground-state absorption in section 2.4.2, then the excited-state absorption process is
also referred to as photoinduced absorption (PA).** Given the requirements imposed upon
photon-mediated transitions expressed by the selection rules (section 2.4.1), it is clear that PA
processes can generate transitions to one-photon forbidden A, states. This method also
provides access to high energy Sy states that often cannot be accessed experimentally, for

example due to wavelength constrictions on the excitation source.>® ** ¢

30



Chapter 2 Theoretical considerations

5 o
C kA,
L PA2
4 F nB,
= - mA
I PAIT &
%‘* 3:— F Y lBu
S L
[ L
2 - )|
o PL TPA
1
0 - - 1A,

Figure 2.11: A summary of different optical transitions in the conjugated polymer polyfluorene. In
addition to one-photon transitions to and from the ground state of the polymer (absorption: a, and
photoluminescence: PL), two-photon transitions (photoinduced absorption: PA, and two-photon
absorption: TPA) are also possible and access high-lying even-symmetry states. Figure adapted
for use from Ref. [59].

The process of PA should be distinguished apart from two-photon absorption (TPA), which is
specifically a non-linear optical process in which two photons of the same energy are
simultaneously absorbed, leading to transitions to higher-lying excited states.*® ®* TPA and PA
are physically distinct in a number of ways; for example, whereas PA requires a transition to an
intermediate state, for example the S; level, TPA does not involve any intermediate state. In
addition, because TPA is a non-linear process it requires very high photon densities to be
observed in a conjugated polymer and as such it can easily be prevented by selection of low

power densities. A summary of these optical processes is given in Fig. 2.11.

It should be noted that the concept of excited-state absorption is equally applicable to
transitions within the triplet manifold, although in such cases the initial T, state can only be

generated optically through intersystem crossing from the singlet manifold of states. A T;
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exciton can absorb a photon to undergo a transition to a higher-lying excited triplet state Ty in a

process more commonly referred to as triplet-triplet absorption.

Like the singlet state, polaron states have a manifold of different energy levels in which
transitions can occur between. The most typical of these processes is the absorption of a
photon of light, leading to the generation of an excited polaron state. It is typical to observe

only two polaron absorption transitions;*® ®* these are given in Fig. 2.12 for a hole polaron.
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Figure 2.12: Doublet of polaron absorption transitions (denoted P; and P,) in a conjugated
polymer. For clarification, black arrows denote the spin states; blue arrows denote the polaron

transitions.

2.4.4 Intersystem crossing and phosphorescence

The selection rules which govern the properties of electronic transitions in response to the
electric field of a photon (section 2.4.1) state that spin must be conserved in any transition. As
a consequence, transitions between the singlet and triplet manifold of states are spin-forbidden.
Non-radiative transitions between these states are possible however in systems in which the

spin-orbital coupling is sufficiently strong. Spin-orbital coupling is the interaction between the
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orbital and spin degrees of freedom of an electron as mediated by the electromagnetic field of a
nucleus.*® This interaction can provide a sufficient perturbation as to allow singlet and triplet
spin states to mix together, therefore permitting transitions between the two manifolds of state

to occur. Such transitions are referred to as intersystem crossing.®

Intersystem crossing is an isoenergetic process and therefore requires the accepting energy
level in any transition to be degenerate with that of the initial level. This accepting level can be
a vibrational energy level; indeed, given that the S; and T, energy levels of a conjugated
polymer are offset due to the exchange interaction, intersystem crossing originating from the S;

energy level will typically only occur into one of the excited vibrational levels of T;.

It is also possible for spin-orbit coupling to induce an emissive transition between the T, and S,
energy levels of a conjugated polymer, which is a process that is also spin-forbidden. This
transition is known as phosphorescence and occurs with a very low probability;®
phosphorescence lifetimes, as compared to fluorescence lifetimes, are of the order of 103-10°
times longer.** The low probability for phosphorescence has several important consequences
for the photophysical properties of conjugated polymers. For example, because the lifetime of
triplet exciton is so long, these states have ample opportunity to explore their surroundings and
migrate through the polymer network.®” In this regard triplet excitons also have a high
probability to encounter and be quenched at non-emissive defect sites. This can pose an
additional degree of difficulty in detecting phosphorescence from a conjugated polymer, which
is already very weak. Experiments which measure the triplet population are typically done at
very low temperatures as to minimise the rate of migration. They must also be purged of any
defects; for example, solution samples must be degassed of oxygen, which is a very effective

triplet quencher.
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2.5 Electron-phonon coupling in conjugated polymers

Up to this point the role of strong electron-electron interactions in determining the
photophysical properties of conjugated polymers has only been briefly discussed. This section
proceeds to consider in more detail the influence of electron-phonon interactions on the

photophysics of conjugated polymers.

2.5.1 The Born-Oppenheimer principle

The foundation of most theoretical treatments of electron-phonon coupling in a conjugated
polymer and indeed most molecular systems, is the Born-Oppenheimer approximation.”® This
approximation is based on the fundamental idea that for a typical molecular system the nuclear
masses far exceed the electronic masses, allowing the electronic distribution of the system to
adjust instantaneously with respect to any change in the nuclear positions. This is an example
of an adiabatic process; there is enough time for the eigenstate of the system to evolve to reflect
the new nuclear coordinates, rather than being trapped in its initial eigenstate as would occur if
the nuclear change was made rapidly.®® Under these circumstances the wavefunction of a
quantum state (y) is made up of the product of the electronic (¥g) and nuclear (6y)

wavefunctions:*

lW(R, Q) = |¥&(R, Q))[6x(Q)) (2.6)

In Eg. 2.6 R is the vector coordinate that represents the positions of the different electrons in
the molecule; i.e. it has 3N dimensions, where N is the total number of electrons. Likewise Q
is the vector coordinate that represents the different nuclear positions of the molecule and has

3K dimensions, where K is the number of nuclei.
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The separation of variables in the Born-Oppenheimer principle dramatically simplifies the
complex problem of solving the Schrédinger equation for the energy levels of a molecular
system, which is a process made in two stages.”’ In the first stage the electronic energy of a
molecule is calculated for a given stationary nuclear configuration, i.e. the kinetic energy of the
nuclei is ignored. The electronic energy Eg for the particular nuclear arrangement @Q; can be

calculated by solving the Schrddinger equation:

[/HE(R) + ﬁNE(R' Qi)]ll‘UE(R; Qi)) = EE|IIUE(R, Qi)> (2-7)

In Eq. 2.7 Hg and Hyg are the energy operators for the kinetic energy of the electrons and the
electron-nuclear interactions respectively. By making small changes to the nuclear coordinate
and repeatedly solving the Schrédinger equation at each new position the total electronic
energy can be solved as a continuous function of the nuclear positions, Ez(Q), which is known

as the potential energy surface (PES) of a molecule.

In the second stage the motion of the nuclei is considered to occur within a potential defined by

the PES, with the nuclear energy calculated by solving the Schrdodinger equation:

[y + Ec(@)]165 (@) = [En + Ex(@)]165(Q)) = E|6n (@) (2.8)

In Eq. 2.8 Hy is the kinetic energy operator of the nuclei, with the total energy (Erorq;) Of the

system the linear sum of the nuclear and electronic energies:

Erotar = Exy + EE(Q) (29)

A conjugated polymer can support many different types of molecular vibration, including

stretch modes of the polymer backbone and the rotation of repeat units about the axis defined
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by the backbone.'* ** %7 Each of these different types of vibration can be represented by a
different nuclear wavefunction 8. It then follows that the total energy of a quantum state in a

conjugated polymer is the linear sum of the electronic and vibrational energies.

2.5.2 The Franck-Condon principle

Due to strong electron-phonon coupling, when a conjugated polymer interacts with a photon of
light both the electronic and nuclear degrees of freedom are simultaneously excited. Such
excitation of the nuclear manifold can be equivalently thought of as an excitation of the
vibrational modes of the polymer chain. This has a profound influence on the optical spectra of
conjugated polymers. Consider an electronic transition from the Sy ground state of a polymer
to the S; excited state following the absorption of a photon. Working within the
Born-Oppenheimer approximation and following on from Eg. 2.9, the energy required for this
transition (AE) will be equal to the sum of the electronic energy gap to be surmounted in

addition to an integer number of vibrational quanta of energy Aw:

AE = (Es, — Es,) + nhw (2.10)

As a consequence, instead of just observing one transition in the absorption spectrum,
corresponding to the electronic transition between the ground and excited states, a series of
transitions are observed in which a vibrational mode of the polymer is excited in addition to the
electronic transition. This can be observed as a progression of peaks in which the electronic

transition is essentially repeated at different vibrational energies. This is shown in Fig. 2.13.

36



Chapter 2 Theoretical considerations

.............................................................
............................................................

...........................................................

Z
Show
-«
TR
OFNW

5353355

0-0
0-1
0-2
0-3

n=0 So

=
N

B)

I o o P
IS o @ o

Absorption / O.D.

o
N

o
o

2.7 2.8 2.9 3.0 31 32 33 3.4
Energy / eV

Figure 2.13: A) Simultaneous excitation of the electronic and vibrational degrees of freedom in a
conjugated polymer. In addition to a single electronic transition from the Sy to the S; state (blue
line), three additional transitions involving one, two and three quanta of vibrations (red lines) are
also possible. B) The absorption spectrum of ladder-type methyl-substituted
poly(para-phenylene), in which the zero-phonon transition and three excited vibrational

transitions of a carbon-carbon stretch mode’? are observed.

It is clear from the absorption spectrum of the conjugated polymer shown in Fig 2.13B that the
intensity of each vibronic replica is not constant. In order to understand the origin behind this
behaviour it is necessary to return to the rate of optical transitions in a conjugated polymer as
summarised in Eq. 2.2 and apply the Born-Oppenheimer separation of variables; the result is an

expression involving two distinct terms:
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oy = |w k0l @ik o) oE)]-|r@ei@)  @w

Note that the nuclear wavefunctions 8, can be taken out of the perturbation matrix element as
H' is a function of the electronic distribution. As it can be clearly seen in Eq. 2.11, the
probability of a transition occurring is determined not only by the overlap of the electronic
wavefunctions of the initial (i) and final (j) states, but also by the overlap of the corresponding

vibrational wavefunctions.

The vibrational wavefunctions 8y (Q) of a molecular system can be calculated by solving Eq.
2.8. For both the ground and excited states of a conjugated polymer it is typical to expand the
PES Ex(Q) to the second order for small values of @, resulting in harmonic potential for which
the nuclear wavefunctions can be easily solved for. It should be noted however that such an
approximation is not always able to accurately reproduce experimental results. For example, it
is necessary in polymers with torsional degrees of freedom to incorporate an additional
anharmonic contribution into the PES. This is included in order to take into account the steric
interaction between adjacent repeat units of a polymer when they are rotated with respect to one

another.®® This situation however will not be considered further.

The wavefunctions of a harmonic potential form a complete, orthonormal set. As a
consequence one would initially expect to only observe the zero-phonon transition (0-0 as
shown in Fig. 2.13) between the ground and excited states of a conjugated polymer, assuming
of course all transitions in the ground state originated from the zero-phonon level. Any other
transition would involve the overlap of orthogonal states, with the resulting overlap integral
equal to zero.” This appears to directly contradict experimental observations (see Fig. 2.13B)

in which multiple orders of a vibrational transition can be observed.
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This observation can be reconciled with theory if the PES of the ground and excited states of a
conjugated polymer are offset in conformational space. This difference would represent a
reconfiguration of the chemical structure of the polymer chain in the excited state. As
discussed briefly in section 2.3.1, the electron-phonon coupling in a conjugated polymer leads
to the alteration of the polymer backbone around an excitation. This alteration results in an
overall decrease in the energy of the system and typically involves the planarization of the
polymer backbone and a stiffening of the chemical bonds.®* ** ™ An example of this process is

shown in Fig. 2.14.

Ground state

Excited state

Figure 2.14: Ground and excited state geometries of poly(p-phenylene-vinylene) oligomers, as
simulated using quantum chemical methods. A planarization and stiffening of the chemical bonds

is noted in the excited state. Figure adapted for use from Ref. [38].

It takes approximately 1 ps for the geometry of a molecule to change and adopt its new
equilibrium configuration in the excited-state.*>** 7 This time is much longer in comparison to
the time required for the corresponding electronic transition, which occurs with a lifetime of the
order of 10 fs.®® Consequently any electronic transitions can be considered to occur
instantaneously in comparison to the structural rearrangement. This is known as the

Franck-Condon (FC) principle.
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As a consequence of the offset in conformational space (formally defined by the vector AQ)
between the ground and excited PESs, the vibrational wavefunctions of the ground and excited
states no longer form one complete set together, but two independent complete sets.
Vibrational wavefunction overlap is now possible for transitions originating from the zero-
phonon level of the ground state to vibrational levels in the excited state, and vice versa. The
weighting of these different transitions can be solved for quantitatively by calculating the
squared integral overlap of the ground and excited state nuclear wavefunctions, as per the
second term given in Eq. 2.11. The resulting series of transition intensities form a Poisson-like

distribution:®

(2.12)

The intensity of a transition from the zero-phonon level to a vibrational level of energy nhiw
(where n is as before the number of excited vibrational quanta) is determined by the so-called
Huang-Rhys (HR) factor (S); the series of transition intensities I,_,, are also referred to as the
FC factors. The HR factor reveals important information regarding the restructure of the
molecule in the excited state and can be measured by recording the ratio between the intensity

of different vibronic transitions, as according to Eq. 2.13 below:

n|nlly_
S = nlo-n (2.13)
10—0

For § > 1 the FC intensity distribution has a maximum at an energy of AwS and a variance of

1
hwSz. From this it can be shown that S is a measure of the number of quanta of vibrations (of

energy hAw) lost in the excited state to chain relaxation, with accordingly AwS the lost

69, 73

energy. This lost energy is known as the Stokes Shift and is the reason behind the
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characteristic offset in energy of the absorption and emission spectra of conjugated polymers.
If a conjugated polymer supports more than one type of bond vibration, as is nearly always the
case, then both the absorption and fluorescence spectra will consist of a superposition of
contributions from different vibrational modes and the total Stokes Shift will be equal to the
linear combination of the energy loss associated each mode, as according to the sum

2ihw;S; 7

The FC principle as applied to the absorption and fluorescence spectrum of a conjugated
polymer is illustrated in Fig. 2.15. Upon absorption of a photon an electronic transition occurs
between the ground and excited states and is represented by a vertical line, as the time taken for
the electronic transition to occur is much shorter than the required time for the nuclear
rearrangement to finalise. In the excited state the exciton generated rapidly loses any excess
energy, which is dissipated amongst the molecular vibrations of the polymer. This process is
referred to as internal conversion* (see Fig. 2.10) and occurs on a timescale of
100 fs.2 > "® Given how quick this process is, it follows that all the excess vibrational energy
will be lost before an exciton fluoresces with a lifetime of the order of 100 ps. It can thus be
assumed that in the excited state all emissive transitions begin from the zero-phonon level,
which is a concept known as Kasha’s rule.** Under Kasha’s rule there is now complete
symmetry between the vibrational wavefunction overlap for absorption and fluorescence and

the two appear as mirror images of one another. This is also demonstrated in Fig. 2.15.
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Figure 2.15: The FC principle applied to radiative transitions between the Sy and S; energy levels
of a conjugated polymer. Absorption transitions begin from the zero-phonon level of the ground
state and occur to different vibrational levels in the excited state, with the intensity of each
transition weighted by the wavefunction overlap of each level. Electronic transitions appear as
vertical lines to reflect that the time required for a transition to occur is much shorter than the
time for nuclear rearrangement in the excited state to be completed. After relaxing to the zero-
phonon level of the excited state, emissive transitions occur to all levels in the ground state and the
fluorescence spectrum of the polymer is the mirror image of the absorption spectrum. Image

kindly provided by R. Thompson.

2.6 Excitation energy transfer and migration

Following the excitation of a chromophore, an exciton can move along the polymer chain on

which it was created, or, if the polymer chains are packed sufficiently close to one another as in
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the case of a film, between chains. This process is not limited to a single step; an exciton can
continue to move between chromophores until it recombines and emits a photon of light, or
until it encounters a ‘trap’ state such as a chemical defect or other charge-accepting moiety.
This movement is known as exciton migration or diffusion. A single step in this process, in
which an exciton transfers its energy from one chromophore to another, is known as excitation
energy transfer (EET).” If EET occurs between chromophores on the same chain, then it is
referred to as intrachain EET; if this process occurs between different polymer chains, then it is
referred to as interchain EET. There are two primary mechanisms for EET in conjugated

polymers which are reviewed below.

2.6.1 Forster resonant energy transfer

Forster resonant energy transfer (FRET) is a dipole-dipole interaction in which the excitation
energy of an excited donor (D*) unit is transferred to an acceptor (A) unit through a resonance

interaction:*®

D*+A-D+ A (2.14)

While at a first glance this process may appear similar to the emission from the excited donor
and the absorption of that energy by the acceptor, the mechanism behind FRET is completely
different and does not involve an intermediate photon. FRET instead requires sufficient
electronic coupling between the donor and acceptor, imparting a distance limitation to the
energy transfer. Assuming that the donor-acceptor separation (Rp4) is much greater than the
dipole moment of the respective states (referred to as the point-dipole approximation), then the
rate (kgr) of such a dipole-dipole process is expected to decrease inversely to the sixth power

of the separation:
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1 /Ry \®
Kom = — (_) (2.15)
BT Tp \Rpy

In Eq. 2.15 75, is the lifetime of the donor in the absence of energy transfer. Ry, the Forster
radius, is the distance between donor and acceptor at which energy transfer to the acceptor and
the natural decay of the donor occur with equal probabilities. It can be shown that R, is related
to the spectral overlap between donor and acceptor and the relative orientation of their

respective dipole moments, as according to Eq. 2.16 below:*®

9000 In(10) (k2)d,
128m5n*N,

(Ro)® = fo fi(Dea(DA*dA (2.16)

n: Refractive index of medium
&, Fluorescence quantum yield of donor

N,: Avogadro’s constant

There are two terms of note in Eq. 2.16. The first is the integral (often referred to as the J’
factor), which quantifies the spectral overlap between the normalised (with respect to area)
fluorescence spectrum of the donor f;(4) and the molar absorption coefficient of the acceptor
€4(1). It should be stressed that €,(A) is not normalised and thus the J factor is dependent on
the magnitude of €4(4).  An example of how this quantity may be determined is shown in
Fig. 2.16 for FRET between poly(9,9-diethylhexyl fluorine) (PF) and tetraphenyl porphyrin

(TPP).

The second term of note in Eqg. 2.16 is the orientation factor k which is included to take into
account the relative orientation of the dipoles of donor and acceptor with respect to one

another. As the integral in Eqg. 2.16 implicitly averages over all chromophores in a system it is
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only possible to define an average orientation factor <«*>, which is equal to 2 / 3 for a random

distribution of dipole moments.
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Figure 2.16: Spectral overlap (red area) between the normalised fluorescence spectrum of PF (solid
line) and absorption spectrum of TPP (dotted line). This quantity can be used to calculate Ry, as

according to Eq. 2.16. Figure adapted for use from Ref. [77].

As for a resonant process, the energy transfer in FRET must occur between degenerate donor
and acceptor transitions. This does not however preclude FRET occurring from a high energy
chromophore to a low energy chromophore. In these situations energy transfer will involve
energy levels within the vibronic manifold of states. As demonstrated in Fig. 2.17, a transition
to a low energy acceptor can be offset by excitation of the acceptor to an excited vibronic

level.™

The framework of FRET is applied extensively to EET processes in conjugated polymers, as
these systems possess strongly allowed optical transitions and a large spectral overlap between
donor and acceptor. It should be noted however that in certain circumstances the application of
FRET to EET in conjugated polymers has also been debated. The principal argument behind
this, in certain systems, is that the size of the chromophores involved in the energy transfer are

comparable to the inter-chromophore spacing, thus invalidating the point-dipole approximation
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at the heart of the theory. Various approaches, such as the transition density approach and
line-dipole approximation, have been developed to address this issue.** As an example, in
recent work performed by Shaw et al. the rate of singlet-singlet annihilation in a B-phase
polyfluorene film was measured and compared against the predictions of a model developed by
the authors.” As will be discussed in section 2.6.6, the rate of annihilation is mediated by the
properties of exciton migration and thus singlet-singlet annihilation can be used as a tool to

study the properties of exciton migration.®

......................................

.....................................

.........................................................................

Figure 2.17: Forster resonant energy transfer between offset donor (D) and acceptor (A) states.
Energy transfer between degenerate donor and acceptor states is made possible by using
vibrational energy levels. Matching colour lines are indicative of the different possible coupled

transitions that can occur. Figure adapted for use from Ref. [78].

Initial frameworks developed by Shaw et al. to describe singlet-singlet annihilation in B-phase
polyfluorene incorporated FRET as the primary EET mechanism, but were however unable to
accurately replicate experimental results. The B-phase of PFO is known to form a well-ordered
structure in which the polymer chains are packed tightly together. Under these conditions the
delocalisation of an exciton becomes comparable to the interchromophore spacing and the

point-dipole approximation can no longer be applied to the system. In light of this fact, a
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second model was instead developed in which exciton energy transfer was based on the line-
dipole approximation. This model showed a marked improvement over the first and was able

to accurately reproduce experimental data.

In cases in which optical transitions are forbidden, such as transitions involving triplet states
and polaron hopping, FRET cannot under any approximation be applied to describe energy

transfer, which must instead proceed through a separate mechanism.

2.6.2 Dexter energy transfer

Dexter energy transfer (DET) is a direct electron transfer process between donor and acceptor
states mediated by the exchange interaction, in which the excited electron of the donor is
exchanged for the ground-state electron of the acceptor.® This requires the electronic orbitals
of the two species involved to be overlapping and as such is only active at very short distances;
it thus can be thought of as a collision-type interaction. The transfer rate associated with this

process follows an exponential dependence on the donor-acceptor separation (Rp4):*

2R
kgr = KJexp (—=5) (2.17)

In Eqg. 2.17 L is the average van der Waals radius of the donor and acceptor orbitals and it is
because of the size of this quantity that DET is only effective over very short distances. |
retains its definition from section 2.6.1 above as the spectral overlap between the fluorescence
of the donor and the absorption of the acceptor, but in DET the contribution of the donor

absorption e4(A) is normalised, i.e. J does not depend on the magnitude of €4 (A4).

The K factor is included in Eq. 2.17 above to take into account the specific nature of the orbital

interactions. For example, it is clear that the orbital overlap will not only depend on R but also
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the relative orientation of the orbitals; orthogonal orbitals will not overlap and under these
conditions K = 0. The role of orbital orientation has been studied in extended-chain systems,
in which conjugated polymers have been dissolved in nematic liquid crystals.®® In these
systems it was found that the rate of intrachain EET, in which DET was assumed to be the
dominant mechanism, was dependent on the chain conformation, with increased transfer rates
occurring for the more extended systems, in which the orbital overlap between chromophores

was greater.

2.6.3 Comparison of Forster and Dexter energy transfer
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Figure 2.18: Comparison of FRET (red line) and DET (blue line) as a function of donor-acceptor
distance. DET is found to be the dominant mechanism only at very short distances; FRET is

dominant at longer distances. Image adapted for use from Ref. [27].

It is clear from the discussions of sections 2.6.1 and 2.6.2 that the mechanisms of DET and
FRET differ in several key aspects. For example, each mechanism has a different dependence

on the donor-acceptor separation Ry 4. Whereas FRET is a long range interaction in which the
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rate of EET decreases according to Ry, DET on the other hand is a short range interaction in
which the rate of EET decreases according to exp (—2Rp,/L). A comparison of these
different dependencies is made in Fig. 2.18. In a system in which both FRET and DET are
possible, it is clear that at short distances DET is the more effective and wins out; at longer

distances however FRET is the more dominant mechanism.

In addition FRET and DET both differ in terms of their dependence on the magnitude of the
transition dipole moments of the donor and acceptor radiative transitions. Whereas FRET is
based on a dipole-dipole interaction and can thus only occur in systems with large transition
dipole moments, DET is mediated by the exchange interaction and is independent of the
magnitude of the transition dipole moments. As a consequence FRET cannot be applied to
describe EET in systems in which there is no allowed optical transitions, such as triplet EET,
which instead proceeds through DET.® This should be distinguished from the fact that both
FRET and DET depend on the spectral overlap between donor and acceptor, as quantified by

the J factor.

There are other distinctions between FRET and DET. For example, as discussed in context of
the J factor, FRET depends on the magnitude of the acceptor absorption coefficient, whereas
DET does not. The rate of FRET can also be related to measurable guantities, such as the
fluorescence quantum yield of the donor and the refractive index of the system at hand. The
rate of DET on the other hand is instead mediated by the exchange interaction and cannot be

directly related to an experimental quantity.

2.6.4 Dispersive and non-dispersive exciton migration

Having established the basic physical principles of EET, this section now considers how an

exciton can move through a network of polymer chains using EET to ‘hop’ between
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chromophores. The fundamental starting point in this discussion is the energetic distribution of
available chromophores which an exciton can occupy, as expressed by the DOS of the polymer

(section 2.3.2).

What migration pathways are open to an exciton will clearly depend on the number of nearby
chromophores available to hop to and thus in turn the location of the exciton in the DOS. First
consider a situation in which excitation is made well above the edge of the absorption band,
corresponding to the excitation of the shortest chromophores in the system. As emission in a
conjugated polymer is red-shifted with respect to the absorption, energy transfer via FRET is
most favourable in a ‘downhill’ direction, i.e. in which there is a decrease in energy.*> Some of
these downhill chromophores will be sufficiently close to one another and have an orientation
favourable for FRET, resulting in EET. At early times there are a large humber of unoccupied
sites to which an exciton can jump to and subsequently the downhill energy transfer is rapid,
occurring within 1-10 ps. As the exciton moves to the lower energy chromophores in the DOS
the number of possible hopping sites decreases and the rate of migration thus decreases in turn.
This initial phase of migration, characterised by a time-dependent hopping rate, is referred to as

dispersive migration.

After a short period of time an exciton will reach the lowest energy chromophores in the DOS.
In this situation there is a very high probability that an adjacent chromophore will be occupied,
and concordantly the rate of migration slows down dramatically as to that measured in the
dispersive regime. Now migration between chromophores can still occur, but only because of
thermal fluctuations and only to states very close in energy. In this regime the hopping rate is
approximately constant and thus referred to as non-dispersive migration. Non-dispersive
migration is heavily dependent on the polymer morphology and typically occurs on a timescale
between 10 and 100 ps. In a ordered system, there will be a large number of polymer sites with

a similar energy as the starting chromophore within the energy transfer radius, and thus the rate
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of migration will be high. In a disordered system however these sites will be on average further

away from the starting site and thus the rate of migration is reduced significantly.

Using these concepts it is now possible to address the observation that intrachain migration
occurs on a longer timescale than interchain migration.** ¥ Recent studies have shown that
single step interchain and intrachain EET occur with similar rates.** The difference in the rates
of migration can be attributed to the fact that there are a different number of available sites to
transfer to in each mechanism. In a film the polymer chains can overlap with one another and a

8 As such there can be

single polymer chain can be surrounded by many nearest neighbours.
many more sites for an exciton to hop to that are on different chains, as compared to those on
the same chain. Under these circumstances the probability for an exciton to move between

chains is greater than the probability to move along the same chain and therefore the rate

interchain migration is larger than that of intrachain migration.

2.6.5 Temperature dependence of exciton migration

It is clear from the discussion in section 2.6.4 that one of the primary factors that determines the
rate of migration in a conjugated polymer is the total number of adjacent sites an exciton on a
chromophore can hop to; an exciton has a greater probability to make a hop if there is more
sites to which it can move to. The thermal energy in a conjugated polymer has a significant
influence on this process by allowing an exciton to hop to a chromophore that is greater in
energy than the site on which it begins. By allowing for these so-called ‘uphill’ hops in the
polymer DOS an exciton has access to a larger number of potential hopping sites, resulting in

an increase to the rate of migration. This concept is developed in greater detail below.

The rate W; ; at which an exciton can move between initial (i) and final (j) chromophore sites

will be dependent on two terms.* The first term Xij expresses the rate at which the
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fundamental physical process of the hop occurs between chromophores and is determined by
the relevant hopping mechanism; the second term reflects the Boltzmann probability for an

uphill jump in energy to occur:

Wij = XijPehermat(Ei, Ej, T) (2.18)

For singlet excitons hopping is typically thought to be mediated by the properties of FRET
(section 2.6.1); hopping of triplet excitons proceeds using DET (section 2.6.2). It is also
equally possible to incorporate a discussion of polaron hopping into this framework, which

occurs through electron tunnelling.

6
Ro . :
(—) singlet excitons
Rl,]
exp (— T) triplet excitons
exp(—2yR;;) polarons

For the rate of polaron hopping given in Eg. 2.19, y is the so-called inverse localisation radius,

which is related to the height of the energetic barrier through which tunnelling occurs.

The thermal probability of performing an uphill hop will be dependent on simple Boltzmann

statistics; the probability of a downhill hop occurring is assumed to always be one:

1 if E; <E

Pthermal(Ei, Ej, T) = exp (_ (Ej - Ei)

. (2.20)
kBT ) lf E] > Ei

As it can be seen in Eq. 2.20, at high temperatures there is a finite probability for an excitation
of a conjugated polymer to hop to a chromophore that is higher in energy. This increases the

total number of possible sites within a given radius to which an excitation can hop to.
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Therefore after averaging over a large number of different states and hopping occurrences, the
total rate of migration is found to increase at high temperatures. On the other hand at low
temperature the probability of an uphill jump is negligible, reducing the number of hopping

pathways and thus the total rate of migration.

The role of temperature is not limited to influencing the thermal probability of an uphill jump
occurring through Boltzmann statistics. For example in the case of singlet exciton migration, it
is clear that even if there is a finite thermal probability for an exciton to reach an adjacent
chromophore of higher energy, the offset in energy between chromophores may be too great to
facilitate sufficient spectral overlap between the absorption of the acceptor and the emission of
the donor, as required for FRET. In this context the thermal properties of the distribution of
chromophore energies, i.e. the polymer DOS, is equally important to the properties of
migration. At high temperatures thermal fluctuations generate dynamic changes in the
energetic landscape by changing the conformation of a polymer chain for short periods of

ti me'ZO, 30, 31

For example, the thermally activated torsional modes of a polymer chain may
temporarily restore orbital overlap at a conjugation break, increasing the conjugation length and
thus changing the corresponding chromophore energy. These modes may also equally destroy
orbital overlap and generate new conjugation breaks. It can therefore be seen from the
argument above that there will be a greater distribution of chromophore energies and therefore
a greater probability for there to be an adjacent chromophore of the correct energy to which an

exciton can hop to at high temperatures. Exciton migration under these circumstances is said to

be thermally activated.?

Upon decreasing the temperature there will come a critical point at which there will be not
enough thermal energy in the system to facilitate such dynamic changes within the polymer
DOS. Consequently a turnover to a thermally non-activated migration regime can be noted for

different polymers by changing the temperature.”® * The temperature at which this occurs is
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reflective of the amount of thermal energy required to infer changes within the polymer DOS
and is dependent on the microstructure of the polymer at hand. In disordered systems such as
polyfluorene, a large amount of energy is required to make the required changes and
consequently a crossover to the non-activated regime is noted at high temperatures (200 K); for
relatively well-ordered systems, such as ladder-type methyl-substituted poly(para-phenylene)

(MeLPPP), this crossover occurs at a much lower temperature (80 K).

It is clear from the discussion above that the concepts of conformational relaxation and non-
dispersive migration are fundamentally related to one another, making it difficult to separate
the two experimentally for most polymer systems.*® Conformational relaxation involves a
reduction in the energy of an exciton through the optimisation of the chain geometry in the
excited state in response to the presence of the exciton. In order to distinguish between non-
dispersive migration and conformational relaxation, a rigid polymer system, such as MeLPPP,
can be used, in which double-bridging between adjacent phenyl groups along the polymer

backbone prevents any significant degree of conformational relaxation.

2.6.6 Singlet-singlet annihilation

Just in the same way it is possible for there to be a transfer of exciton energy between two
chromophores, there can equally be a transfer of energy between two excitons. When this latter
process involves two S; excitons, all of the energy of one exciton is given to the other which is

excited into a higher energy level:%°

S; 45, > S + Sy (2.21)

As one singlet exciton is essentially lost in this process, returning to the ground state, this

energy transfer between excitons is referred to as singlet-singlet annihilation (SSA). The
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physics of SSA are fundamentally no different from that of singlet EET; in this case both the

donor and acceptor states are S; excitons.

Following on from the discussion of section 2.6.1, the rate of energy transfer between excitons
will only be significant when two excitons come sufficiently close to one another as to interact.
If after photoexcitation two excitons are not generated within the required distance for SSA,
they must first migrate sufficiently close to one another. As such the properties of SSA are
heavily dependent upon the excitation density. For example, after increasing the excitation
density there will come a point when the average distance between excitons is small enough for
them to interact immediately, allowing for a significant fraction of the S; population to undergo
SSA. Measurements performed by King et al. have shown that this threshold density is of the

order of ~2x10" photons-cm™ in the conjugated polymer polyfluorene.®®

The Sy singlet state generated as a result of SSA has two possible pathways through which it
can decay. The first is for the state to undergo rapid non-radiative decay and return to the S;

level.***® The other possibility is for the Sy state to dissociate into a pair of polarons (P* and

—\.52, 88, 90-92
P):

Sy = (1 —n)(S; + heat) +n(P*+P7) (2.22)

In Eqg. 2.22 n is included as the branching ratio of polaron formation to non-radiative decay.
SSA can therefore be used as a pathway to generate polarons in a conjugated polymer without

the need of an electric field.
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2.7 The photophysics of polymer/electron acceptor blends

Following photoexcitation in a conjugated polymer, the primary excitation that is formed is a
neutral exciton in which an electron and hole are bound together. Thus in order to generate free
charges in a conjugated polymer it is necessary to provide a mechanism which allows for the
binding energy of the exciton to be overcome. This concept was considered briefly in
section 2.3.3. One example of such a mechanism is autoionization, whereby an excess thermal
energy is used to separate the exciton. Two-photon processes are also capable of generating
polarons, in which a photoexcited exciton interacts with and uses the energy of a second photon
to dissociate. These mechanisms however are not efficient; for example, the branching ratio of
polarons to excitons under direct one-photon photoexcitation is around 10% in film, although

such a value depends strongly on the film nanomorphology.®*

In order to make a photovoltaic device based on a conjugated polymer that can compete with
the more established devices based on silicon, much higher yields of charge are required under
one-photon photoexcitation conditions. To date, the most successful method used to achieve
this is to introduce an electron-accepting moiety into the polymer network.****  The basic
concept behind this method is that an exciton that reaches an interface between polymer and
acceptor can dissociate as a result of electron transfer to the acceptor. Internal charge
generation efficiencies of up to 50% have been measured for blends of the polymer
regio-regular  poly(3-hexylthiophene)  (RR-P3HT) with the electron  acceptor
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), with corresponding photovoltaic devices

based on this blend reaching external power-conversion efficiencies of just over 5%.%

Recent years have seen a significant research effort made into understanding the fundamental
photophysics of charge generation in polymer/acceptor blends. New ideas are being generated

at a rapid rate and even the most basic principles of charge generation in these systems have
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come under scrutiny.’”

In this section a summary of the current and most commonly
accepted photophysical model of charge generation in a polymer/electron acceptor blend is
presented, following step-by-step the various processes that occur between the photoexcitation

of a polymer up until the generation of free charges.

2.7.1 Electron transfer and charge-transfer states in polymer/acceptor
blends

The basic principle behind charge generation in an organic photovoltaic system is the
introduction of an electron-accepting element into the polymer which facilitates exciton
dissociation. An exciton at an interface between polymer and acceptor can lose an electron,
which undergoes electron transfer from the polymer to the acceptor. Rather than directly
leading to the formation of a free polaron pair, the electron in the acceptor and the hole in the
polymer remain partially correlated to one another at the interface as according to the coulomb
attraction between the two. This lightly-bound state that exists across the interface is referred
to as a charge-transfer (CT) state and is believed to be a key intermediate as part of the process

of free charge generation.***> %

The electron transfer which precedes the formation of the CT state is a quantum tunnelling
process in which the electron of an exciton is able to reach the acceptor by overcoming the
energetic barrier between the polymer and acceptor at the interface. Such a process, shown in
Fig. 2.19, is driven by the energetic difference between the LUMO of the polymer and the
LUMO of the acceptor. In order for electron transfer to occur with a high probability, the
LUMO of the acceptor must be lower than that of the polymer. This generates a driving force
which is sufficient to overcome the coulomb binding energy of the exciton.® As the binding
energy of an exciton is typically ~0.5 eV, there is a minimum separation of 0.5 eV imposed on

the LUMO separation for efficient charge transfer.* This does not imply however that
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increasing the LUMO separation past this point increases the probability of electron-transfer
further; indeed, studies have shown that intervals greater than the minimum value of 0.5 eV do

not lead to an appreciable increase in the number of CT states formed.*®

Polymer Interface Acceptor
Electron
| transfer
LUMO
v v
Exciton
migration R
Ecr . Charge-
) . transfer state
HOMO I : T Y
S, exciton S, exciton

Figure 2.19: CT formation through electron-transfer: an exciton must reach a polymer/acceptor
interface (by migration or otherwise) before it can undergo electron transfer between donor and

acceptor. This results in the formation of a weakly bound CT state that exists at the interface.

On the basis that the CT state is only very weakly bound, the energy of the CT state is typically
approximated to be the difference in energy between the LUMO of the acceptor and the HOMO
of the polymer:

For = Efg" — Ehoira®" (223)
The energy of the CT state is thought to be a critical parameter in determining the efficiency of
polymer solar cells. Studies have shown that the open circuit voltage (Vo) of a polymer solar

|,93

cell, which in turn determines the power conversion efficiency of the cell,™ is proportional to

the energy difference between the HOMO of the donor and the LUMO of the acceptor, and
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therefore E p. % 1% 1%

It is therefore important when designing such a device not to choose
materials in which the LUMO interval between donor and acceptor is too large, as this will

reduce the efficiency of that device.

To develop as efficient a polymer solar cell as possible it is important for as many of the
excitons that are generated in the polymer to reach an interface and form a CT state. As such it
is crucial to maximise the interfacial area between polymer and acceptor. This can be achieved
by mixing the two together to form a so-called bulk-heterojunction (BHJ) structure, which
consists of a bi-continuous network of overlapping phases of polymer and acceptor (see

Fig. 2.21).%

Recent studies of BHJ structures based on the conjugated polymer RR-P3HT and the electron
acceptor PCBM have demonstrated a doping ratio of 50% by weight (Wt%) to be the most
efficient at generating a photocurrent in the blend.'®® Under such high doping regimes nearly
all excitons are generated within range of an interface, leading to the rapid generation of CT
states with near unity efficiency.’® Interestingly this value was found to be less than the
eutectic composition of the blend (65%) at which the interfacial area was maximised, indicating
that the interfacial area alone, and therefore by extension the number of CT states formed in the
blend, is not the sole determining influence on the photocurrent that can be obtained from such

a system. This point will be discussed in more detail in the following section.

The rate-limiting step in CT generation is the migration of excitons to the polymer/acceptor
interface; if an exciton is not generated sufficiently close to an interface it must migrate through

the polymer until it reaches one.’* %

Exciton migration has been discussed at length in
section 2.6 and typically occurs with a time period between the orders of 10 and 100 ps in a
pristine film.** The time taken for an exciton to migrate to an interface in a blend of polymer

and acceptor will depend on other factors; for example, in a BHJ device the concentration of
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dopant and the respective size of the polymer/acceptor domains has been shown to have a
significant influence."® For a 50% wt% doping ratio in a BHJ device the migration lifetime is
typically of the order of 10 ps; the electron-transfer step is quicker than this by several orders

of magnitude, occurring within 50 fs.'%’

The mechanism outlined above, in which exciton generation is considered a prerequisite of CT
generation, was commonly accepted until recently, following research by Z.V. Vardeny et al. in

. 108 This work

which the quantum nature of the CT state was called into question.
demonstrated that in a polymer/electron acceptor blend, CT states could be formed using
photoexcitation below the energy gap of the polymer, i.e. without the need of S; excitons. In
addition, absorption and electroabsorption measurements revealed the presence of a weakly
absorbing state within the energy gap of the polymer, confirming a ground state transition
associated with the CT state. This is a highly significant result, as it suggests that in such a

system the electron acceptor interacts with the polymer to form a ground state charge-transfer

complex, which has a separate set of orbitals and transitions.

2.7.2 Charge-transfer dissociation and charge generation

The fate of the CT state has a significant influence on the efficiency of charge generation in an
organic photovoltaic system. There are three primary decay mechanisms of the CT state that
have been identified in the literature to date. The first of these is for the CT state to recombine
geminately; that is for the electron on the acceptor to recombine with its original hole in the
polymer. This process has been measured to occur over a wide range of lifetimes, ranging from
300 ps in MeLPPP/PCBM blends*™ to 1ns in PBHT/PCBM blends.** The variance in the
recombination lifetime has been attributed to the relative LUMO energies of the polymer and
acceptor. If the separation between the LUMO levels is small, then the reverse transfer of the

electron from the acceptor to the polymer can occur as part of a thermally assisted process (see
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section 2.6.5). If however there is a large difference in energy then there will only be a small
probability for the electron to make the required uphill step in energy, resulting in a longer CT
lifetime. CT recombination contributes as a loss mechanism towards charge generation; clearly
if there are fewer CT states at any given time then the possible number of free charges that can
be formed will also be smaller. In order to prevent such a loss the energy levels of the polymer
and acceptor must be chosen as to reduce the probability of back-transfer of electrons from the

acceptor to the polymer.

Another potential loss mechanism of the CT is intersystem crossing within the CT manifold of
states. CT states retain some degree of spin correlation and thus are classified as either singlet
or triplet CT states according to the relevant spin orientations of the electron and hole, as in the
case of excitons.®® The exchange interaction also affects CT states in the same way as excitons;
the triplet CT level is lower in energy than the singlet CT level. If the triplet level of the
polymer is lower in energy than that of the triplet CT level, intersystem crossing within the CT
manifold will result in triplet CT states which are then able to recombine geminately as triplet
excitons.® This process is outlined in Fig. 2.20. The loss of CT states to triplet excitons
presents another key design consideration for developing efficient charge generation in an
organic solar cell; a polymer with a triplet level higher than the corresponding CT triplet level

must be chosen.

The final and most important process which the CT state can undergo is dissociation, leading to
the formation of free polarons in the polymer and acceptor. The fundamental principle of CT
dissociation remains the same as exciton dissociation; in order for the electron and hole to be
fully separated and become uncorrelated free polarons, the coulomb binding energy of the CT
state must be overcome. As the binding energy of the CT state is less than that of an exciton,

CT dissociation occurs with a higher probability than exciton dissociation. This is the basis for
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using polymer/acceptor blends in polymer solar cells; it is much easier to generate charges in a

conjugated polymer by using the CT state as an intermediate.

Separation of the CT state occurs through a process in which the electron hops away from the
interface in the acceptor domain, with the hole moving away from the interface into the
polymer.** As the electron and hole separation increases the small correlation that remains
between the two decreases until a point is reached whereupon they can be considered to free
polarons. The states that are formed as the electron and hole have moved apart from each other

and the interface are referred to as charge-separated (CS) states.

The hopping mechanism by which the electron and hole move away from the interface is based
on the same fundamental principle as outlined for polaron hopping in section 2.6.5 above, in
which polarons move between transport sites through electron tunnelling.  Unlike that
discussion however in which the hopping of free polarons was considered, it is necessary when
considering the dissociation of the CT state to include a contribution that takes into account any

change in the coulomb energy of the electron-hole pair as they move apart from each other.?*

The starting energy of the CT state will have a significant impact on the dissociation
probability: a CT state with a large amount of excess energy will be able to use this energy to

undergo rapid dissociation via local heating at the interface," % 1

in a process similar in
nature to autoionization as mentioned in the context of exciton dissociation. It is possible to
generate CT states with varying degrees of excess energy by controlling the excess exciton

107 is shorter than the time over

energy. As the time taken for electron transfer to occur (45 fs)
which excess energy is dissipated as heat into the polymer (~100 fs),* any excess exciton
energy is carried through into the CT manifold before it is lost. Recent studies have shown that

CT states generated with excess energy can undergo near-instantaneous dissociation, leading to

the rapid build up of polarons; on the other hand,* CT states with no excess energy have a very

62



Chapter 2 Theoretical considerations

small probability to dissociate and correspondingly a much longer lifetime.”” A diagrammatic

summary of both these processes is given in Fig. 2.20.

Electron
transfer

............ Charge separation
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.......................................................
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Singlet and triplet  Singlet and triplet CS states Free polarons
exciton states CT states
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Figure 2.20: Pathways towards free polaron formation in a polymer/electron acceptor blend. 1)
For excitation at the polymer energy gap (blue arrows), electron transfer to the acceptor results in
a CT state being formed with no excess energy. Charge dissociation occurs relatively slowly
through a series of thermally activated hopping steps in which the binding energy of the CT state is
gradually overcome, eventually resulting in the formation of a free polaron pair. In addition, if the
CT triplet level is higher in energy than the triplet level of the polymer, then intersystem crossing
within the CT manifold of states followed by CT recombination and can lead to a loss of CT states.
2) For excitation above the polymer energy gap (orange arrows), electron transfer to the acceptor
results in the formation of a highly excited CT state. The excess energy of this state can be used to

facilitate rapid charge dissociation, resulting in the formation of free polarons.

The rate of CT dissociation can be aided by the presence of an external electric field. Although
such a concept does not exist naturally in polymer/acceptor blends, in photovoltaic device
architecture an internal electric field is setup by the potential difference between the electrodes

through which photocurrent collection occurs. The device architecture also has a significant
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influence on the efficiency at which charges can be collected at the electrodes. In a BHJ device
a percolating network of donor and acceptor phases, in which phase segregation occurs on a

93,102 phase

similar length scale to the diffusion length, facilities efficient charge extraction.
separation into large domains should be avoided, as the number of paths through which a
charge can migrate to the electrodes is significantly reduced. By controlling the doping ratio of
polymer to acceptor it is possible to generate different blend microstructures and thereby
influence the charge generation efficiency.'® As discussed however in section 2.7.1, any
changes to the doping ratio may influence the formation dynamics of the CT state. It is
therefore necessary to seek a balance between an efficient microstructure for charge transport
and the yield of CT states that can be formed. It should be noted that similar alterations to the
microstructure can also be made by thermally annealing samples, which has the effect of

increasing the polymer and acceptor domain sizes.** %

The issue of charge transport can be dramatically simplified by using a bi-layer device
architecture (shown in Fig. 2.21). In such a structure a layer of the electron acceptor is either
spun or thermally evaporated on top of a polymer film, leading to effectively one interface
between polymer and acceptor. Charge transport to the electrodes proceeds entirely in one
continuous domain and therefore occurs with a higher mobility than that of charge transport in
the more disordered BHJ structures.® This proceeds however at the expense of the number of
CT states formed, as many excitons that are generated in the polymer will be too far away from
the interface to form CT states and will recombine before they are able to undergo electron
transfer. For this reason there has been a growing interest in designing bi-layer devices which

110, 111

utilise triplet excitons, on the basis that such states have a much longer lifetime and can

thus migrate over a much longer length scale as compared to singlet excitons.®’
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A) B)
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Figure 2.21: Comparison of (A) bi-layer and (B) BHJ organic solar cell structures. A) In a
bi-layer structure excitons photogenerated in the polymer (white domains) must on average
migrate a large distance to reach the interface with the electron acceptor (black domains) and form
a CT state, with some excitons recombining before they are able to reach the interface. Following
CT dissociation, charges migrate in continuous domains of polymer and acceptor and are collected
at the electrodes. B) In a BHJ structure the polymer and acceptor are mixed together on a small
length scale and consequently an exciton only has a small distance to migrate to reach an acceptor
site. Following CT dissociation, charges migrate in a more disordered network of percolating
domains of polymer and acceptor before being collected at the electrodes. Image of BHJ
morphology adapted for use from Ref. [112].
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Figure 3.1: Photograph of the optical table for pump-probe spectroscopy measurements, including
the ultraviolet and white light laser outputs of the opto-parametric amplifier (far left). Please note

that this picture is no longer reflective of the current optical setup.

This chapter reviews the experimental methods used as part of the research described within
this thesis. A significant fraction of this chapter dedicated to the principals and practical
realisation of time-resolved laser spectroscopy in the femtosecond and picosecond regimes. A
large amount of laboratory time has been devoted towards understanding and developing a high
degree of competency with such systems and time-resolved laser spectroscopy forms a unifying

link between all aspects of research outlined herein.

This chapter begins with a discussion of ultrafast laser systems, culminating in a description of

the Ti:Sapphire laser oscillator. A discussion of the theory and practical realisation of both
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femtosecond pump-probe spectroscopy and picosecond fluorescence spectroscopy follow. This
chapter then concludes with a series of brief descriptions of other spectroscopic techniques and
equipment used, followed by a discussion of polarised spectroscopy and details of sample

preparation.

3.1 Conjugated polymers: the need for time-resolved
spectroscopy

The principal excitations of conjugated polymers, singlet excitons, take part in dynamical
processes which occur on very short time scales. These include thermalisation (~100 fs),?" "> "
migration (1-100 ps)™® %3 and recombination (100-1000 ps).”**® The extremely short duration
of these processes is beyond the capability of ordinary gated electronic forms of detection. In
order to measure a process occurring on the order of picoseconds, or indeed femtoseconds, it is
necessary to seek other experimental methodologies. The most commonly utilised of these is

time-resolved ultrafast laser spectroscopy, in which very short pulses of light can be used to

probe the excitation dynamics of conjugated polymers.

Ultrafast laser spectroscopy is a broad field that encompasses various individual techniques. A
unifying link between these techniques however is the nature of the laser system which
generates the ultrafast pulses of light utilised in measurements. It is therefore of significant
interest, before reviewing any of the specific details concerning the experimental methods

performed in this study, to consider the theory and operation of a typical ultrafast laser system.

3.2 Generation of ultrafast laser pulses

From the basic theory of a laser source, it is known that the length of a laser cavity will place

stringent restrictions on the frequency domain of its operation. Oscillation will only be
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permitted on a discrete number of evenly spaced frequencies which constitute the longitudinal

modes of the cavity:

Vg =--=q.Av (3.1)

q: An integer
c¢: Speed of light in the cavity
L: Cavity length

Av: Mode spacing

When a laser operates, only those longitudinal modes for which the total cavity gain exceeds
the total cavity losses will simultaneously oscillate. A standard continuous wave (CW) laser is
therefore in the strictest sense of the word not a monochromatic source, nor is its output
continuous with time; the output instead depends on the superposition of a number of different

oscillating modes; this is considered with the use of Fourier transforms in Fig. 3.2.
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Figure 3.2: Fourier analysis of pulsed laser operation. A): The longitudinal modes of a laser cavity
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v

are represented by an infinite series of delta functions. The Fourier transform of this set is also an
infinite series of delta functions, but with a temporal spacing that is the reciprocal of the frequency
spacing. B): A finite number of the longitudinal modes for the cavity to oscillate on is selected by
multiplying the delta functions with a hat function, whose width AN is equal to the number of
selected modes (m) times the mode spacing (c/2L). The Fourier transform of a hat function is a
sinc function, whose width is again the reciprocal of that in frequency space. C): The result in the
time domain is the convolution of an infinite set of delta functions with a sinc function, resulting in
a repeating train of pulses.

As it can be seen from Fig. 3.2, the resulting output from the superposition of a finite number of
longitudinal modes in a laser cavity is a well established train of pulses. The width of a single
pulse (At) is determined by the number of longitudinal modes (m) on which the cavity
oscillates; the exact relationship between the pulse width and number of modes is stated here

for use later on:

(3.2)
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The nature of the numerical constant K is addressed below. Eg. 3.2 is an expression of the
Fourier duality between time and frequency, in which the two are inversely proportional. The
generalised relationship between the two is stated below in Eq. 3.3 and will be referred to again
in this chapter. If the equality given in Eq. 3.3 applies then the relevant optical properties are

said to be in the transform limit.
AtAv = K (3.3)

For simplicity in the analysis of Fig. 3.2 a top-hat function has been used to select the
longitudinal modes on which the cavity lazes on. Evaluation of the Fourier transform is readily
performed and it can be shown that in this case K = 1. The choice of a top-hat function is
clearly an approximation however, as in a real laser cavity not all longitudinal modes are
selected to laze with the same intensity. The shape of the inhomogeneous gain curve of the
gain medium instead determines the weighting at which the modes are selected, with typically a
Gaussian or Lorentzian envelope chosen for this purpose. This leads to a different value of K

(0.441 and 0.142 for the Gaussian and Lorentzian profiles respectively) in Egs. 3.2 and 3.3.%

The time period (T) between pulses is determined by the reciprocal of the frequency spacing

and is equal to the time taken for the pulse to make a single round trip in the cavity:
T=—=— (34)
c

Given this analysis above, a question remains to be asked: why don’t all lasers operate in a
pulsed regime? The answer to this arises in the nature of the phase relationship between the
longitudinal modes of the cavity. Ina CW laser, the modes have no fixed phase relationship to
one another and as a result competition between the modes for amplification by the atoms of

the gain medium results in large fluctuations and a noisy output. Using Fourier analysis, the
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transform of a finite series of randomly phased delta functions is a CW level and noise. If there
is a fixed phase relationship between the modes, the Fourier analysis proceeds as in Fig. 3.2 and
the result is a train of pulses. It is therefore apparent that in order to move a laser into a pulsed
regime, it is necessary for the phase relationship between the longitudinal modes of the cavity

to be fixed. This process is known as mode-locking.

3.3 Mode-locking and the Ti:Sapphire laser oscillator

There are many possible ways to implement mode-locking in a laser cavity. Two of the most
most commonly used methods are passive and active mode-locking.? Active mode-locking is
based on the introduction of an actively controlled element into the laser cavity which
modulates the amplitude of each longitudinal mode. Such a process is typically achieved by
using an acousto-optical modulator to control the cavity losses by scattering light on and off of
the optical path of the laser. This modulation introduces side-bands to every longitudinal
mode. By tuning the frequency of the modulation to the mode spacing the side-bands are

forced to overlap with the modes, resulting in a global locking of phases.

Passive mode-locking is based on using a saturable absorbing element in conjunction with the
amplifying medium of the laser cavity.”® Both the absorbing and amplifying elements are
saturable in the sense that, at high intensities, their absorption and gain characteristics drop off
hyperbolically to zero (no absorption) and one (no gain) respectively. This has important
consequences for the passage of a short laser pulse. In each element only the front edge of the
pulse is significantly modified; almost immediately after a pulse enters each medium, saturation
will occur and the remainder of the pulse profile will be unaffected. Thus in the saturable
absorber the leading edge of the pulse will be strongly absorbed, narrowing the pulse profile,
and in the gain medium what remains of the leading edge will be strongly amplified.

Consequently after many round trips through the cavity a single pulse will find itself narrowed
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and amplified to a very strong maximum. This is the basis of passive mode-locking; one
intense, short pulse profile will quickly rise to be dominant in the cavity and take all of the

energy in the gain medium.

One of the most common applications of passive mode locking in an ultrafast laser system is
the so-called colliding-pulse mode-locked dye laser.® In this system a ring cavity is used to
support pulses which can travel in a clockwise or anti-clockwise direction. The saturable
absorber in the cavity is chosen to saturate only when pulses travelling in opposite directions
simultaneously enter the medium. As a consequence, these two pulses will be favoured at the
expense of all others in the cavity, which will experience moderate losses due to the absorbing
element; this corresponds to the onset of mode-locking in the cavity. In addition, a stationary
wave is set up in the cavity as a consequence of the superposition of the clockwise and anti-
clockwise pulses. This acts to transfer energy from one pulse into the other and vice versa,

improving the mode-locking further.

The 1990s saw a dramatic advance in the field of ultrafast laser physics with the development
of titanium-doped aluminium oxide (Ti:Al,O4/Ti:Sapphire) as a gain medium.? The
Ti:Sapphire crystal is stable, possesses a wide absorption band in the blue-green part of the
visible spectrum and lazes over a wide emission band between 650 and 1100 nm.*** This broad
absorption band allows the gain medium to be pumped by a wide range of sources, including
solid-state diode lasers. Most importantly, the Ti:Sapphire crystal also exhibits the feature of

self-mode-locking.

Self mode-locking, the ability of a cavity to mode-lock without any external intervention, is
based around the Kerr lens effect and consequently is also sometimes referred to as Kerr lens
mode-locking. The Kerr effect is a non-linear optical phenomenon accessed at high intensities

in which the refractive index (n) of a medium is affected by the light passing through it:** ***
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n=ng+ nyl (3.5

As a consequence of the Kerr effect, the response of the medium to the passage of a Gaussian
transverse electromagnetic mode (TEM) will be effectively to act as a converging lens; this is
known as the Kerr lens effect. In conjunction with a narrow slit placed at one end of the cavity,
it is possible to accept the passage of high intensity states, as these can be focussed through the
narrow slit, while at the same time reject the lower intensity ones. By introducing a series of
pulses of different intensities into the cavity (usually achieved by rapidly vibrating a mirror or
prism), the Kerr lens effect will allow the highest intensity pulse train to be singled out at the
expense of all others; this is shown in Fig. 3.3. The effect of isolating a single pulse train in the
cavity is the complete equivalent of mode-locking; high intensity pulses are favoured over the

low intensity continuous regime.

Intensity

Kerr medium Ccw

pulsed

Aperture

Figure 3.3: Kerr Lens effect and self mode locking in a Ti:Sapphire oscillator cavity. Whereas
high intensity pulses are focussed by the gain medium through an aperture placed at one end of the
laser cavity, low energy pulses are only weakly focussed and thus encounter large losses. Image
released into the public domain by BoP.

As a consequence of the broad gain of the Ti:Sapphire crystal, a Ti:Sapphire oscillator is able to
laze over a very large number of longitudinal modes. In conjunction with the self-mode

locking feature of the cavity, such a system can produce optical pulses of the order of
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picoseconds in duration.""® These pulses are not transform limited however; in order to reduce
the pulse duration to this limit, optics which compensate for the group velocity dispersion

(GVD) of the pulse in the cavity must be incorporated.

GVD is an optical process which acts to temporally broaden a pulse of light during its passage
through a transparent medium.?* > ™ This arises from the fundamental fact that, for most
common materials, the refractive index of a medium has a non-linear dependency on the
frequency of light passing through it. As a consequence, different frequencies of light will
travel with different speeds, leading to what is referred to as a ‘chirped’ pulse.”®* An example of
a chirped pulse is shown in Fig. 3.4; for the pulse shown, red frequencies travel in the leading
edge of the pulse, with blue frequencies in the tailing edge. Such a process disturbs the precise
phase relationship between the different spectral components in an optical pulse and

consequently increases the pulse duration away from the ideal transform-limited case.

In order to correct for GVD it is necessary to incorporate an optical setup which results in an
effective negative GVD.? This can be achieved using a simple optical setup involving a pair of
prisms, or equivalently a pair of diffraction gratings. By accurately controlling the optical path
lengths of the different frequency components in a pulse, it is possible to bring these
components back into phase and return the pulse to the transform limit; red frequencies are
made to travel over a larger distance than blue ones, thus bringing these spectral components

from the leading and tailing edges respectively back towards the pulse centre.
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AT

Figure 3.4: A chirped laser pulse, with red frequencies in the leading edge (t<0) and blue
frequencies in the tailing edge (t>0). Figure adapted for use from Ref. [23].

The general model of laser oscillator used as part of this work for studies in both the
femtosecond and picosecond regimes is a Coherent Mira 900 Laser. A schematic of the cavity
is shown in Fig. 3.5. For operation in the femtosecond regime the cavity utilises mirrors M6
and M7, and prisms BP1 and BP2; operation in the picosecond regime excludes these optics,
utilising the mirror M8 and a Gires Tournois etalon at position M9.™2 The Mira is pumped by a
5W Coherent Verdi V-5 laser. For femtosecond operation, the pair of prisms BP1 and BP2 are
used to correct for GVD in the cavity, resulting in near-transform limited pulses of 150 fs in
duration. A birefringent filter (BRF) allows for tuning of the lasing frequency across the
Ti:Sapphire emission band from 700 to 1000 nm, although practical operation at the extremes
of this range is complicated by low output intensities. In order to begin the mode-locking
process an oscillating glass butterfly assembly is used to rapidly modulate the cavity length and
introduce a series of pulses into the cavity; further oscillation of this assembly is no longer

required after mode-locking has been achieved.
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Figure 3.5: Schematic of the Coherent Mira 900-F cavity. Figure adapted for use from Ref. [113].

3.4 The laser amplifier

The Mira 900 running as a femtosecond oscillator (specifically classed as a Mira 900-F)
produces pulses of energy 6 nJ at a repetition rate of 76 MHz. This pulse energy is not
sufficient for most spectroscopic purposes and thus amplification is required. In these studies

this was achieved by the use of a Coherent RegA 9000 laser amplifier.™

While maintaining
the pulse duration at ~180 fs, the amplifier increases the pulse energy to 5 pJ while reducing

the repetition rate to 100 kHz. A schematic of the amplifier cavity is shown in Fig. 3.6.

The amplifier consists of a second Ti:Sapphire cavity, pumped by a 10W Coherent Verdi V-10
laser, into which a single pulse from the femtosecond oscillator is fed using an acousto-optic
cavity dumper. This pulse is then allowed to pass up to 22 times through the excited
Ti:Sapphire crystal and build up energy before being ejected by the cavity dumper. The phase
and delay time of the injected and output pulses determines the output pulse energy and is

adjusted using a separate electronic control box. The initial seed pulse of 150 fs will undergo
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significant temporal broadening in the cavity as a result of the GVD experienced over the

course of ~20 round trips in the amplifier cavity. Therefore in order to reduce the pulse width

back to the near-transform limit, four passes off of a simple grating compressor are employed.

|NNO.VA 425

Mira 900 Head

M8
RegA 9000 Head

EPD:
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FIL:
CP:
DG:

Ion Beamsplitter
Injection Photodiode
Ejection Photodiode
Q-Switch

Cavity Dumper
Faraday Isolator
Cube Polarizer
Diffraction Grating

MO - M8:
IM1-IM5:
CM1-CM3:
WM1 - WM2:
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PO - P4:
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White-Light Crystal
Cavity Optics
Injection Optics
Compressor Optics
Whitelight Optics
Lenses

Pump Optics
Ti:Sapphire Crystal

Figure 3.6: Schematic of the Coherent RegA amplifier cavity. Note that this schematic from the

manufacturer includes one small error: the path M6-M7 does not travel through QS. Figure
adapted for use from Ref. [115].
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3.5 The opto-parametric amplifier

The output wavelength of the femtosecond oscillator can be tuned between 700 and 1000 nm;
the laser amplifier works efficiently at a seed wavelength of ~780 nm. This is unsuitable for
laser spectroscopy involving conjugated polymers, which typically peak in their absorption
between 400 and 600 nm. As a consequence, an additional process is required to convert the
780 nm output from the amplifier to more convenient wavelengths. This can be achieved by

the use of an Opto-Parametric Amplifier (OPA).
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Figure 3.7: Schematic of the Coherent OPA-9400. Figure adapted for use from Ref. [116].

A Coherent OPA-9400 was used in these experiments, with the schematic of the OPA given in
Fig. 3.7. The OPA utilises the high intensity of the femtosecond pulses produced by the laser
amplifier in a variety of non-linear optical processes. The input from the oscillator is initially
split, with 75% of the light undergoing frequency doubling to the ultraviolet (UV) in a second

harmonic generator (SHG).*® The remaining 25% is focussed into a Sapphire crystal (S, in
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Fig. 3.7), which through the non-linear optical processes of self-phase-modulation (SPM) and
GVD produces a white-light supercontinuum (WLSC) that ranges from approximately 440 to

970 nm. A sample spectrum of the WLSC is shown in Fig. 3.8.
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Figure 3.8: White-light supercontinuum output of the OPA, recorded using an Ocean Optics
USB4000 spectrometer. The WLSC is very strong in the green (~525 nm) but weak in the red (700
nm) and deep blue (450 nm). It can also be seen that some output energies are unavailable (dips at
~626 and 689 nm). The spectrum also contains a significant fraction of remnant light from the
laser amplifier which has saturated the detector response at ~780 nm. Inset: expansion of the low

intensity region between 430 and 460 nm (red boxed region).

In order to understand the complete operation of the OPA it is first necessary to consider the
process of SPM in more detail. SPM is an optical process which broadens an ultrafast pulse in

the spectral regime.**°

Such a phenomenon arises as a result of the Kerr effect (Eq. 3.5)
accessed at the high instantaneous intensities produced by the ultrafast pulses. In section 3.3

this effect was considered in the spatial domain, however the Kerr effect also has a significant
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impact on the temporal profile of a pulse. Different parts of an ultrafast pulse will be subject to
different refractive indexes; the peak of the pulse will experience the largest change, with the
leading and trailing edges only experiencing a small change. This temporal modulation of the
phase of the pulse leads to new frequencies being generated and the spectral profile of the pulse
being broadened. It can be shown that, for a positive non-linear index of refraction, this
process will result in a chirped pulse in a similar fashion to that discussed in context of GVD,;
red frequencies are generated in the leading edge of the pulse, with blue frequencies in the
tailing edge. At a first consideration one might expect the spectral broadening associated with
this process to lead to a shorter pulse, as according to the generalised Fourier relationship given
in Eqg. 3.3. SPM does not however result in a transform limited pulse and thus additional optics

are required to reduce the pulse duration back to the transform limit.

The spectral chirp of the WLSC can be utilized in order to produce an amplified single-
frequency output. This is achieved by mixing the WLSC and UV pulses together in a beta-
barium-borate (BBO) crystal. A non-linear optical process, called opto-parametric
amplification, occurs as the beams overlap. In this process a photon of UV light is lost in order
to generate another photon of the same frequency as the WLSC output, thus amplifying that
frequency component. In order to conserve energy, a second photon of much lower frequency
is also generated. The amplified WLSC component is referred to as the ‘signal’ beam (SB),
with the low energy remnant referred to as the ‘idler’ beam (IB). Energy conservation fixes a

constraint on the frequency relationship between the UV, SB and IB photons:

hwUV = thB + thB (36)

Momentum must also be conserved throughout the process:
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hkUV = hkSB + thB (37)

Frequency selectivity of the SB is possible by utilizing the chirp inherent in the WLSC and
controlling the delay times between the UV and WLSC beams. By using micrometers which
allow for very accurate control of the delay times, the UV pulse can be made to overlap with
different temporal regions of the WLSC pulse. The conditions of energy and momentum
conservation together also require for a global matching of phases between the different
photons. This is achieved by rotating the BBO crystal to control the optical path of the

photons.

In the OPA-9400 the UV and WLSC are made to overlap twice in the BBO crystal, resulting in
the double amplification of the SB and a stronger output. The SB output can theoretically
cover a significant portion of the visible WLSC spectrum (500-700 nm as specified by the
manufacturer), with in turn the IB output covering a large range in the infrared (IR)
(950-2400 nm). It is important to note that all of the processes described above are not 100%
efficient; for example, some remnant 780 nm fundamental remains in the UV and SB and some

UV is mixed into the SB.

It is clear that, in order to generate a strong SB output, there must be an adequate amount of
light already present in the WLSC seed. As can be seen in Fig. 3.8 however, the WLSC has a
non-uniform spectrum. As a consequence the SB output intensity varies as a function of
wavelength, with operation at the extremities of this range complicated by very low light levels.
By carefully aligning the optics of the OPA and with a stable and broad WLSC seed, it is

possible with OPA used in these studies to extend the SB output down to 445 nm.

This section concludes the discussion of the theory and practical application of an ultrafast laser

system. The following two sections consider how such a system can be applied in order to
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perform time-resolved ultrafast spectroscopic measurements on femtosecond and picosecond

timescales.

3.6 Pump-probe spectroscopy
3.6.1 Theory

Pump-probe spectroscopy is based around the use of two laser pulses to interact with a
sample.* The first pulse, named pump, interacts with the ground state population of a sample
to generate photoexcitations; the second pulse, named probe, interrogates those excitations. By
controlling the delay between the pump and probe pulses it is possible to investigate how the
excited-state population in a sample changes as a function of time. In this regard pump-probe
spectroscopy is an excellent tool for investigating the excited-state dynamics of a conjugated
polymer, as it not only provides the ability to measure population changes on femtosecond and
picosecond timescales, but it also allows any excited state with an absorption transition to be

probed, independent of whether such a state has a radiative decay or not.

The key concept on which pump-probe spectroscopy is based is that the amount of probe light
transmitted through a sample (T) will change given the preceding interaction of the sample with
the pump pulse. In typical experiments, the normalised differential transmission of the probe
pulse is measured, which is defined in Eqg. 3.8:

Twith pump — Twithout pump

= (3.8)

Twithout pump

SE

The simplest interpretation of the physical significance of this quantity is based around

population dynamics.”* Consider a simple electronic system of M electronic levels; the
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absorption coefficient (a(w)) of the system is related to all of the possible transitions between

these levels:

M

a(w) = ) a,;@)N; = N] (39)

iLj

a;,; (w): Absorption cross-section for the transition between levels i and

N;: Population of level i

Within this formalism, the effect of the pump pulse is to change the population of the different
levels by instigating a transition from the ground state of the system to an excited state
(N = N + AN), resulting in a change to the absorption coefficient (Aa). Using the small signal
approximation of the Beer-Lambert law (Eq. 2.3), which relates the transmitted intensity to the

absorption coefficient:

= —dAa (3.10)

d: Sample thickness

the change in the measured quantity AT /T is:

M
AT

ij

By controlling the time delay between pump and probe pulses, it is possible to measure AT /T

and hence the changing electronic populations AN; as a function of time after excitation. An
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example of the transient differential transmission dynamics of a conjugated polymer is shown

in Fig. 3.9.
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Figure 3.9: Transient differential transmission dynamics of methyl-substituted poly(para-
phenylene), 390 nm excitation, 750 nm probe. In this situation the singlet excitons of the polymer
are probed. As typical for the analysis of exciton dynamics, a tri-exponential decay fit (green line)

has been applied to the data in order to measure the decay time constants.

There are in general three possible processes in pump-probe spectroscopy which are
determined by the nature of the electronic population which the probe pulse interacts with;
these are shown in Fig. 3.10. If the probe is absorbed by an excited state generated by the
pump, then the process is referred to as photoinduced absorption (PA, see section 2.4.3 also)
and AT/T is negative, as there is less transmission of the probe when the pump is active. It is
possible to observe PA transitions corresponding to most of the primary excited states in a

conjugated polymer. Indeed, one of the primary methods of characterising the population
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dynamics of different excited states in a conjugated polymer is to measure the transient
properties of the corresponding PA band, although this process can be complicated by the

overlap of adjacent PA bands which are typically very broad.**® ***

If the probe pulse interacts with the ground state the process is referred to as photobleaching
(PB). In this case the probe pulse has a smaller number of states to interact with, as most have
been excited to a higher level due to the interaction of the sample with the pump. As a
consequence the transmission of the probe is higher in the presence of the pump and AT /T is
positive. The PB decay of a conjugated polymer simultaneously measures the recombination
and subsequent return to the ground state of different excited states and is thus also often
referred to as the PB recovery. By utilising the fact that the total number of states in the ground
and excited levels is conserved, the PB can be thought of as an effective measure of the number
of ‘holes’ in the ground state; as the ground-state recovers, due to exciton recombination or
otherwise, the PB recovers. As a hole in the ground state may be equally associated with an
exciton (singlet or triplet) or polaron, the PB recovery will contain dynamic contributions from
multiple states. As such an analysis of the PB recovery can often prove complicated but can be
used to obtain a significant amount of information concerning the excited-state dynamics of a

conjugated polymer in a single experiment.* ¢

The probe pulse is also capable of generating stimulated emission (SE) from the excited state
population; in this case the emitted photons count towards an effective increase in the probe
transmission in the presence of the pump and AT /T is positive. Given that in such a process
the probe pulse selectively interacts with the S; singlet exciton population, the SE decay is

representative of the decay of the singlet exciton population.
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Figure 3.10: Possible processes in pump-probe spectroscopy. The red and blue arrows indicate the

interaction of the pump and probe pulses respectively.

3.6.2 Practical implementation

Femtosecond pump-probe measurements were made using a conventional setup shown in
Fig. 3.11. The optics can be conceptually separated into three sections; the generation of the
pump and probe pulses, guiding optics that introduce a controllable delay between these pulses
before focussing them onto a sample and finally the collection and detection of the probe pulse.

These points are now considered separately in turn.

In sections 3.3 through 3.5 the three key components of the femtosecond laser system used in
these experiments were discussed and as such they will not be considered in any further detail
here. Pump and probe pulses were generated using the various outputs of the OPA, with many
different combinations utilised. In the experiments detailed within this work only the UV and
SB sources were used as a pump. Use of the UV as a pump was highly desirable, as the UV

output is intense (~80mW at the OPA output) and free from significant power fluctuations. As
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discussed above in section 3.5, the SB output has a non-linear response with frequency and

requires a stable output from the amplifier and a good WLSC seed to operate efficiently.

The WLSC, SB and 1B were all used individually as probes. By using the WLSC output the
transient transmission spectrum (see below) of a conjugated polymer could be investigated in a
single experiment for a range of pump-probe delays. For measurements of the differential
transmission dynamics at a single frequency use of the SB (or IB when applicable) was
desirable, as the sample is probed at one specific wavelength, rather than a range of
wavelengths as in the case of the WLSC. Detection of one wavelength component in the
WLSC was made possible by using a monochromator to filter out the selected component; the
SB was however in most cases a more intense probe source, thus providing a larger signal-to-

noise ratio (SNR) in the detected probe signal.

87



"Ssjuswiiadxa 48410 Joj pasn si (OdO eAIA 8yl se yans) ajgel ay3 uo uawdinba
3y} Jo awios eyl 8loN ‘apoipoloyd e Buisn s 1Ixa ayl 1e painseaw agodd ayl Jo Adisusiul
3yl yum ‘1orewodysouow e ybnoayl pardadip si weaq aqoid ayi ajdwes syl ybnoayy buissed
13V N3] Wo1l10g 8yl 1B UMOYS ‘7eISoAUd e Ul palunow ‘sjduies ay) spaemo) paloadip ade
sweaq aqoid pue dwnd ylog °10193}Ja4-04184 & YlIM pajunow abels Aejap [ealueydsw e Huoje

1uss sI weaq agoJad ayl ‘agoud (saulj pad) gi Jo (saul] usaab) gs pue dwnd (saul| anjq) AN

Experimental methods

yum ‘Adoasoayoads aqoad-dwnd anojod omy Joy ajgel jeando ayl Jo anewsyds (v :T1°s a4nbi4

12150440 Ul
pajunow sjdwes

11X8 Te pajunow
Jo19819p010yd YIM
J1012WOJYI0UON

S

10128]}240418.1 Y1IM
abels uone|suel |

e o

T

a

Jaddoyo
[ealueyosN

Jajawouyoads aqoid dwnd Jnojod OM] PUOI3SOJWD

Chapter 3

(v

88



Experimental methods

Chapter 3

1IX3 Je pajunow
1e150£40 Ul J0j9819p0J0Yd Yy1m
pajunow sjdwes J01eWOo.IYI0UOIN

'aqo.d se pasn (saul] a1iym) DS 8yl pue dwnd se pasn /

as 40 AN 3yl yum ‘sqoad-dwind OSTM 404 3]1qe) [eando ay3 Jo onewsyds (g :TT°¢ aanbi4

NI 4
e R o |
M“ m%.muw_u—cozm_mcﬂw._.‘|v . i =
@ = l |
« oﬁ.uu T. S
= I
Eamoso
[ealueyosiN
Jarlawoayoads aqoud dwnd ybi| 93Iym puo29sojwa

(g

89



Chapter 3 Experimental methods

A schematic of the optical setup for pump-probe measurements, including the optical path of
the pump and probe pulses, is given in Fig. 3.11. Pump pulses were directed towards the
sample using a setup involving as few mirrors (UV-Visible, 95% reflectivity) as possible in
order to maximise the available intensity at the sample position. The probe pulses were sent
along optics that directed the beams off of a retro-reflector mounted on a motorised translation
stage (Newport IMS-600). By adjusting the position of the retro-reflector on the translation
stage it was possible to control the temporal delay between the pump and probe pulses. The

translation stage had an effective temporal resolution of 3 fs'*?

(the smallest possible step size
supported by the stage was 1 um) which was well below the pulse width of the system. It was
important to ensure that the beams travelled exactly parallel to the stage alignment, as any other
geometry would result in a spatial displacement of the beam while the stage was moving. This
‘beam walking” was checked by viewing the beam in the far-field and moving the stage
manually. Repeated corrections were then made until no movement was observed. To avoid
the need to repeat this process in future experiments, the correct beam path was accurately

marked with irises, with the orientation of the mirror directly before the translation stage fixed

in place.

When applicable, polarisation optics were placed between the sample and translation stage. A
variable A/4 waveplate was fixed on the pump path, with individual linear polarisers applied to
both pump and probe paths. With this equipment it was possible to orientate the pump and
probe beams to be parallel and perpendicular to each other and thus measure the anisotropy of

AT /T (see section 3.9).

Pump and probe beams were brought to a focus on the sample in a narrow-angle geometry
(~20%. In order to ensure that the probe only interrogated the region of the sample under
excitation by the pump, the probe spot was focussed to approximately one-third the size of the

pump spot. Neutral density filters were mounted in both paths to allow for accurate control of
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the power illuminating the sample. In situations when an increase to the maximum power

density was required, the relevant lens position was translated to change the spot size directly.

Solid-state samples were mounted in a Cryomech closed-cycle Helium cryostat, allowing
access to temperatures down to ~10 K. For all measurements samples were held under a
dynamic vacuum (~10 mbar) in order to reduce the rate of sample degradation. The sample
holder in the cryostat could be translated up and down, allowing access to a new region of a
sample without having to significantly realign the pump-probe overlap. Solution samples were

mounted in a custom-built sample holder placed directly beneath the cryostat.

After passing through the sample, the probe beam was collected using a lens and focussed on to
the slit of a monochromator (Bentham M300). A tri-grating turret provided access to UV,
visible and IR spectral regimes. After passing through the monochromator the probe was
focussed on to an amplified silicon photodiode. The spectral resolution of the detection was
determined by the entrance and exit slit widths on the monochromator. For a slit width of
~1mm a spectral resolution of ~5 nm could be achieved at the expense of low output intensity.
For situations in which the transmitted light was below the threshold for detection, the exit slit

of the monochromator was opened to ~7mm, resulting in a spectral resolution of ~15 nm.

In order to measure the differential transmission of the probe, the signal from the silicon
photodiode was sent to a dual-phase lock-in amplifier (EG&G 7260) referenced to the
frequency of an optical chopper placed along the pump path. This was designed such that the
modulated (AC output) signal detected by the lock-in would be equal to the difference between
the transmitted intensity of the probe with and without the pump (T,yith pump= Twithout pump)-
The total transmitted signal (DC output) could be approximated to be the transmission in the

absence of the pump  (Twithout pump): assuming  that the  condition

Twith pump= Twithout pump < Twithout pump (AT /T << 1) was met. This was indeed the case
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for nearly all measurements made with this system, with AT/T typically of the order of 1 x 10™
and maximum values never exceeding 1 x 102 Most importantly, by using lock-in based
detection in conjunction with a high pulse repetition rate, detection of values AT /T as small as
6 x 10° was possible, based on a noise level of 2 x 10®°. By increasing the transmitted light
intensity it was possible to decrease the noise level to 1 x 10, although under these
circumstances it was important not to saturate the detector response. It should be noted at this
point that the silicon photodiode used in these experiments had a non-uniform spectral
response, which is discussed in more detail in section 3.8.1. By measuring the normalised

differential transmission this response could be ignored.

The temporal resolution of a pump-probe system is governed by the pulse width at the point of
overlap between the pump and probe pulses. As described above (section 3.4), the laser
amplifier produced ~180 fs pulses as measured at the exit of the amplifier. These pulses would
undergo various broadening mechanisms, activated in turn by the non-linear optics associated
with the OPA (section 3.5) and the alignment and focussing optics of the pump and probe
paths. The final time resolution, as measured at the point of overlap, was measured by the

previous operator of the system using cross-correlation methods and found to be ~500 fs.*

In order to accurately overlap the pump and probes spots on the sample and thus maximise the
measured differential transmission, the translation stage was sent to the known zero pump-
probe delay time of the setup being used. Fine adjustments were then made to the pump
alignment on the sample while simultaneously measuring and attempting to maximise the AC
output of the lock-in. In situations where the zero-delay time was not accurately known, a
standard sample was used (one in which it was known that a strong signal could be detected)
and the beams aligned by eye. The translation stage could then be scanned and the signal
response from the lock-in monitored in order to find the zero-delay time. The alignment

procedure to maximise the lock-in signal was required frequently, as any slight change made in
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the optics of the experiment, for example changing sample position or beam polarisation,

resulted in a change, often substantial, to the maximum differential transmission.

In order to make comparative measurements of the output it was necessary to ensure that the
differential transmission was maximised before every experiment. Sample degradation was a
frequently encountered problem in this regard, as exposure to a high-intensity pump source
over a prolonged period of time, even that associated with the course of a single measurement,
would remove some of the polymer from the film. This would change the intensity of signal
measured. To minimise the cumulative effect of this process the excitation position was
changed between measurements by translating the sample position up and down. With such a
process it was necessary to excite a new sample region equivalent to that used previously and

as such it was important to ensure that any films measured were completely homogeneous.

There are some key issues which arise concerning the detection system detailed above. For
example, with such a setup it is important to ensure that the probe intensity is always much less
than the pump intensity. If the excitation density generated by the probe is larger than that of
the pump then not all of the probe photons can interact with the excited states generated by the
pump. Those photons that do not interact cannot contribute to AT, which becomes saturated,
but do however contribute to T and AT /T begins to approach zero. These conditions were
avoided by controlling the probe intensity with a neutral density filter. This however was often
not possible when using the WLSC as a probe, as reducing the intensity of the probe would
result in the intensity at some wavelengths becoming too low as to be detected. Under such
circumstances it was often necessary to reject large sections of data obtained, particularly

around 780 nm due to residual light from the fundamental of the laser amplifier.

There are two primary types of measurement which were performed with the system detailed

above. The first was to fix the detection wavelength by moving the monochromator to a
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desired point and then monitor AT /T from the lock-in amplifier as the translation stage was
moved. This allowed for the population dynamics at a single wavelength to be measured as a
function of time (see Fig. 3.9). By utilising the full length of the translation stage a maximum
pump-probe delay period of ~4 ns was achievable; the minimum time period was typically

chosen to be 250 fs.

The second primary type of measurement performed was to fix the delay time and scan the
monochromator, thus producing AT /T as a function of wavelength. By changing the delay
time and repeating this process it was possible to produce the so-called transient transmission
spectrum of a sample. It should be noted that as part of this process it was necessary to correct
for the spectral chirp in the WLSC; such calculations were performed by the previous operator

of the system.'?

To perform both sets of measurements, custom-build Labview programs were employed to
control the monochromator and translation stage while simultaneously measuring the output
from the lock-in amplifier.  Analysis of lifetime components present in the transient
pump-probe data was performed by fitting the data to a multi-exponential model using in-built
non-linear least squares fitting routines (based on the Levenberg-Marquardt algorithm)

included as part of the data analysis and graphing software package OriginLab Origin 8.0.

3.6.3 Context

There are two areas of research described in this thesis in which pump-probe spectroscopy has
been extensively used. Chapter 6 details a study in which interchain exciton formation has
been recorded in films of ladder-type methyl-substituted poly(para-phenylene) (MeLPPP). In
this study pump-probe spectroscopy proved an ideal tool to both identify the nature of an

unidentified excited-state in a conjugated polymer and characterise its dynamics. Furthermore,
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using the addition of polarisers a significant amount of information regarding the orientation of

the aforementioned excitation could also be gained from the measurement process.

Chapter 7 details an extensive study of the PA dynamics of excitons and polarons in a typical
solar cell blend. Pump-probe spectroscopy is based on absorption, rather than emission, and is
therefore not as limited in what states it can probe as compared to fluorescence spectroscopy.
This is vital in a solar cell system in which understanding the properties of the polaron state,
which does not have an emissive transition, is key. Furthermore many of the dynamical
processes in such a system occur on a sub-picosecond timescale, which can only be accurately

accessed by pump-probe spectroscopy.

3.7 Picosecond time-resolved fluorescence spectroscopy

3.7.1 Theory

The study of fluorescence from conjugated polymers provides a significant amount of
information concerning the properties of the singlet exciton state, which is the principal
excitation of such systems. The radiative recombination of the exciton occurs with a lifetime

18, 20

typically of the order of 100 ps and as such specialised techniques are required to directly
monitor this process as a function of time. Despite the many advantages of pump-probe
spectroscopy outlined in section 3.6 above, it is often not possible in such experiments to
accurately isolate the fluorescence lifetime of the singlet excitons. For example, the PA
dynamics of the S; excitons in a conjugated polymer will not only be determined by the
fluorescence lifetime, but may also involve components from bi-excitonic processes such as
singlet-singlet annihilation which can often dominate the decay of the singlet population and

obscure the fluorescence dynamics. The PA bands of a conjugated polymer are also broad and

overlap with one another, meaning that it is possible to have multiple contributions from
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different excited states at a single probe wavelength, making it difficult to accurately identify
the fluorescence lifetime from amongst other components. Under such circumstances other
ultrafast spectroscopic measurements are required to measure the fluorescence directly as a

function of time.

Two principal methods exist for measuring time-resolved fluorescence on a picosecond
timescale; time-correlated single-photon counting and streak camera detection. Both methods
have their respective advantages and disadvantages concerning their use; these studies have
focussed on the use of the latter method. A streak camera detector is a specialised piece of
laboratory equipment that allows for direct measurement of fluorescence simultaneously as a
function of both wavelength and time. As such it is of particular use when wishing to measure

processes such as energy transfer and exciton migration (section 2.6).

In a streak camera detector, a basic schematic of which is given in Fig. 3.12, incident photons
are focussed on to a photocathode array, which converts the photons into electrons.” These
electrons are accelerated by a pair of electrodes towards a microchannel plate (MCP). Before
they reach this array however they are subjected to the influence of a dynamic electric field
which acts vertically. This field rapidly increases in magnitude with time and is used to deflect
the electrons according to the time at which they are created at the photocathode array, as two
electrons which arrive at different times will experience dramatically different fields. In order
to calibrate the timing of this sweeping field with the arrival of the photons and the subsequent
generation of electrons at the photocathode array, a small fraction of the excitation source is
focussed on to a high-speed photodiode in order to generate a trigger pulse. This pulse is fed

into a separate control unit, which in turn controls the timing of the sweep voltage.
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Figure 3.12: Basic schematic of a streak camera. Incoming light is focussed on to a photocathode
array (A) and converted into an electron image, which is accelerated towards a MCP array (C).
Before reaching the array, the electrons are subjected to a sweeping electric field (B) which
disperses the electrons in a vertical direction according to the time at which they enter the field.
The electron image is then amplified at the MCP array, before being converted back to a photon
image at a phosphor screen (D). This image is then read by a CCD camera to produce the final

streak camera image.

At the MCP array the electrical signal is amplified and the electrons are converted back to
photons using a phosphor screen. These photons are then measured using a charge-coupled
device (CCD) array to produce an image which is 1280 x 1024 pixels in size. Whereas the
vertical axis of the image is equivalent to a time axis, the image is left unchanged in the
horizontal direction. Thus by first dispersing the light horizontally according to wavelength,
for example by using a diffraction grating, an image can be produced in which the fluorescence
from a sample can be measured simultaneously as both a function of time and wavelength.

This data is then averaged to produce a final image with dimensions of 640 x 512 pixels; an
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example of an image from the streak camera detector used in this study (Hamamatsu C5680) is

shown in Fig. 3.13.

Figure 3.13: Streak camera image of the emission from Super Yellow in solution (p-xylene);
425 nm excitation at 295K. The horizontal direction corresponds to wavelength (increasing from
right to left) and the vertical direction corresponds to time (increasing from top to bottom). The
colour of the image is a measure of intensity, with dark blue showing regions of low intensity and

red showing regions of high intensity.

The x-y image in Fig. 3.13 displays the number of photons detected by the streak camera as
both a function of wavelength (x direction) and the time of their arrival (y direction). The
number of photons obtained at a single pixel is indicated by the colour of the plot; red
represents regions of high intensity, while deep blue represents regions of low intensity. To
convert between the pixel number observed and the corresponding wavelength/time,
pre-calculated calibration data is used. When used in conjunction with picosecond pulsed
excitation source (~2 ps pulse width, as detailed in section 3.3), such a system can be used to

measure the spectral dynamics of conjugated polymer fluorescence with a minimum time
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resolution of ~4 ps (the subject of the time resolution will be addressed in more detail in section

3.7.2)."% In Fig. 3.13, a spectral region of 60 nm is measured over a time period of 2.2 ns.

3.7.2 Practical implementation

Picosecond TCSPC and Streak Camera

X4 : #
!<— J/4-waveplate =™ 7 Second harmonic
| generator

Cryostat with
sample '

T N

Dual monochromators Streak camera

Figure 3.14: Schematic of the picosecond fluorescence detection equipment. Sample excitation is
provided using the second harmonic of a Mira 900 Ti:Sapphire picosecond oscillator. Emission
from the sample, typically mounted in a cryostat (bottom left), is collected and focussed on to a
dual monochromator. The spectrally filtered image is then sent to the entrance slit of the streak
camera (middle). Note that the streak camera setup on the optic table also runs in conjunction
with a time-correlated single-photon counting setup, with the corresponding detector for that setup

included at the bottom-right of the streak camera.

A schematic of the apparatus used as part of the operation of the streak camera is shown in
Fig. 3.14. Photoexcitation was achieved using the output of a Coherent Mira 900 Ti:Sapphire

laser oscillator, pumped by a Coherent Verdi 10 laser, which provides 2 ps pulses at a repetition
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rate of 76 MHz. The wavelength of these pulses could be tuned over a spectral region from 700
to 1000 nm, with a maximum output power of ~2.1 mW possible for operation around 800 nm.
In order to be able to photoexcite the conjugated polymers investigated in this study, the laser
output was focussed into a BBO crystal in which second harmonic generation occurred,

providing access to excitation wavelengths from 350 to 500 nm.

Before reaching the sample, a beam splitter was used to collect a small fraction of the excitation
source at a trigger diode. The output of this diode was sent to a delay unit control box

(Hamamatsu C6878) which controlled the sweep voltage of the camera.

Solid thin film samples were mounted in a Janis Research company VNF-100 liquid nitrogen
cryostat, allowing access to dynamic vacuums of the order of 10 mbar and temperatures down
to 100 K. Solution samples were mounted in 100 mm quartz cuvettes and placed in a
custom-built sample holder. The excitation source was directed on to the sample using a mirror
placed directly next to the cryostat window, with the excitation density controlled using a
neutral density filter. When applicable, the polarisation of the excitation source could be

controlled using a variable A/4-waveplate in conjunction with a linear polariser.

In order to collect the emission for detection, a lens was placed near the sample position. The
collected light was then focussed on to the entrance slit of a double subtractive monochromator
(Acton Spectra Pro 2300i). To prevent scattered excitation light reaching and potentially
damaging the detector, a suitable glass filter was placed before the entrance slit. For streak
camera operation a mirror was placed in the housing of the first monochromator, with a
150 g-mm™ grating housed in the second monochromator, resulting in images covering a
spectral region ~100 nm wide. Emission was focussed into the streak camera at the 90° exit of
the second monochromator. The monochromator slit width was the primary factor in

determining the spectral resolution; a typical resolution of 5 nm could be achieved using a slit
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width of 250 um. This was monitored by collecting and measuring the spectral profile of low

intensity laser scatter by one of the previous operators of the system.'*

The streak camera was controlled in two operating modes using a software package (HPD-TA
32) developed by the manufacturer of the camera. The first of these, ‘focus mode’, did not
incorporate use of the sweeping field. The resulting images formed using this mode thus had
no time resolution and only displayed the fluorescence spectrum of the sample under
investigation. By not dispersing the spectrum vertically, detection of small light levels was
made possible; as a consequence focus mode was used to maximise the alignment of emission
into the streak camera and achieve as high a SNR as possible. Such alignment procedures
typically consisted of controlling the size and position of the collected emission on the
monochromator entrance slit by adjusting the collection lens position. For very low light
levels, the integration time of data acquisition and the gain of the MCP array could be adjusted.
At all times it was important to ensure that the intensity of light reaching the detector was not
capable of causing any damage to the streak camera. This could be checked by reading the
output image of the streak camera while simultaneously adjusting the optics; high light

intensities capable of causing such damage appeared white on the output image.

Time resolution of the streak camera operation could be achieved by switching the camera to
‘operate mode’, which activated the sweeping field. The time per pixel of the final image could
be controlled by selecting the rate at which the deflection field of the camera was swept. Four
different operating modes of the camera could be accessed (time ranges 1 through 4) to allow
increasingly greater time periods to be covered in a single camera image, at the expense of the
average time resolution of the system. The shortest window covered by the camera (time range
1) was approximately 160 ps, corresponding to a time resolution of <7 ps (~4 ps under ideal
conditions); the longest window (time range 4) covered a ~2200 ps period at the expense of a

larger time resolution of <23 ps.'?
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In addition to the limitations posed by the deflection rate of the camera, other experimental
factors also contribute towards the overall time resolution of the system. The ideal time-

resolution of the camera can be expressed as a product of three factors:**

AT = Aty X AT, X AT, (3.12)

Az, is determined by the spatial spread of the input into the streak camera, which in turn is
determined by the size of the collected emission focussed into the monochromator. Az, is
related to the sweep rate of the deflection field and the resulting impact it has on the time-per-
pixel of the final CCD image, as discussed above. Note that for all experiments performed in
this thesis the camera was run in time range 4. Finally, Atz is an intrinsic component
associated with the streak tube and the deflection field, and unlike the first two components,

cannot be controlled through choice of experimental setup.

Data acquisition was performed using analogue integration, in which a pre-selected number of
spectra were recorded and then averaged. Before these images could be analysed, different
degrees of correction were first applied. A background image, corresponding to the streak
camera image in the absence of sample excitation, was recorded before each measurement and
subtracted. As part of such a process it was important to ensure that the same experimental
conditions were maintained for the dark image (such as the ambient light level), in addition to

use of the same integration time and gain.

Images were also subject to curvature correction. In operate mode, imperfections in the
homogeneity of the sweeping field result in an elliptical deflection of the electron beam at a
single delay time."” This curvature could be corrected by defining a parabolic curve
corresponding to the zero-delay line and performing a matrix operation on the image using an

inbuilt routine of the operation software.
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Image analysis was conducted using the camera’s software package (HPD-TA 32).
Rectangular boxed regions of the image could be selected with the data saved as an ASCII file.
Pixel-to-time/wavelength conversions were performed using the aforementioned calibration
data to produce either a plot of the emission at a single wavelength as a function of time, or a
plot of the fluorescence spectrum at a single time. Averaging over the width of the boxed

regions selected (either in time or wavelength) was performed manually.

Analysis of lifetime components present in single-wavelength decay data was performed by
fitting to a multi-exponential model using in-built non-linear least-squares fitting routines in

OriginLab Origin 8.0.

3.7.3 Context

By being able to spectrally resolve the singlet exciton dynamics of conjugated polymers, streak
camera measurements have proven an invaluable tool for investigating features such as exciton
migration and energy transfer. This has been used in Chapter 5 of this thesis which outlines a
study into energy transfer between adjacent monomer subunits in the conjugated copolymer
Super Yellow. Correlating build-in and decay dynamics were measured simultaneously at two
different energies in the copolymer using the streak camera, with the energy transfer occurring

over a timescale of the order of 10 ps.

Streak camera results have also been used in chapter 4 of this thesis to investigate the
fluorescence lifetime of MeLPPP as a function of emission wavelength. These studies were
performed to investigate the potential role of vibrational motion in determining the
fluorescence lifetime of a conjugated polymer. Streak camera measurements proved an ideal

experimental method in this regard as they allowed for a simultaneous measurement of the
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fluorescence dynamics across a wide energy range that simultaneously encompassed all of the

key vibrational modes of the polymer.

3.8 Basic characterisation apparatus
3.8.1 Absorption and fluorescence spectroscopy

Steady-state ground-state absorption spectra were recorded using a Shimadzu UV-3600
spectrometer.’® This system utilizes three separate detectors to cover a spectral region from
175 to 3650 nm, consisting of a photomultiplier tube (PMT) for the UV and visible, and
InGaAs and PbS detectors for the near-infrared (NIR) and infrared (IR) respectively. Halogen
(IR-visible) and Deuterium (UV) lamps are incorporated with a double monochromator to
provide excitation with a high resolution (0.1 nm maximum). To record the absorption
spectrum of a sample, the excitation source is split into two: the transmitted intensity of one
beam which passes through the sample is subtracted from the transmitted intensity of a second
parallel beam which passes through a reference. For measurement in solution, an identical

cuvette containing the solvent is used as a reference; for a film, an identical substrate.

Steady-state fluorescence spectra were recorded using a Jobin-Yvon Fluorolog-3.** The
Fluorolog-3 incorporates an L-shaped geometry in which excitation and the collection of
emission from a sample are made perpendicularly. Excitation is provided through a Xenon
lamp in conjunction with a double monochromator, covering a spectral region from 250 to
600 nm; emission is detected using a PMT tube, again in conjunction with a double
monochromator, which covers a spectral region from 250 to 1000 nm. The use of dual

monochromators allows for data collection at a spectral resolution of 1 nm.

The Fluorolog-3 can conduct two primary types of measurement. The first is to fix the

excitation wavelength and scan the emission monochromator, thus measuring the fluorescence
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spectrum of a sample. It is also possible to perform the reverse of this process, in which the
emission energy is fixed and the excitation monochromator scanned. This is referred to as an
excitation scan and can be used to provide information concerning the absorption

characteristics of a sample.

Cryostat
Monochromator
and samle Silicon photodiode
Qg BT
DAV, v}
Diode laser
Computer | | Lock-in amplifier
O [ O ) [F—

Figure 3.15: Schematic of lock-in based fluorescence detection apparatus. Sample excitation is
provided by a diode laser modulated by the internal oscillator of a lock-in amplifier. Emission is
collected at 90° with respect to excitation and is focussed on to the entrance slit of a
monochromator. The filtered light is focussed on to a silicon photodiode, with the intensity of light
modulated at the same frequency as the excitation source recorded using the AC output of the

lock-in amplifier.

In order to measure very weak emission, for example emission from polymer/electron acceptor
blends as performed in chapter 7, a new system was built from scratch which utilised lock-in
based detection. A schematic of the system is shown in Fig. 3.15. Excitation was provided
using a 355 nm steady-state diode laser, modulated by a 5V square wave from the reference
output of a lock-in amplifier (EG&G 7220). Solid-state samples were mounted in a
closed-cycle helium cryostat under a dynamic vacuum of 10™ mbar, placed at an angle of 45°

with respect to the excitation line. Emission was collected perpendicular to the excitation at the
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exit window of the cryostat using a short focal length lens and focussed on to the slit of a
monochromator (Bentham M300). The intensity of light at the exit slit of the monochromator
was measured using a silicon photodiode, with the output of the photodiode sent to the lock-in
amplifier. The lock-in amplifier in turn was internally referenced to the frequency of the square

wave, in order to measure the fluorescence intensity.

Custom-built Labview programs were used to measure the fluorescence intensity as a function
of wavelength by scanning the monochromator grating and measuring the AC component
(corresponding to the fluorescence intensity) of the lock-in amplifier. With this system it was
possible to measure differential transmissions as small as 10° mV, at the expense of a spectral
resolution of ~15 nm; in order to detect a measurable signal with the silicon photodiode over a

large wavelength range, it was necessary to fully open the exit slit of the monochromator.

A comparison of results obtained using both the Fluorolog-3 and the lock-in technique is shown
in Fig. 3.16 for the quenched emission from the polythiophene derivative
poly(3-dodecylthiophene-2,5-diyl)  (P3DDT) doped with the electron acceptor
[6,6]-phenyl-Cq;-butyric acid methyl ester (PCBM). The lock-in based technique offers an
increase in the SNR by nearly a factor of 3, allowing for individual vibronic modes to be
observed in the fluorescence spectra. There are however several problems that arise when
using the lock-in based technique. The first is that the system response at 710 nm shows a drop
in intensity. This is due to saturation of the silicon photodiode due to the second order
reflection of scattered excitation light through the monochromator. The second feature is that,
as the intensity direct from the photodiode is measured, it is necessary to divide the data by the
spectral response of the photodiode in order to reproduce the accurate line-shape of the

fluorescence spectrum.
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Figure 3.16: Comparison of the fluorescence spectrum from a P3DDT/PCBM (1:1 wt %) blend,
obtained using the Fluorolog-3 (blue) and the custom-built system (black). A dip in the output of
the custom system is observed at ~710 nm is attributed to detector saturation from the second
order reflection of the excitation source through the monochromator. The black curve has been

corrected for the detector response with wavelength.

Measuring the absorption and fluorescence spectra of a conjugated polymer was always taken
as the first step as part of any study and as such examples of such data are included in all four
results chapters of this thesis. These results provided vital information concerning the singlet
exciton energies of different polymers, with the absorption spectrum used in pump-probe
studies to control excitation density as a function of the pump wavelength. Absorption and
fluorescence data were also used in the interpretation of pump-probe data to help identify the
location of the PB and SE bands in transient transmission spectra. Chapter 4 of this thesis
includes a comprehensive review of the fluorescence spectrum of MeLPPP in which individual

vibrational modes could be identified in the data using a simple fitting procedure; a similar
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procedure was also repeated in chapter 5 for the conjugated copolymer Super Yellow.
Fluorescence data has also been used in chapter 7 to monitor exciton quenching in the
conjugated polymer P3DDT when doped with the electron acceptor PCBM; in this
circumstance, due to the low intensity of emission from the polymer both with and without the

electron acceptor, the custom-built setup as outlined above was used to obtain a good SNR.

Site-specific fluorescence spectroscopy

Under typical excitation conditions the fluorescence spectra of conjugated polymers are subject
to inhomogeneous broadening. In some polymers the spectral degree of broadening can
become comparable to the spacing between adjacent vibrational modes in the fluorescence
spectrum and as such distinguishing between those modes becomes impossible. It is therefore
of interest, particularly in studies of vibronic coupling in conjugated polymers, to use
experimental techniques in which the inhomogeneous broadening in the fluorescence spectra

can be reduced, if not eliminated.

The fundamental basis of observing inhomogeneous broadening in the optical spectra of any
system of chromophores is for there to be a difference in energy between those chromophores
which are initially excited and those chromophores from which emission finally occurs.” For
example, in a conjugated polymer this can occur as the result of conformational relaxation of

81.38.125 in which a polymer in the excited state is able to relax into a more

the polymer chains,
stable, lower energy structural arrangement. Exciton migration also contributes as a significant
source of spectral relaxation. As discussed in section 2.3.2, a conjugated polymer has
distribution of chromophore energies which makes up the polymer density of states (DOS). If
an exciton is able to move between chromophores (see section 2.6) the respective absorption
and emission chromophores of that exciton will be on average different and

non-degenerate.?® 77 16
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It is clear that in order to reduce the inhomogeneous broadening in the fluorescence spectrum of
a conjugated polymer it is necessary to minimise the effect of spectral relaxation mechanisms
such as exciton migration. One method by which this can be achieved is to reduce the
temperature at which the fluorescence spectrum is measured, which as discussed in section
2.6.5, will reduce the rate of exciton migration. In addition, by exciting directly in the tail of
the DOS there is on average only a very small number of adjacent sites of the correct energy to
which an exciton can move to (see section 2.6.4). This also reduces the rate of
migration.”® "% Under these circumstances it is possible for an exciton to remain trapped on
the chromophore on which it was generated throughout its entire lifetime.” In such cases
exciton recombination will occur on the same chromophore that was initially excited and the

resulting emission is only homogeneously broadened.

The principal of exciting into the very bottom of the DOS to achieve only homogeneous
broadening is referred to as site-selective fluorescence (SSF) spectroscopy.” ¥ This is
achieved experimentally by using a tuneable laser source to excite progressively deeper into the
DOS of a sample, until homogeneous broadening conditions are met. To facilitate the
likelihood of this process occurring, such measurements are performed at very low
temperatures. In chapter 4 of this thesis SSF has been used to investigate the nature of vibronic
coupling in MeLPPP. These measurements were performed using the Fluorolog-3 as detailed
above in which the sample was cooled to 13.5 K using a Cryomech closed-cycle Helium
cryostat, with the fluorescence spectrum of the sample monitored as a function of excitation

energy.

3.8.2 Raman spectroscopy

Raman spectroscopy is an excellent tool with which to study the nature of the active bond

vibrations in a wide range of different molecular systems, including conjugated polymers. The

109



Chapter 3 Experimental methods

basic physical principle behind this experimental method is the so-called Raman effect, in
which light scattered from a substance gains or loses energy by interacting with the vibrational

modes of that substance.’®?° This is considered in more detail below.

When a beam of light is incident upon a substance, the photons (of energy fw) can interact
with that medium in a number of ways. One of these processes is for the photons to be

scattered by the sample.*® **

Most of this scattering is elastic (referred to as Rayleigh
scattering); that is the energy of the incident and scattered photons remains constant. A fraction
of incident photons also take place in inelastic scattering events, in which the energy of

scattered photons is different to the incident photons. This latter phenomenon is referred to as

the Raman Effect.'?® 1%
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Figure 3.17: Schematic of Rayleigh, Stokes’ and anti-Stokes’ scattering processes in a molecular
system involving a vibrational mode of energy AE. A photon of incident energy hw is able to
interact (red lines) with virtual states of a molecular system. In addition to elastic Rayleigh
scattering, the scattered photon (blue lines) can either lose one unit of vibrational energy (Stokes’

scattering) or gain one unit (anti-Stokes’ scattering).
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The Raman Effect specifically involves the interaction of an incident photon of light with the
virtual states of a sample. As an example, consider in Fig. 3.17 a molecule with a ground state
E, and vibrational energy level E, + AE (where AE is the energy of a vibrational mode). After
absorption to a virtual state, emission can occur to either the ground or vibrational energy level.
Proceeding through the different transitions involving virtual states indicated in Fig. 3.17, it is
possible for a photon to lose one unit of vibrational energy (corresponding to a scattered photon
energy of hw — AE), or gain one unit of energy (corresponding to a scattered photon energy of
hw + AE). These scattering processes are referred to as Stokes’ and anti-Stokes’ scattering

respectively and together compromise the so-called Raman spectrum of a sample.

The type of molecular motion associated with a vibrational mode also has a strong influence on
the intensity of the Raman scattering from a sample. This can be understood using a classical

argument:*?

when a photon of light is incident upon a sample, the electric field of the light
induces an electronic dipole moment in the sample. The magnitude and orientation of this
dipole moment (d) is related to the electric field (€) by the polarisability tensor (a) of the

system, as according to Eq. 3.13 below:

SV

Il
IR

)

(3.13)

In an isotropic medium the polarisability is a constant and the dipole moment is parallel to the
applied electric field. In anisotropic media this is no longer the case and as given above, the
true relationship is governed by the properties of the polarisability tensor. This quantity is
critical, as it can be shown that Raman scattering from a vibrational mode will only occur if the

molecular motion associated with that mode instigates a change to the polarisation tensor.*?°

By measuring the scattered light from a sample utilising a suitably sensitive method of

detection, it is possible to measure the shift of the Stokes and anti-Stokes lines with respect to
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the elastic scattering line and thus gain a great deal of information concerning the energy of the
vibrational modes of a molecule. In chapter 4 of this thesis, a comprehensive analysis of the
vibrational modes in the fluorescence spectrum of the conjugated polymer MeLPPP is detailed.
As part of this work Raman spectroscopy was used to determine the energy of the different

modes, which served as an important starting point for the rest of the analysis process.

3.8.3 Photoluminescence quantum yield measurements

The photoluminescence quantum yield (PLQY, ®p,qy) is one of the most important material

characteristics of a conjugated polymer and is defined as the number of photons emitted from a

sample relative to the number of exciting photons, as expressed below in Eq. 3.14:

Number of photons emitted

Dproy = (3.14)

Number of photons absorbed
Although this definition of the PLQY seems simple at first, a significant amount of time has
been spent refining various methods to measure it experimentally. This has been in no small
part due to the significance of this quantity in characterising a conjugated polymer for potential
use in an OLED device. As only limited PLQY studies have been performed in this work (see
chapter 5), no more time will be spent discussing the development history of these methods.
The remainder of this section will instead proceed to outline the two methodologies that were

used in chapter 5 for calculating the PLQY in film and solution.

PLQY: Film

The PLQY of thin films were measured using the method outlined by de Mello et al. in which
luminescence from both direct and secondary excitation — that is excitation from first order

scatter off of an integrating sphere wall - is considered.** ** Samples were mounted in a PTFE
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coated integrating sphere (Lab Sphere), with the emission collected from the sphere measured

using a Jobin-Yvon Horiba Fluoromax-3 fluorimeter. The calculation of the PLQY (@pLoy)

proceeds as follows:

(E)—(1—-A E l,(E) = l;(E
CDPLQY =5( ) A.(le(E))fo( )WhereA= ol l)O(E)( )

(3.15)

In Eq. 3.15 ¢; and &, are the integrated emission spectra as a result of direct and secondary
excitation respectively; likewise [; and [, are the integrated excitation spectra under the same
conditions, with [, the integrated emission from the sphere alone. In order to measure the
sample response (for both the emission and excitation spectra) under secondary excitation
conditions, the film inside the integrating sphere was oriented to be perpendicular to the
incoming excitation source. A is the absorption of the thin film, calculated in Eg. 3.15 from
the excitation spectra. It should be noted that a correction file that took into account the

spectral response of the fluorimeter and sphere together was applied to all recorded data.

PLQY: Solution

The PLQY of solutions was recorded using a Jobin-Yvon Horiba Fluoromax-3 fluorimeter and

d,132

performing the standard comparative metho the details of which are outlined below in

Eqg. 3.16:

2
n gradsampi
CDPLQY = Dstandard- 2 sampte P (3.16)
nstandardgradstandard
In Eq. 3.16 n is the refractive index and grad is the gradient of a straight line plot of integrated

(with respect to energy) emission intensity versus the absorption at the excitation energy for

different concentrations of solution. As suggested by the name of the technique, this method
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relies on use of a standard compound for which the PLQY is accurately known (®stqndara),

with typically 9,10-diphenyl anthracene chosen for this purpose.

3.9 Polarised spectroscopy
3.9.1 Fluorescence anisotropy

In order for a photon of light to interact with a molecule and cause an electronic transition, the
electric dipole moment corresponding to that transition must have a non-vanishing projection
on to the polarisation orientation of the incoming photon; no transition will occur if the two are
completely perpendicular. Consequently, when a polarised beam of light is incident upon a
distribution of randomly oriented polymer chains, only those chains that fit the aforementioned
condition will interact with the light and lead to an electronic transition; this process is referred
to as photoselection. Polarised spectroscopy can thus be used to provide information

concerning the orientation of the electric dipole moments present in a molecular system.®” %

One of the most typical applications of polarised spectroscopy towards the study of conjugated
polymers is the measurement of the fluorescence anisotropy.® In such an experiment, the
excitation source is polarised, with the polarised emission both parallel (/;) and perpendicular
(I,) to the excitation polarisation recorded. These measurements are used to define the

fluorescence anisotropy () of a sample, which is given below in Eq. 3.17.

L1

L2 (3.17)

Eq. 3.17 holds as the strict definition of the fluorescence anisotropy. In order to measure both
I, and I, accurately one must typically take into account the polarisation response of the

experimental equipment at hand. For example, a photodetector may be more sensitive to one
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polarisation than the other, therefore skewing the measured experimental values from the true
system response. In order to take this into account a polarisation instrument correction factor
(G) is introduced into Eqg. 3.17, leading to the practical definition of the fluorescence anisotropy

given in Eq. 3.18.
Iy, — I
(ry=———=——,whereG = T (3.18)

In Eq. 3.18 above [; ; is the intensity of the emission with excitation and emission polarisers set
to the alignments i and j, with these alignments either being vertical (v) or horizontal (h) with

respect to the relevant spectrometer channel.

For an isotropic distribution of chromophores, as typically encountered in a spun film or
solution of a conjugated polymer, it can be shown that the fluorescence anisotropy can be
directly related to the difference in angle (6) between the absorption and emission electric

dipole moments,® as according to Eq. 3.19:

3{cos?0) — 1
r=—

: (3.19)

It should be noted that at this point it is only possible to measure an average value of the angle
0 across all chromophores. From Eg. 3.19 the maximum anisotropy that can be obtained is 0.4,
and occurs when the absorption and emission dipole moments lie parallel to one another. In
conjugated polymers there are many processes which can result in a deviation from the
maximum anisotropy and thus can be monitored by measuring the anisotropy as a function of
time. For example, it is possible for a molecule on which an excitation is generated to undergo

conformational relaxation, in which the chain, and thus the emission dipole moment, adopts a
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new geometry.’”® This leads to a reduction in the fluorescence anisotropy with time and occurs

on a timescale of the order of 10 ps.

Fluorescence anisotropy decay can also be used to measure exciton migration in conjugated

% 133132 A5 an exciton migrates through the DOS of a conjugated

polymers (section 2.6).
polymer it will move between chromophores of different orientations. On average as an
exciton moves away from the chromophore in which it was generated, there will be a decrease
in (cos?6), and thus as according to Eq. 3.19, a decrease in the fluorescence anisotropy. As
such a process is independent of the chromophore energy, fluorescence anisotropy can be used
to measure the dynamics of both downhill and iso-energetic migration, as opposed to

experiments using for example a streak camera (section 3.7), which can only measure the

dynamics of downhill migration.

3.9.2 Anisotropy in pump-probe spectroscopy

In a similar manner to fluorescence anisotropy, polarised pump-probe spectroscopy can be used
to measure exciton migration between chromophores in conjugated polymers.?® *¥* 3¢ |n this
case, rather than measuring the polarised emission from a sample parallel and perpendicular to
the excitation orientation, the polarised absorption of the probe pulse parallel and perpendicular
to the polarisation of the pump is measured. This leads to the definition of anisotropy in pump-

probe spectroscopy below in Eq. 3.20:

AT _AT
Ty T,
TSET AT (3.20)
Ty T,

The concept of anisotropy decay in pump-probe spectroscopy is very similar to that of

fluorescence anisotropy; the former is based on excited-state absorption, whereas the latter is
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based on emission. As an exciton migrates away from the chromophore on which it was
photogenerated by the pump pulse, it will on average move to a site with a different orientation
of excited-state transition dipole moment, leading to a reduction in the anisotropy with time.
By using pump-probe spectroscopy one can measure such a decay process on a scale of
hundreds of femtoseconds. This is in contrast to measurements of the time-resolved

fluorescence anisotropy, which have a typical time resolution of the order of picoseconds.

3.9.3 Magic-angle spectroscopy

Consider a typical pump-probe experiment in which both the pump and the probe are parallel.
As an exciton moves off the chromophore it was generated on, the photoselection inferred by
the polarisation of the pump will result in an ultrafast decay component in the probe response.
This has the potential to lead to complications in the analysis of other photophysical processes
which occur on similar timescales, such as energy transfer. It is thus often desirable to produce
a result which is independent of polarisation. This can be achieved by performing polarised
spectroscopy at the so-called magic-angle, corresponding to an angle between excitation and
emission, or equivalently pump and probe, of 54.7°. The derivation of this value proceeds

below.

In order to measure a quantity free of polarisation, i.e. one that is not proportional to I or I,
one seeks to measure the total intensity Ir.® Consider an arbitrary distribution of N

chromophores: the total intensity from those emitting chromophores is given by the sum:

Iy = Z I (3.21)
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If a linear polariser is introduced into the measurement, the resulting intensity measured
through the polariser (I,,) will depend on the projection of the emitted light with respect to the

angle of the polariser:
N
L, = Z Licos?ay, (3.22)
i
In Eq. 3.22 a,,; is the angle between the emission from unit i and the orientation of the linear

polariser. Such a measurement can be repeated along three orthogonal directions(x, y and z) as

shown in Fig. 3.18:

n
»

Figure 3.18: Orientation of emission dipole moment in a cartesian coordinate system.

N N N
L, = Z Licos*ay; I, = Z Licos*ay; I, = Z licos?ay; (3.23)
i 7 i

Given the identity:
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cos?ay; + cos*ay,; + cosa, =1 (3.24)

The linear combination of the three projections is equal to the total intensity:

N
Lo+1, +1, = Z L.(D) =1Ir (3.25)
i

If excitation is chosen to lie along the z direction, then I, = I, resulting in the following

identity for the total intensity, which is independent of polarisation, shown in Eq. 3.26:
IT == I" + ZIJ_ (326)

There are two ways to measure the I. The first is to measure I, and I, independently and use
Eqg. 3.26, although this can be time consuming. A more effective method is to perform a single
measurement with the emission (or probe) polariser set to an angle of 54.7°. At this angle the
vertical projection through the polariser I;cos?a = 0.3331,, with the horizontal projection
I, sin*a = 0.667I,; under this circumstance the condition I + 21, is met and the measurement

becomes independent of polarisation.

3.10 Polymer characterisation and sample preparation

The chemical properties of the conjugated polymers used in these studies were characterised by
the average number of monomer repeat units on one chain and their polydispersity index (PDI).
The PDI is a measure of the distribution of chain masses, or equivalently the distribution of
chain lengths;® it is thus related to the distribution of conjugation lengths and therefore by
extension the polymer DOS. The PDI is defined as the ratio of the weight averaged molecular

weight (My,) to the number average molecular weight (My), as detailed below in Eq. 3.27:
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SiMZN;

My, My = . M;N;
PD] = — where L 3.27
My Vo SiMil (3.27)

NTONN

In Eq. 3.27 i is taken as the number of monomers along a polymer chain, with M; the mass of
the chain containing { monomers and N; the number of chains with i monomers. The sum is
taken over all possible values of i. If a polymer sample has a PDI of 1 then all chain lengths
are the same and the sample is said to be monodisperse; this is however rarely achieved in
synthetic polymers.®* All the polymers used in this study had a PDI > 1; the exact value for a

particular polymer used is stated in the relevant section.

The conjugated polymers used in these studies were obtained from a variety of different
sources (as indicated in the relevant section) and were used without any further modification.

Relevant chemical details (such as the PDI) were also obtained from the manufacturer.

Solutions of conjugated polymers were prepared in a variety of spectroscopic grade organic
solvents with typical concentrations of <0.01 mg-ml™* (0.D~0.003 in a 10mm quartz cuvette).
By using such low concentrations, complications such as self-absorption and aggregation of the

polymers in solution could be avoided.

Solid thin films of conjugated polymers were prepared by spin casting from solution
(10 mg'ml™) on to 10 mm sapphire substrates. By spinning at a rate of 1500 rpm for
45 seconds, films approximately 80 nm thick, corresponding to an optical density of the order
of 0.1, could be produced. When possible, these samples were then promptly mounted in
vacuum as part of the appropriate experimental apparatus in order to minimise any photo-

oxidisation between preparation and measurement. To ensure that all solvent had been
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removed from the substrate, films were typically left for 30 minutes under vacuum before

measurements commenced.
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Chapter 4  Fluorescence vibronic analysis in a
ladder-type conjugated polymer

Sections of this work have been submitted for publication:

E.W. Snedden*, R. Thompson, S.I. Hintschich and A.P. Monkman, ‘Fluorescence vibronic

analysis in a ladder-type conjugated polymer’, Chemical Physics Letters, 472, 80 (2009)

4.1 Introduction

Ladder-type conjugated polymers, such as methyl-substituted ladder-type poly(para-phenylene)
(MeLPPP) and poly(naphthylene-phenylene) (2,6-NLP), are of interest to the organic
electroactive materials community for their application in optoelectronic devices such as
organic light emitting diodes.** **"** These materials are characteristically defined as ‘ladder’
polymers on the basis that adjacent phenyl groups along the polymer backbone are bridged
together in two places. This results in a rigid-rod chain structure in which rotational modes of

the polymer backbone are thought to be prohibited.*® !

Removing the action of these
rotational modes imbues ladder-type polymers with a high degree of intramolecular order and a
narrow distribution of conjugation lengths. As a consequence these materials have also
attracted interest as model systems in which to investigate the significant electron-phonon
coupling that exists in conjugated polymers®® 3" © 142 que to the relatively small degrees of

inhomogeneous broadening observed in their optical spectra.'* **

To briefly recap the discussion of section 2.5, within the Born-Oppenheimer approximation, the
properties of electron-phonon coupling in a conjugated polymer are governed by the
Franck-Condon (FC) principle, which states that changes within the nuclear manifold of states

occur on a much longer timescale than any electronic transitions. A consequence of this

122



Chapter 4 Fluorescence vibronic analysis in MeLPPP

principle is that the intensity of vibrational transitions in optical spectra of a conjugated
polymer are determined by the overlap between the relevant excited and ground state
vibrational wavefunctions, with the results expressed as the so-called FC factors:

e ssn 3 w|AQ|?

Iy_pn = .y where S % (4.1)

In Eq. 4.1 n is the order of the particular vibronic mode under question and w is the frequency
of vibration. S is the so-called Huang-Rhys (HR) parameter, with 4Q a vector representing the
change in conformation of the polymer between the ground and excited states. The HR
parameter of a particular vibrational mode can be measured experimentally using Eq. 4.2

below:

§=21 4.2)

In Eq. 4.2 I,_o and I,_; are respectively the intensity of transitions originating from the
zero-phonon vibrational level of the excited state to the zero and one-phonon vibrational levels

of the ground state.

FC analysis has been successfully applied to describe the vibrational progressions observed in
both flexible and planar oligomers.* 671 142148 The |ast decade has also seen a significant
research effort led by Spano et al. to develop theories that go beyond the Born-Oppenheimer
approximation and consider situations in which the interactions between adjacent polymer
chains are comparable in strength to the electron-phonon coupling of a single chain.****° One
of the primary consequences of such theories is that the electron-phonon coupling in a
conjugated polymer can influence the polarisation of fluorescence, which is not possible solely

within the Born-Oppenheimer approximation.
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This chapter outlines the results of a comprehensive experimental review of the effects of
electron-phonon coupling in the steady-state and time-resolved fluorescence spectra of the
conjugated polymer MeLPPP. This work originated from a study of the time-resolved
fluorescence from MeLPPP, which was made in order to characterise the singlet exciton
dynamics of the polymer. As part of these experiments, a long-lived state was identified in the
fluorescence spectrum of the polymer. As this state was found to be concurrent with the
presence of a small peak, an additional study was performed with aim of modelling the
contribution of vibronic modes in the steady-state fluorescence spectrum of MeLPPP. This
would confirm whether there was any correlation between the aforementioned long-lived state
with one of the vibrational modes of the polymer. The results of this study, while successful in
assigning the origin of the long-lived state, also demonstrated new phenomena in the properties
of the electron-phonon coupling in MeLPPP which merited discussion in their own right. This
chapter therefore presents the results and analysis of both steady-state and time-resolved

measurements, culminating in a discussion concerning the origin of the long-lived state.

In summary, this chapter begins with a review of results obtained using Raman and site-specific
fluorescence (SSF) spectroscopy to identify the principal vibrational modes in MeLPPP. This
data is also used to demonstrate a crossover between SSF and Raman emission at low
excitation energies and temperatures. The contribution of vibrational modes in the steady-state
fluorescence spectrum of MeLPPP in film is then investigated by applying a multi-gaussian
model to the data, developed primarily from the results of the Raman and SSF measurements in
addition to related theoretical predictions made by Karabunarliev et al..** The results of
temperature dependent studies are used develop a detailed understanding of how the low energy
skeletal stretching mode of the polymer backbone influences the form of the fluorescence
spectrum as a function of temperature. In particular, it is shown that thermal population of the

skeletal stretch mode occurs in the excited-state after the thermalisation of excess energy, with
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a new set of transitions originating from these so-called ‘hot’ levels appearing in the

fluorescence spectrum as a function of increasing temperature.

Significantly, a distinct change in the behaviour of the vibrational mode amplitudes with
temperature is identified at a critical point between 125 and 150 K. This is attributed to a
change in conformation of the polymer with temperature and it is proposed that the
aforementioned thermal population of the skeletal stretch mode in the excited-state plays a role

in stabilising the polymer conformation.

Having identified and characterised the contribution of vibrational modes in the fluorescence
spectrum of MeLPPP, an investigation into more specific points concerning the fundamental
nature of electron-phonon coupling in conjugated polymers is then considered. Polarised
fluorescence spectroscopy on stretched films of MeLPPP is used to demonstrate a fundamental
relationship between the polarisation of fluorescence and the vibrational mode through which
fluorescence decay occurs. This is highly significant as it demonstrates a failure of the
Born-Oppenheimer approximation in MeLPPP, with this result readdressed in context of the
theoretical approach of Spano. From this it is proposed that interchain interactions play an
important role in determining the properties of fluorescence in MeLPPP. The role of interchain

interactions in MeLPPP is also considered in chapter 6 of this thesis.

Picosecond fluorescence spectroscopy is also used to address the issue of whether the electron-
phonon coupling in MeLPPP influences the fluorescence lifetime. Whereas in solution the
fluorescence lifetime is shown to be independent of energy and therefore by extension the
vibrational mode through which emission occurs, measurements of MeLPPP in film
demonstrate an unexpected dependence of the longest decay component on excitation energy,
with a long fluorescence lifetime measured at the spectral location of the transverse ring stretch

mode of the polymer. Rather than addressing these results in context of electron-phonon
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coupling, it is instead demonstrated that this long lifetime arises as a result of a broad,
underlying defect state in films of MeLPPP. The role of such a defect in determining the
excited-state dynamics of MeLPPP could impact the interpretation of fluorescence lifetime
studies if not properly taken into consideration, with the results of previous studies readdressed

in light of this conclusion.

4.2 EXxperiment

4.2.1 Materials

Unaligned solid thin films of the polymer MeLPPP (chain length of ~60 repeat units;
polydispersity index = 1.3) were deposited onto sapphire substrates by spin casting at 1500 rpm
for 45 seconds from a toluene (Romil) solution (10 mgml®, 30 mgml* for SSF
measurements).  Stretched films (x28 original length) of MeLPPP were prepared from a
polyethylene solution as described in previous work.?” Highly dilute solutions of MeLPPP
(toluene, 0.001 mg-ml™) were prepared for picosecond fluorescence measurements. In addition
to reducing self-absorption (absorption of photons emitted by the sample) effects in the
fluorescence spectra, using such low concentrations ensured that the polymer chains were

completely isolated, with no aggregation occurring.

4.2.2 Spectroscopic measurements

Room temperature absorption spectra were measured using a Shimadzu UV-3600 spectrometer.
Temperature dependent absorption spectra were recorded using a USB4000 Ocean Optics
spectrometer, with a broadband xenon lamp used as the excitation source. Fluorescence spectra
were recorded using a Jobin-Yvon Fluorolog-3 which incorporates double excitation and
emission monochromators in a right-angle geometry with automatic polarisers. For both

temperature dependent absorption and fluorescence measurements solid-state samples were
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mounted in a closed-cycle Cryomech helium pulse tube cryostat under a dynamic vacuum of
10™ mbar, allowing access to temperatures down to 10 K. Dilute solution samples were held in
a custom-made 10 mm quartz cuvette suitable for housing in a Janis Research company
VNF-100 liquid nitrogen cryostat. SSF measurements were conducted at 13.5 K by setting the
excitation monochromator slit width to 0.5 mm (corresponding to a spectral resolution of
0.5 nm) and varying the excitation energy. Raman spectra were recorded using a Horiba Jobin-
Yvon LabRamHR Raman Microscope used in conjunction with a 2.31 eV laser excitation

source, as described elsewhere.**

To develop a qualitative measure of the polarisation of fluorescence from stretched films of
MeLPPP, the Jobin-Yvon Fluorolog-3 was programmed to record two full fluorescence spectra:
L, and L, with I;; the intensity of emission with excitation (i) and emission (j) polarisers set
vertically (v) and horizontally (k) with respect to the spectrometer channel. The sample stretch
direction was placed vertically with respect to the spectrometer channel, with the ratio of I,,, to

I, recorded, as defined below in Eq. 4.3:

(4.3)

In Eq. 4.3, G = I, /Iy is the instrument correction factor included to take into account any
anisotropic response of the measuring apparatus; a pre-recorded instrument correction factor,

150
_6,

calculated as part of measurements on the laser-dye Coumarin was used in these

experiments.

The choice of making measurements in stretched films, rather than isotropic films, was made in
order to minimise the effect of exciton migration on the polarisation of fluorescence from the

sample. Migration has been well documented as an anisotropy loss mechanism in isotropic
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systems.®* 1% 3% Ag an exciton migrates through the DOS of a polymer it will by necessity
move between chromophores of different orientation. Therefore the orientation of the
chromophore segment from which an exciton has migrated to and subsequently emitted from
will on average be different from that of the chromophore on which it was generated.
Consequently the steady-state fluorescence anisotropy of an isotropic film displays a
non-uniform dependence with emission energy.®” This is no longer the case in an aligned
system; if the degree of alignment is 100% accurate, by definition all chromophores are
orientated along the same direction and therefore migration has no determining role on the
anisotropic response.  Although the degree of chain alignment in stretched films of MeLPPP

has been demonstrated not to be 100% efficient,*®

the influence of exciton migration on
determining the anisotropic response of such samples is still expected to much less prominent
than in an isotropic film. Note that exciton migration can be similarly minimised by
performing measurements in dilute solution; the signal-to-noise ratio of such experiments is

however by necessity much lower and the range of temperatures for which a sample can be

measured over is restricted by the freezing point of the solution.

Picosecond time-resolved fluorescence measurements were made using a Hamamatsu C5860
Streak Camera. 2 ps, 76 MHz pulses at 1.46 eV generated from a Coherent Mira 900
Ti:Sapphire picosecond laser, coupled to a second harmonic generator, were used to produce
the excitation source at 2.92 eV. A vertical polariser was placed before the sample, which was
mounted in a JANIS liquid nitrogen cryostat, with emission detected by a second polariser set
at the magic angle (~55° see section 3.9.3) with respect to the vertical and focussed into a
double subtractive monochromator (Acton Spectra Pro 2300i). A high resolution 300 g-mm™
grating was used to spectrally disperse the emission before focussing into the streak camera.
Fluorescence decays were obtained by averaging over a ~0.01 eV (2 nm) boxed section of the

camera image.
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4.3 Results

4.3.1 Raman and SSF spectroscopy

As a starting point in identifying the vibrational modes of MeLPPP, a review of results
obtained previously using Raman and SSF spectroscopy was made. The Raman spectrum of
MeLPPP in the solid-state is shown in Fig. 4.1A. The details of this spectrum are in excellent

agreement with previous results,”

with the double peak at ~0.195 eV assigned to an
aromatic CC stretch mode of the polymer backbone and a third peak at 0.164 eV identified as

an interring CC stretch mode.

The SSF spectrum of MeLPPP at 13.5 K in the solid-state is shown for a range of excitation
energies in Fig. 4.1B. As expected (section 3.8.1) a reduction to the inhomogeneous
broadening is observed as excitation is made progressively into the low energy tail of the DOS.
For excitation at 2.67 eV three vibrational modes are identified at 2.461, 2.494 and 2.570 eV, in
good agreement with the results of previous studies.” *** The associated vibrational energy of

these modes was determined according to Eq. 4.4 below:

haw; = 00 — EO-1 (4.4)

In Eq. 4.4 i denotes the mode under investigation, with 0-0 and 0-1 representing transitions
originating from the zero-phonon level of the excited state to the zero-phonon and first order
vibrational levels of the ground state respectively. By utilizing the simple approach of
Ref. [152] and taking the position of the zero-phonon transition to be the centre of the first
(high energy) peak in the fluorescence spectrum, (E°° = 2.637 eV), vibronic energies of
0.176, 0.143 and 0.067 eV are subsequently calculated. The first of these values is not in

agreement with any of those obtained using Raman spectroscopy; no comparison of the latter
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two values can be made, as Raman data was only measured down to 0.149 eV. The nature of

this discrepancy will be addressed in a later section.
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Figure 4.1: A) Raman spectrum of a MeLPPP film (recorded by Dr Helen Vaughan of the Organic
Electroactive Materials Group, Department of Physics, Durham University). In accordance with
the results of Ref. [72], two closely spaced peaks at 0.199 and 0.194 eV are identified as aromatic
CC stretch modes, with a third peak at 0.164 eV identified as a CC interring stretch mode. B) SSF
from a MeLPPP film at 13.5 K for various excitation energies (recorded by Dr Susanne Hintschich
of the Organic Electroactive Materials Group, Department of Physics, Durham University).
Individual vibrational modes can be observed in the fluorescence spectra at low excitation
energies. A systematic shift of the spectrum with the laser line is observed for excitation energies
below 2.672 eV.

For excitation energies equal to and below 2.661 eV the three vibronic features become well-
resolved and are found to shift exactly with the excitation line. This behaviour is not consistent

with SSF, but is however consistent with the onset of Raman emission (section 3.8.2). This

130



Chapter 4 Fluorescence vibronic analysis in MeLPPP

was confirmed by measuring the energetic separation of the observed vibronic features in the
spectra with respect to the excitation energy: the values obtained (0.202, 0.170 and 0.104eV
respectively for excitation at 2.650 eV) are in good agreement with the vibrational energies

obtained from the Raman spectrum shown in Fig. 4.1A.

4.3.2 Review of theoretical studies

To consolidate the results of section 4.3.1 above, the vibrational energies obtained were
compared against the results of a theoretical study performed by Karabunarliev et al. in which
guantum chemical modelling, incorporating a rigorous treatment of electron-phonon coupling,
was performed to reproduce the optical spectra of the oligomer ladder-type para-pentaphenyl
(OLPPPs).* Although it should be acknowledged that such a comparison between polymer and
oligomer is by no means ideal, this theoretical work serves as a good starting position in which

to gain further information concerning the physical nature of the vibrational modes in MeLPPP.

The results of Ref. [69] demonstrate that the optical spectra of OLPPPs include dominant
contributions from four different vibrational modes: a C=C stretch mode (Aw = 0.225 €V), an
aromatic CC stretch mode (0.196 eV), a transverse stretch (TS) of the phenyl groups (0.11 7eV)
and a low energy skeletal stretch (SS) of the oligomer backbone (0.014 eV). A schematic of
the molecular motion associated with each of these modes is shown in Fig. 4.2. While both the
aromatic CC stretch and TS modes are also observed in the experimental data recorded from
MeLPPP (see 0.202 and 0.104 eV measured using SSF spectroscopy), the theoretical
considerations do not include a discussion of CC interring mode, identified in both the Raman
and SSF data, at 0.17 eV. In addition, the C=C mode predicted from theoretical studies is not
observed in the SSF data shown in Fig. 4.1B, nor has been recorded or discussed in previous
72, 151, 153, 154

Raman-based studies of MeLPPP which encompass the required spectral range.

Note that the small rise observed at 0.204 eV in the Raman data shown in Fig. 4.1A is not of
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the correct energy to be attributed to the C=C mode. The discrepancies between theoretical
predictions and experiment may arise as a result of differences between the molecular dynamics
of the polymer and oligomer, although no succinct conclusions can be made without a detailed
understanding of the theoretical process involved in Ref. [69] which goes beyond the scope of

this thesis.
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Figure 4.2: Dominant vibrational modes in the optical spectra of the ladder-type oligomer
OLPPPs. From top to bottom: C=C stretch (hw = 0.226eV), aromatic CC stretch (0.196eV),
transverse ring stretch (0.117eV) and skeletal stretch (0.014eV). Results and figure (adapted) from
Ref. [69].

4.3.3 Temperature dependent fluorescence vibronic analysis

A quantitative study of the vibrational modes in MeLPPP was performed using steady-state
fluorescence spectroscopy. Unlike the results obtained using Raman and SSF spectroscopy

shown above, a direct and accurate identification of all of the vibrational modes in the
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fluorescence spectra is hindered by a relative increase to the inhomogeneous broadening which
results in the spectral overlap of adjacent modes. Aside from the need to measure the
fluorescence spectrum at high temperatures, the increased broadening was a consequence of the
relatively high excitation energy chosen in these experiments. In order to measure the complete
fluorescence spectrum of MeLPPP and thus identify all of the contributing vibrational modes, it
was necessary to excite the polymer far away from the spectral region of emission to avoid the
presence of excitation scatter in the spectrum. The absorption and fluorescence spectra of
MeLPPP in the solid-state at 295 K are shown in Fig. 4.3. The small Stokes shift (39 meV)

recorded is consistent with that of a rigid ladder-type polymer,® 4

with three general vibronic
features observed in the optical spectra. As a consequence of the small Stokes shift it was
necessary to place the excitation line high up into the polymer DOS at 2.92 eV, imbuing the

fluorescence spectrum with an increased degree of inhomogeneous broadening as compared to

excitation at the absorption edge.

In order to extract the details of the underlying vibrational modes in the fluorescence spectrum,
the data was modelled with a multi-gaussian model (using an in-built non-linear least squares
minimisation routine of Microsoft Excel), with each peak representing the emissive transition

of a different mode. This model is expressed below in Eqg. 4.5:

) - ﬁiﬁ:ﬂe"p( 26~ Fo. 0)> Z 24 ( zosv;in)Z) (45)

[
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Figure 4.3: Absorption and fluorescence spectra (2.92 eV excitation) of MeLPPP in the solid state
at 295 K. Excitation energies for fluorescence measurements (2.67 and 2.92 eV) are indicated
(dotted red lines). Inset left: the chemical structure of MeLPPP; R* and R? are alkyl groups.
Double-bridging between adjacent phenyl groups results in a rigid polymer backbone, of which the
small Stokes shift observed (39 meV) is a consequence. Inset right: absorption spectrum of
MeLPPP, recorded as a function of temeprature between 50 (left) and 275 K (right) in 25 K

intervals. A blueshift of ~20 meV is recorded with increasing temperature between 50 and 275 K.

In the equation above F(E) represents the fit to the fluorescence spectrum as a function of
energy, A, E and w are the peak amplitudes, positions and widths respectively, with the sum i
made over all possible contributing vibronic modes. Clearly the free application of a large
number of peaks to a continuous dataset can be used to produce many possible fitting results.
Therefore to ensure that the results produced by this fitting procedure remained physically

consistent, several steps were taken which are listed below:
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1.

3.

Peaks corresponding to the 0-0, aromatic CC, interring CC and TS modes were first
incorporated into the model, with the positions of the 0-1 bond vibrational energies set
to those energies as measured using Raman and SSF spectroscopy (Aw; = 0.2, 0.17 and
0.104 eV for the aromatic CC**, interring CC**and TS®* transitions respectively). The
positions of these peaks were fixed with respect to the position of the 0-0 peak, which
was in turn left as a free parameter.

In accordance with the findings of the theoretical studies of Karabunaliev et al.,
multiple repetitions of a low energy SS mode were also incorporated into the model.
As the energy of this mode could not be confirmed in either Raman or SSF
measurements (as described above), the corresponding vibrational energy was left as a
free parameter.

All peak amplitudes were left as free parameters.

In early models all peak widths were linked to a single free parameter. The justification for this

arose from the consideration that the width of each peak would be principally determined by

the inhomogeneous broadening associated with the electronic polymer DOS and therefore

would be independent of the particular mode in question. Using this condition in conjunction

with points 1-3 above, the resulting model was however unable to successfully fit to the data at

50 K, primarily in three regions; in the vicinity of the broad feature at 2.45 eV, in the low

intensity region around 2.55 eV and in the vicinity of the high intensity region at 2.64 eV.

These issues were addressed as follows:

4.

In order for the model to adequately fit to the data at 2.45 and 2.55 eV it was necessary
to introduce additional peaks at 2.43eV and 2.51 eV. The physical justification for
these peaks will be discussed in a later section.

In order to successfully fit to the data at 2.6 4eV it was necessary to allow the width of

the 0-0 transition to vary as a separate free parameter. The physical origin of a
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different broadening mechanism associated with the 0-0 is clearly a matter requiring
further investigation, although it should be noted that single molecule studies
performed on MeLPPP have demonstrated the homogeneous broadening of the 0-0

transition to be different from that of adjacent modes.™

The implementation of points 1 through 5 to the model produced a successful fit to the
fluorescence spectrum of MeLPPP at 50 K which is shown in Fig. 4.4A. The errors included
on the plot were estimated during the fitting process, in which it was noted that convergence to
alternative positions/amplitudes was possible. As it can be clearly seen the SS mode identified
from theory makes a significant contribution to the fluorescence spectrum, with multiple
replicas as indicated measured at a vibrational energy of 0.026 eV. This value is of the same

order of magnitude as the SS mode derived by Karabunaliev.”

In contrast with the classification of a previous study,'*

in order to correctly replicate the
positions of both the aromatic and interring CC stretch modes, the 0-0 peak was not the largest
observable peak in the spectrum, instead lying on the high energy shoulder of the SS®* peak at
2.663 eV. This observation resolves the discrepancy originally noted in the analysis of the SSF
peaks, in which it was found that the measured vibronic energies were not in agreement with
those obtained using Raman spectroscopy. It can now be seen that taking the 0-0 position to be
the largest intensity peak in the fluorescence spectrum, as per the results of Ref. [152] is
incorrect; if instead the vibrational energies in the SSF spectrum are calculated using the new

0-0 peak position at 2.663 eV, then the values obtained (0.202, 0.169 and 0.093 eV) become in

much better agreement with the results of Raman measurements and theoretical predictions.
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Figure 4.4: Normalised fluorescence spectra (2.92 eV excitation, black line) and multi-gaussian fit
(red dotted line) of MeLPPP in the solid state at A) 50 K and B) 275 K. The individual gaussian
components that make up the fit are shown, with key contributing peaks labelled. Note that the
vertical scale of both plots has been fixed to allow comparison of the peak amplitudes at high and

low temperatures.

Having successfully established the fitting procedure at 50 K, the fitting process was then
repeated for the fluorescence spectra obtained at different temperatures. In order to measure
relative changes in intensity of different vibronic modes, all fluorescence spectra were
normalised to their area in order to take into account both the increasing quantum yield®* **
and the red-shift of the absorption spectrum away from the excitation line observed to occur
with decreasing temperature. At temperatures of 100 K and above it was noted that the fitting
procedure that was performed for 50 K was unable to successfully fit to the high energy

shoulder of the fluorescence spectrum at ~2.75 eV. The temperature dependence of the
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fluorescence spectrum in this region is shown in Fig. 4.5. As can be seen, a non-uniform

increase in intensity in this region is noted with increasing temperature.

The temperature dependence of the emission intensity observed in Fig. 4.5 is indicative of a
thermally activated contribution to the fluorescence spectrum. The possible role of an
underlying defect state in this region can be ruled out on the basis that the increase in intensity
observed is not reflective of a contribution from a single underlying state, which would emerge
as a well defined peak. The behaviour in this region is instead attributed to the build-in of an
increasing number of low energy thermally activated vibrational modes. On the basis that the
only low energy mode identified in the spectrum at 50 K was the SS stretch mode, the high
energy region was fitted by a fixed progression of SS modes with increasing peak energy with
respect to the 0-0 transition. Each of these transitions would represent a transition from a
vibrational sublevel in the excited state to the zero-phonon level in the ground state, i.e. a SS™°
transition, where n represents the order of the excited vibronic state. These so-called ‘hot’
vibronic transitions have been discussed in context of conjugated polymers with torsional
degrees of freedom, in which the thermal population of low energy rotational modes occurs

instead 39, 70, 71, 157
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Figure 4.5: Normalised fluorescence spectra of a MeLLPPP film (2.92 eV excitation) for a range of
temperatures, highlighting the behaviour in the high energy region at 2.75 eV. For an increase in
temperature from 50 K to 295 K a non-uniform increase in the intensity of the high energy
shoulder of the main peak is observed, in addition to a blue-shift of the spectrum. Inset: 0-0 peak
position plotted as a function of temperature, in which a near-linear blue-shift of the peak position

is observed with increasing temperature.

Incorporating this progression produced a successful fit to the data at all temperatures; the
result of the fitting procedure at 275K, including the extended progression of SS modes at
energies both greater (SS™) and smaller (SS°™) than the 0-0 energy, is shown in Fig. 4.4B. An
approximate linear blueshift common to all peak positions (20 meV from 50 K to 275 K) is
observed with increasing temperature; this is shown in the inset of Fig. 4.5. Note that an
identical blueshift (~20 meV) was measured in the absorption spectrum of MeLPPP over the
same temperature range (see inset of Fig. 4.3). These results are consistent with work of List et
al., in which the fluorescence spectrum of MeLPPP was measured as a function of

temperature.™®® In that study the shift of the fluorescence spectrum with temperature was only

139



Chapter 4 Fluorescence vibronic analysis in MeLPPP

briefly attributed to the activation of vibrational modes in the polymer backbone, leading to a
decrease in the average conjugation length of the polymer. It has been well established in the
literature that, in conjugated polymers displaying torsional degrees of freedom, rotational
modes are able to generate breaks in the conjugation along the polymer backbone by twisting
adjacent chain segments and preventing orbital overlap between them.™” **° As discussed in
section 4.1 above however, MeLPPP forms a rigid-rod structure in which such rotational modes
are prohibited. The structural properties of MeLPPP as a function of temperature are discussed

in a later section.

It is important to emphasise at this point that the plot of changing peak position shown in the
inset of Fig. 4.5 was produced by taking the position of the 0-0 transition as obtained using the
fitting procedure outlined above, as opposed to measuring the position of the high energy peak
(shown in Fig. 4.5) directly from the plot without fitting, which appears to shift by ~50 meV.

This apparent contradiction is also addressed in a later section.

In addition to the blue-shift with increasing temperature of the peak positions, a simultaneous
increase in the peak widths (a change of 0.011 eV from 50 to 275 K) is also noted for all
transitions.  This is reflective of an increase of the inhomogeneous broadening with
temperature.” Note that a direct comparison of the peak widths obtained (~0.02 eV at 50 K) to
those in the literature is not possible, as there are very few studies in which the vibrational
modes in MeLPPP have been investigated. Comparison to the peak widths obtained in other
conjugated polymers and oligomers is of limited use, primarily on the basis such widths are
determined by the inhomogeneous broadening of the system which will vary from polymer to
polymer. It should however be noted that peak widths obtained in this study were of the same
order of magnitude as similar studies performed on poly(phenylenevinylene) (0.028 meV at 50

K)™" and oligophenylenevinylene (0.015 eV at 15 K)™ derivatives.
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The temperature dependence of the peak amplitudes of key vibronic modes, as identified in the
fluorescence spectra as part of the fitting process, are shown in Fig. 4.6. The amplitude of the
first hot transition of the SS mode (SS*°) is shown in Fig. 4.6A. Although a general increase in
peak amplitude is observed with increasing temperature, a marked change in behaviour is
observed at a critical temperature of ~150 K. The thermal population of an excited vibronic
mode is expected to follow a simple exponential dependence, according to Boltzmann (or
equivalently Bose-Einstein) statistics. Although exponential-type behaviour is indeed noted
either side of 150 K, the prominent change observed at that temperature is not consistent with

simple thermal occupation and therefore requires another explanation.

The temperature dependence of the 0-0 and SS®! modes, in addition to that of the mode
introduced at 2.43 eV at 50 K (as per the discussion of point 4 above) is shown in
Fig. 4.6B. A distinct change in behaviour is observed in the data at ~137 K. The normalised
temperature dependences of the SS®* and the hereto unidentified mode at ~2.43 eV were noted
to be identical. On the basis of this observation and the fact that the unidentified mode at
2.43 eV is approximately offset by one quantum of the SS stretch mode energy from the
aromatic CC%* mode, the mode at 2.43 eV is assigned to an overtone/combination” mode of
the aromatic CC®* mode coupled to the SS®* mode. This overtone mode corresponds to a
transition from the zero-phonon level of the excited state which results in the simultaneous

excitation of two modes in the ground state.”
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Figure 4.6: Temperature dependence of key vibrational modes in MeLPPP, as identified by fitting
Eq. 4.6 to fluorescence data: A) thermally excited (‘hot’) SS*° mode (blue); B) 0-0 (magenta), SS**
(dark green) and overtone (green) modes; C) CC®* (brown) interring mode. Lines have been
drawn as a guide to the eye. In all plots a distinct change in behaviour is noted between 125 and
150 K.
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Between 275 and ~125-150 K a general increase in amplitude is observed for the modes with
decreasing temperature. At 137 K however a large decrease in amplitude of the 0-0 mode is
noted, with a concurrent increase in intensity observed in the SS°* mode. The similarity of the
build-in and decay of the plots observed is indicative of a transfer of oscillator strength between
the 0-0 and SS®* transitions. Indeed, a consequence of this transfer is that while at 50 K the
SS™ is larger in amplitude than that of the 0-0 transition, at 295 K this order is reversed, with
the 0-0 transition becoming the largest peak in the fluorescence spectrum. This crossover
resolves the contradiction noted above concerning the apparent blue-shift measured directly
from the fluorescence spectra (50 meV) and the true blue-shift (20 meV), as measured using the
results of the fitting procedure; the redistribution of intensity between the 0-0 and SS®* modes

gives the appearance of a much larger blue-shift than really exists.

The temperature dependence of the CC®* interring stretch mode is shown in Fig. 4.6C. A
general increase in peak amplitude is recorded with rising temperature between 50 and 137 K.
A change in behaviour is noted at 137 K, with only a small increase in amplitude recorded
between 137 and 275 K. It should however be noted that this behaviour does not match that of
the confirmed thermally activated SS*° mode shown in Fig. 4.6A, nor the 0-0 mode shown in

Fig. 4.6B.

At this point it is important to take into consideration the potential role of self-absorption
processes in the fluorescence spectra. Such an effect occurs when there is a large degree of
spectral overlap between the absorption and fluorescence spectra. Upon inspection of Fig. 4.3
it can be seen that self-absorption effects in the fluorescence spectrum of MeLPPP at room
temperature should be considered for energies greater that 2.725eV, thereby having a potential
effect on the analysis of the 0-0 and hot SS™ peaks identified in the spectra. While such an
effect would lead to an effective reduction of the peak amplitudes in this vicinity from their true

values, the role of self-absorption in determining the change in behaviour observed at 137 K
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can be eliminated on the basis that the temperature dependence of the overtone
(Fig. 4.6B) and C-C®* interring (Fig. 4.6C) modes were also observed to undergo a change in
behaviour at temperatures around 150K; these modes however lie well beyond the region of
spectral overlap between absorption and fluorescence where self-absorption effects cannot take

place.

Following on from the observation of non-trivial behaviour in the temperature dependence of
the mode amplitudes shown in Fig. 4.6, it was of interest to measure the temperature
dependence of other key photophysical parameters in MeLPPP. An effective measure of the
photoluminescence quantum yield (PLQY) was recorded by measuring the area under the (not
normalised) fluorescence spectrum divided by the absorption measured at 2.92 eV at the same
temperature; a plot of the temperature dependence of this quantity is shown in Fig. 4.7. A
general increase of the PLQY with decreasing temperature is observed. Such behaviour is to be
expected, as exciton loss mechanisms such as migration to trap states are hindered at lower
temperatures.? *** 1 The temperature dependence of the PLQY however undergoes a clear
change in behaviour, again at ~150 K. To gain a better understanding behind the origin of this
critical point, the temperature dependence of the PLQY was compared against the summed
contribution of the 0-0 and SS** modes, which having been identified as the two largest modes
in the fluorescence spectrum were expected to make the most significant contribution to the
total PLQY; this is also shown in Fig. 4.7. As it can be seen the summed contribution largely
replicates the behaviour of the PLQY with temperature, including the change in behaviour at
150 K. This observation confirms that the physical phenomenon behind the critical point
observed in the PLQY at ~150 K is the same as that responsible for the critical points observed

in the temperature dependence of the individual modes, shown in Fig. 4.6.
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Figure 4.7: Temperature dependence of the area under the emission spectrum, divided by the
absorption at 2.92 eV (blue triangles), taken as an effective measure of the PLQY. The
temperature dependence of the summed contribution of the 0-0 and SS** peak amplitudes (black
squares) has also been included for comparison. Lines have been drawn as a guide to the eye. As
for other measurements, a distinct change in behaviour of the temperature dependence of the
PLQY is noted at ~150 K and is replicated in the temperature dependence of the summed

contribution.

4.3.4 Polarised fluorescence studies

Polarised fluorescence studies were undertaken in aligned films of MeLPPP in polyethylene in
order to reveal information concerning the orientation of the transition dipole moments
associated with each vibrational mode. A quantitative analysis of the fluorescence anisotropy
from stretched systems is complicated by the introduction of an systematic anisotropic property
of the sample at hand (namely the stretch direction) and does not proceed simply.™® In the

context of this study however only a demonstration of an anisotropic sample response was
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required; consequently the ratio of emission parallel and perpendicular to the excitation
direction (as described in Eq. 4.3) could be used as a sufficient qualitative measure. This ratio

is shown for a stretched MeLPPP film at 50 K for two different excitation energies in Fig. 4.8.

As can be observed at both excitation energies, distinct features emerge in the ratio of polarised
emission, appearing as dips in the ratio of polarised emission recorded. These features become
more resolved at lower excitation energies due to the reduction in the inhomogeneous
broadening. An inspection of the features obtained at low excitation energy in Fig. 4.8 reveals
a progression of dips similar to those obtained in SSF and standard low temperature
fluorescence spectroscopy, indicating that the features in the ratio are directly related to the
vibrational modes previously identified. A direct comparison can also be made in Fig. 4.8B for
low energy excitation, where there is a clear correlation between the vibronic modes in the
fluorescence spectrum and the polarised ratio. A systematic offset between the fluorescence
peaks and dip positions is observed and attributed to inaccuracies in the pre-recorded

instrument correction factor with energy.
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Figure 4.8: Polarised fluorescence of a stretched MeLPPP film at 50 K, A) 2.92 eV and B) 2.67 eV
excitation. The ratio of polarised emission, calculated according to Eq. 4.3, is also shown (blue
lines). Clear features at the position of the vibrational modes previously identified, are resolved at
both excitation energies. Polarised (I,,,; red lines and I,,,; green lines) and un-polarised (black
lines) fluorescence spectra have been included for reference.
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To confirm the correlation between the observed dips in the polarised ratio and the previously
identified vibrational modes in MeLPPP, the energetic separation between the dip positions and
the 0-0 transition was calculated. To identify the 0-0 energy of the stretched spectrum for
excitation at 2.92 eV, the fitting procedure outlined in section 4.3.3 above was repeated for the
fluorescence spectra of the stretched film. Using the 0-0 energy extracted as a result of this
process (2.669 eV), separations of 0.218, 0.184, 0.119 and 0.039 eV were obtained from
Fig. 4.8A, with similar values of 0.223, 0.184 and 0.118eV obtained at 2.6 7eV excitation
(using the same 0-0 position). Taking into account the aforementioned potential systematic
error of ~0.01eV between the measured spectra and the polarised ratio, these values are in good
agreement with the vibrational energies of the C-C®* intra-ring, C-C** interring, TS and SS
modes of the polymer. As a confirmation of the systematic error, it was also noted that the
relative separation of the polarised features with respect to one another (as opposed to the
position of the 0-0 transition) were in excellent agreement with the relative separation of the

peak positions obtained using both fluorescence and SSF spectroscopy.

4.3.5 Time-resolved fluorescence spectroscopy

Having shown in section 4.3.3 that the mode structure of MeLPPP influences the fluorescence
anisotropy, it becomes pertinent to ask whether the vibrational mode through which
fluorescence occurs also has any influence on the fluorescence lifetime. To this end
time-resolved fluorescence studies of both film and dilute solution samples of MeLPPP were

performed using a streak camera.

Time-resolved fluorescence measurements of MeLPPP in dilute solution are shown in Fig. 4.9.
Single energy decays, recorded at the vibronic positions identified in the analysis of section
4.3.3, were extracted from the streak camera image (Fig. 4.9A) by selecting and averaging over

a 0.01 eV window; the results of this process are shown in Fig. 4.9B. As it can be seen the
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fluorescence decay dynamics are identical for the different vibronic modes measured. Indeed,
further measurements at other emission energies confirmed that the decay dynamics were
completely independent of energy. In light of this a global mono-exponential fit to these

datasets was performed to measure the fluorescence lifetime, with a value of 395 ps obtained.

A similar analysis of the fluorescence dynamics was repeated for MeLPPP in film. Multi-

exponential dynamics were noted across the complete spectrum,'® %

with in particular a
long-lived component, concurrent with a small peak centred at ~2.57 eV in the fluorescence
spectrum observed in the streak camera image. Interestingly, this peak and the corresponding
lifetime component were observed to become more pronounced at lower temperatures; the
streak camera image of MeLPPP in film at 100 K is shown in Fig 4.10. Independent
multi-exponential analysis of the fluorescence dynamics of single-energy decays extracted from
this image revealed a long lifetime component of 489 ps (77% contribution by pre-exponential

amplitude) at 2.57 eV. This lifetime component was noted to be much longer than the

corresponding component noted in the vicinity of the 0-0 transition at 2.64 eV (157 ps, 26%).
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Figure 4.9: Time-resolved fluorescence data (2.92 eV excitation) of a dilute MeLPPP solution at
295 K: A) streak camera image, including sample boxed region used to measure single energy
dynamics and B) selected single-wavelength decays at vibrational mode positions. The result of a

global analysis performed to measure the fluorescence lifetime (green line) is also shown.
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Figure 4.10: Streak camera image (2.92 eV excitation) of a MeLPPP film at 100 K. At this
temperature the fluorescence lifetime can be directly observed to change with energy, with a
prominent long-lifetime state at ~2.57 eV (485 nm) highlighted in the data.

The observation of energy-dependent fluorescence dynamics is a well documented property of
performing measurements in film, in which interchain exciton migration can occur. As
described in section 2.6, exciton migration typically occurs through exciton energy transfer
from high to low energy chromophores. These different chromophore populations by their
nature emit at different energies and therefore the population of these sites can be quantified as
a function of time by measuring the fluorescence dynamics at different energies. As on average
an exciton will transfer off of these high energy chromophores to move to a lower energy state,
exciton migration at high emission energies will appear as a significant decay term in the
fluorescence dynamics. The amplitude of such a component is reduced however by moving the
emission energy to lower energies, corresponding to chromophores low down in the polymer

DOS, as the probability of off-chromophore energy transfer is reduced.
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Exciton migration has been well-documented to occur on timescales of the order of 10 ps,** *®

8. 161 and therefore any changes to the fluorescence dynamics as a result of exciton migration
can only involve time constants of that order. The observation of a substantial increase to a
lifetime component of the order of several hundreds of picoseconds cannot be a consequence of

exciton migration and requires another explanation.

To gain more information about the nature of the long lifetime component at 2.56 eV, the
fluorescence dynamics at this energy were recorded as a function of temperature and compared
against the corresponding dynamics measured at the approximate position of the 0-0 transition.
Before performing such measurements however, it was first necessary to choose the correct
emission energies at each temperature for both the 0-0 transition and the new peak feature. The
shift of the fluorescence spectrum with temperature, as measured by using the zero-delay of the
streak camera images, is shown in Fig 4.11. Whereas a red-shift of the fluorescence spectrum
occurs with decreasing temperature, as confirmed in section 4.3.3, no shift is observed for the
small peak feature at 2.57 eV. Single-energy fluorescence dynamics selected from the image
were chosen to take these observations into account; while the dynamics of the small peak
feature were recorded at 2.56 eV at all temperatures, the spectral window for which the
0-0 fluorescence dynamics was measured was changed according to the red-shift of the

fluorescence spectrum with temperature.
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Figure 4.11: Fluorescence spectrum of the MeLPPP film at different temperatures, as recorded by
selecting the zero-delay of the corresponding streak camera images. A small peak feature at
~2.57 eV is highlighted. In contrast to the general red-shift of the fluorescence spectrum with
decreasing temperature, the peak feature is observed to remain at ~2.57 eV for all temperatures.
Note that self-absorption is observed to heavily affect the amplitude of the 0-0 and SS transitions at
~2.65eV.

The dynamics of the 0-O transition at different temperatures were measured using a
bi-exponential global fit, with one lifetime component linked between datasets to reflect a
temperature independent fluorescence lifetime; the second lifetime component and all
amplitudes were left as free parameters. This analysis yielded lifetime components of ~40 and
147 ps, with the former of these components presented as an average of the different values
obtained; the results of this fitting process when applied to data recorded at 100 K are shown in
Fig 4.12. The ~40 ps component is consistent with previously reported values of exciton

12, 18, 83, 162

migration in conjugated polymers, although similar lifetime components have also

been associated with conformational relaxation processes in other systems.** MeLPPP is
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however widely considered to be a rigid-rod system in which such relaxation processes are
prohibited, and it is therefore more likely that the 40 ps component is associated with

migration.

T T T T T T T T T T T T T T T T T T T T T T
—=&— 0-0 transition (2.67eV) |

1.0
—o— Peak feature (2.57eV)

0.8

0.6

0.4

0.2

Emission intensity (arb. units)

0.0

N T L1 1 1 1 1 1 1 1 [
-200 -100 O 100 200 300 400 500 600 700 800 900 1000

Time delay / ps

Figure 4.12: Normalised fluorescence dynamics of a MeLPPP film at 100 K at selected emission
energies. A long-lived component is observed at 2.57 eV (red circles) and is concurrent with the
appearance of a small peak in the fluorescence spectrum (see Figs. 4.10 and 4.11). The lifetime of
this state (416 ps) is much greater than the lifetime as measured at the position of the 0-0 transition
(2.67 eV, black squares). The results of multi-exponential global fitting (performed across all

temperatures measured) to the data have been included (green lines).

The 147 ps component is assigned as the fluorescence lifetime of MeLPPP in film. Inspection
of the literature describing similar measurements of the fluorescence lifetime of MeLPPP in
film reveal a large number of different reported values, most typically of the order of
~200 ps,® 1% although values as short as 80 ps*® and as long as 500 ps™ have been reported.

Repeat experiments in which the fluorescence lifetime of MeLPPP in film was measured also
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yielded different results, with values varying from 113 to 200 ps obtained using the streak
camera. No work in the literature has considered in detail the fundamental reason behind the
variation in the fluorescence lifetime of MeLPPP with different experiments, although in the
work of Hildner et al. it was briefly proposed that behaviour could be attributed to the varying

effectiveness of intra-DOS relaxation processes.™

Following on from the analysis of the fluorescence dynamics of the 0-O transition, global
analysis of the fluorescence dynamics at 2.56 eV at different temperatures was performed. On
the basis that the fluorescent dynamics at this energy would contain a contribution from the
polymer fluorescence lifetime, one decay component was fixed to 147 ps, as obtained above;
the second component was linked across all temperatures. This process yielded a longer
lifetime of 416 ps. The results of this fitting process when applied to fluorescence dynamic

data taken at 100 K are also shown in Fig 4.12.

4.4 Discussion

4.4.1 SSF and Raman spectroscopy

In the SSF data shown in Fig. 4.1B, the emergence of well resolved, sharp peaks that shift in
energy exactly with the excitation line at excitation energies equal to and below 2.661 eV is
ascribed to a transition from SSF to Raman emission. The origin of this crossover can be
understood by considering the position of the excitation line within the absorption spectrum.
At 2.756 eV excitation occurs within the low-energy edge of the absorption spectrum at 13 K
(see inset Fig. 4.3), fulfilling the required conditions for SSF spectroscopy. By decreasing the
energy to 2.661 eV and low energies, excitation becomes non-resonant below the edge of the

absorption spectrum, resulting in Raman emission in the place of SSF.
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Instances of the transition between fluorescence and SSF to Raman spectroscopy have not been

clearly identified in the literature.'

The transition to Raman emission when exciting off-
resonance must be considered in the interpretation of fluorescence data at the risk of forming
incorrect conclusions. For example, in SSF one aims to excite localised excitations in the
bottom of the DOS. This is achieved by tracking the red-shift of the fluorescence with
decreasing excitation energy. When the fluorescence no longer shifts, excitation of the
localised states has been achieved. If however a crossover to Raman emission occurs the
fluorescence peak positions will continue without end to shift with a fixed separation with
respect to the excitation source, preventing identification of the correct excitation energy for
SSF. This would lead to complications for example in the vibronic analysis of fluorescence

spectra; Raman emission will shift the peak positions away from their true energetic positions

and thus change the effective vibronic energies measured.

4.4.2 Temperature dependent fluorescence vibronic analysis

Using experimental results obtained from Raman and SSF spectroscopy, in addition to the

results of theoretical calculations performed by Karabunarliev et al.,*

a simple model was
established to fit the fluorescence data obtained from MeLPPP in film at different temperatures.
The success of this model was dependent on the introduction of two ‘new’ contributions that
could not be identified in either the Raman or SSF data. The first of these peaks, a vibronic
contribution at ~2.43 eV, was determined to be an overtone mode combining C-C®* interring
mode and the SS®* mode. This conclusion was on the basis that the temperature dependence of
that mode amplitude closely followed the temperature dependence of the SS°* mode. It should
be noted that the position of this mode is also in good agreement with the energy of a C=C
stretch mode, as identified in theoretical work.”® This possibility was rejected however as no

C=C mode could be identified in either the Raman (as measured elsewhere’® *°! 13 %) or SSF

data.
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The justification of a second contribution, consisting of a peak at ~2.51 eV, is beyond the limits
of this study. Theoretical investigations of the vibrational modes in conjugated polymers have
often proved unable to fit to experimental data in similar low intensity regions of
fluorescence.” In some polymers these low intensity regions have been justified by the
presence of a large number of closely spaced rotational modes of the polymer backbone;® in a
ladder-type conjugated polymer however, such as MeLPPP, examples of such rotational modes
are prohibited by bridging between adjacent phenyl groups along the polymer backbone. As
such a complete theoretical description of the vibrational modes in MeLLPPP continues to be of

interest to the research community.*®*

The results of the fitting process were able to confirm primary contributions in the fluorescence
spectrum of MeLPPP from an aromatic CC stretch mode, a CC interring stretch mode, a
TSmode and a SS mode at 50 K; agreement to results obtained from theoretical, Raman and
SSF studies could however only be accomplished on the basis that the 0-0 transition lie off of
the largest peak in the spectrum. A progression of modes in the fluorescence spectrum
corresponding to transitions originating from thermally excited vibrational levels of the SS
mode in the excited-state was observed at higher temperatures. The existence of such a
progression can be readily justified by considering that vibrational energy of the SS mode (26
meV) is comparable with the thermal energy available at room temperature (~20 meV).
Subsequently one would expect these modes to be thermally populated (according to simple
Boltzmann statistics) even after thermalisation according to Kasha’s rule®® has occurred, with
the potential for multiple orders of the mode to be excited at room temperature, albeit with a

substantially reduced probability for higher mode orders.

The existence of these so-called hot vibrational modes in the excited state can be used to
explain several features of the temperature dependence of the mode amplitudes shown in

Fig. 4.6. Given that the total number of excitons in the excited state is approximately fixed (for
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the same excitation density), population of the thermally excited levels occurs at the expense of
the number of excitons in the zero-phonon level; this can be observed as a decrease in the
amplitude of the 0-0 transition upon increasing the temperature from 125 to 295 K. The
decrease in amplitude also affects the temperature dependence of some of the modes that are
also dependent on the population of the zero-phonon level in the excited state; over the same
temperature range a small decrease in intensity is also observed for the SS®* and overtone
modes (Fig. 4.6B) in addition to a large decrease in intensity of the aromatic CC*" stretch mode

(data not included here).

In contrast to these findings the temperature dependence of the CC®* interring stretch mode is
observed to behave in the opposite manner, with an increase in intensity observed between 125
and 295 K. This behaviour is attributed to the presence of emissive transitions to different
vibrational levels in the ground state originating not only from the zero-phonon level of the
excited state, but also from thermally populated hot levels also in the excited state. Transitions
from these thermally excited levels occur to all other vibrational levels in the ground state,
resulting in a progression of modes offset by an integer number of quanta of the SS mode. As a
consequence, some transitions beginning from the zero-phonon level overlap with some
transitions originating from the hot levels in the excited state; for example, a transition
beginning from the first thermally excited SS mode in the excited state to the first aromatic CC
mode in the ground state will overlap with the CC®" interring stretch transition. This results in
the actual temperature dependence of the modes differing from their projected behaviour, as the
temperature dependence of a particular peak is determined by contributions from both the
zero-phonon and hot vibrational levels in the excited state, with the relative ratio of the two
mediated by the degree of thermal population of the hot fluorescence levels. This is the reason
for the observed net increase in amplitude of the CC®* interring stretch mode with temperature

between 125 and 175K observed in Fig. 4.6C; as the temperature is increased, there is an
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effective increase to the peak amplitude due to an increasing contribution from the first hot
aromatic CC stretch transition at those peak energies. It should be noted that contributions
from higher-order hot levels, e.g. those from the second and third thermally excited SS levels,
are not expected to have as significant an influence due to the smaller population of excitons in

those levels.

Following the same line of reasoning as outlined above, one would also perhaps expect to see a
similar influence of hot fluorescence on the temperature dependence of other vibronic modes in
the spectrum. For example, the 0-0 transition would also be expected to contain an additional
contribution from the degenerate transition originating from the first thermally excited level of
the SS mode in the excited state to the first excited level of the SS mode in the ground state
(effectively the SS™ transition); no such contribution however is readily observed. It is
possible in this circumstance that the amplitude of the SS** transition is much weaker than the
0-0 transition and therefore the influence of hot fluorescence at this energy is not easily
observed, however this is speculation. The amplitude of the hot fluorescence transitions will be
dependent on the overlap integrals of the relevant vibrational wavefunctions involved and as
such a detailed understanding can only be achieved by calculating these integrals, which is

beyond the course of this experimental study.

It is clear from the discussion above that the SS mode has a significant influence on both the
form and temperature dependence of the fluorescence spectrum of MeLPPP. The nature of
electron-phonon coupling to such low energy modes has however recently been challenged by
Hildner et al..”®® In this work single-molecule spectroscopy was performed on MeLPPP in a
variety of solid-state matrices and it was demonstrated that a low energy mode of ~20 meV,
corresponding to the SS®* mode identified previously, was frozen out at low temperatures. In
these studies this low energy mode was attributed to weak coupling of the polymer to

low-frequency vibrations of the surrounding solvent matrix.
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The results of my study are not sufficient to provide further clear evidence for or against the
model outlined in Ref. [155]. If they are however to remain consistent with that framework,
then the results of this study provide further information into the nature of the coupling between
solvent and matrix. For example, the results of temperature dependent measurements would
suggest that the solvent coupling is not only responsible for a single transition peak in the
fluorescence spectrum, but an entirely new series of transitions. Thermal population of such a
mode must occur with increasing temperature, with multiple replicas of the mode excited at
high temperatures, resulting in the appearance of the hot SS*°, $S*°, SS*? and SS*° transitions
identified at 275 K. Furthermore this solvent mode, including its excited state replicas, must
also be able to couple to each vibrational mode individually, in order to explain the temperature

dependence of the CC** interring stretch mode shown in Fig. 4.6C.

The concept of hot fluorescence can be used to successfully explain the temperature
dependence of the mode amplitudes between 150 and 275 K. For temperatures equal to and
less than 150 K however a critical change in behaviour is observed. This is clearly
demonstrated in the temperature dependence of the zero-phonon transition, which suddenly
decreases between 125 and 50K. Furthermore it is clear that this decrease in intensity is
matched at the same time by the sudden increase in intensity of the SS®* transition occurring at
~137 K and the change in the temperature dependence of the hot SS*° transition at ~150 K.
The HR parameter for the SS mode, as calculated using Eg. 4.2, is shown in Fig. 4.13.
Whereas between 275 and 137 K the HR parameter remains approximately constant, between
125 and 75 K a dramatic increase is observed with decreasing temperature. Given that the
vibrational energy of the SS mode was observed to remain approximately constant with
temperature (~24 meV), the change in the HR parameter shown in Fig. 4.13 can be considered

to be reflective of a change in the value of AQ with temperature.
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Figure 4.13: The temperature dependence of the HR parameter for the SS vibrational mode in
MeLPPP, calculated using Eq. 4.2. The HR parameter is observed to remain approximately
constant between 275 and 137 K. At a critical temperature of ~125 K a dramatic increase is
observed to occur which is attributed to a change in conformation of the polymer. Lines have been

drawn as a guide to the eye.

It is proposed that the change in behaviour at ~125 K is the result of a change in conformation
of the polymer chain at that temperature. It also follows that the similar critical points observed
in the temperature dependence of the various modes amplitudes shown in
Fig. 4.6, and by extension the temperature dependence of the PLQY shown in Fig. 4.7, are also

a consequence of this change in conformation.

It is clear that below ~125 K any change in the polymer conformation must dominate over any
temperature dependence of the vibrational modes, as evidenced by the fact that the 0-0

transition amplitude is observed to decrease from 125 to 50 K; if the temperature dependence of
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this mode was solely governed by the thermal population of hot vibronic levels, then one would

expect to observe an increase in amplitude of 0-0 transition with decreasing temperature.

According to the FC principle, the absorption and emission spectra of a conjugated polymer
should form the mirror images of one another. It is therefore not unreasonable to suggest that
the influence of temperature on the fluorescence spectrum of MeLPPP as discussed above
would also extend to the temperature dependence of the absorption spectrum. Due to increased
inhomogeneous broadening, a detailed analysis of the vibronic modes in the absorption
spectrum of MeLPPP, similar to that performed for the fluorescence spectrum, is not possible.
A more qualitative measure can be developed by considering the temperature dependence of

the absorption peak feature at 2.72eV shown in the inset of Fig. 4.3.

The width of the peak at 2.72 eV, obtained by fitting a single broad Gaussian peak to the
absorption data between 2.68 and 2.76 eV, is plotted as a function of temperature in Fig. 4.14;
an example of the basic fitting procedure is also included in the inset of Fig. 4.14. As can be
seen, between 295 and 150 K a near-linear decrease in the peak width is observed with
decreasing temperature. At 150 K however a prominent change in behaviour is recorded, with
the peak width then remaining approximately constant between 150 and 10 K. The fact that
this critical point occurs at the same temperature as that noted in the peak amplitudes of the
modes in the fluorescence spectrum would suggest that the same structural change that
influences the fluorescence spectrum of MeLPPP with temperature also influences the
temperature dependence of the absorption spectrum. It is however important to note that,
regarding the temperature dependence of the absorption spectrum, it is not possible to
determine whether this change influences the inhomogeneous broadening or the amplitude of
the vibrational modes that contribute to the spectrum: for example, as the single peak that was

used to fit the absorption data averages over several different modes, the change in the peak
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width may be due to a decrease in the amplitude of the low energy modes in the spectrum with

decreasing temperature.
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Figure 4.14: Width of absorption peak feature at 2.72 eV at different temperatures, as obtained by
fitting a single Gaussian peak to the data in that vicinity. As was noted in the temperature
dependence of vibronic features in the fluorescence spectrum, a prominent change in behaviour is
noted at 150 K. Inset: example of the basic fitting procedure, as applied to the absorption data at
295 K.

It is interesting to note that the changes in behaviour observed at ~125-150 K are concurrent
with a decrease in the amplitude of the first thermally excited replica of the skeletal stretch
mode to low levels, as recorded in Fig. 4.6. It is therefore not unreasonable to propose that the
conformation of the polymer chain is related to and perhaps stabilised by the thermal
occupation of the hot low energy vibrations. Upon freezing out these modes at low

temperatures the chain can no longer support one particular conformation and instead is forced
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to revert into a different molecular geometry, corresponding to a different AQ, resulting in the
observed change in the mode amplitudes. A similar concept has been used to describe the
influence of temperature in determining the average conjugation length of a polymer chain, in
which thermally populated low energy rotational modes are able to generate breaks in the
conjugation along the backbone.'®” **° In these studies however the changes in the structure of
MeLPPP are observed to occur at a particular temperature and are instead mediated by a low
energy stretching mode. Regardless of its physical origin, the observation of a change in the
conformation of MeLPPP with temperature is a new and important result which contradicts the

idea that the polymer backbone exists in a completely inflexible rigid-rod structure.***+*

As this study is limited to investigations of an experimental nature, the conclusions drawn
above regarding temperature-dependent structural changes in MeLLPPP requires further support
from both theoretical and structural studies. This work does however clearly demonstrate that a
previously unreported change in the vibrational coupling in MeLPPP is occurring at a critical
temperature of ~125 K. X-Ray diffraction studies have been proposed that may provide further
information into this feature by monitoring the interchain order in MeLPPP films, which in turn
may be partly determined by the chain conformation. Such studies will however only be

available in the late-spring of 2011, after the submission date of this thesis.

4.4.3 Polarised fluorescence studies

The observation of a polarised response, as quantified by the ratio expressed in Eq. 4.3, in the
fluorescence spectrum of stretched films of MeLPPP is an important finding. If there were no
anisotropic response from the sample, then one would expect the ratio of emission parallel and
perpendicular to the excitation source to be equal to one and independent of energy.
Furthermore, a systematic anisotropic response, such as one introduced by stretching the film

along a single direction, would not be expected to produce the degree of variation observed in
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the ratio measured with emission energy. The observation of clear peak features in the ratio at
the position of the vibrational modes, even when no such features can be observed in the
fluorescence spectra from which the ratio is derived (see Fig. 4.8A), strongly suggests that the
polarised response of the films observed in these plots is fundamentally related to the
vibrational modes of the polymer. It should be noted that the interpretation of the absolute
values of the polarised ratio recorded in Fig. 4.8 is non-trivial. Unlike the fluorescence
anisotropy of an isotropic system, which can be related to the angle between the absorption and
emission dipole moments of a chromophore (see section 3.9.1), the ratio measured in these

experiments can only be taken as a qualitative measure of the degree of polarisation.

The observation of a fundamental relationship between the polarisation of fluorescence in
MeLPPP and the vibrational modes of the polymer is highly significant. As discussed in
section 4.1, under the Born-Oppenheimer approximation it is not possible for the
electron-phonon coupling of a molecule to influence the orientation of the electronic dipole
moment of that system and therefore by extension the polarisation of fluorescence. The results
of Fig. 4.8 therefore demonstrate that the Born-Oppenheimer approximation cannot completely
describe the properties of electron-phonon coupling in MeLPPP and that a new approach is
required. Of most interest in this context are the concepts developed by Spano et al.,*****
which were briefly discussed in section 4.1. As part of his work Spano considered systems in
which the interchain interactions between polymer chains were comparable to the
intramolecular interactions. In such situations an excitation of a polymer chain, including any
electron-phonon coupling to the vibrational modes of that chain, would also be coupled to a
similar excitation of an adjacent polymer chain and under such circumstances emission would

occur from both one and two-particle states corresponding to completely symmetric modes.

One key property of the models developed by Spano was that the electron-phonon coupling in a

conjugated polymer would have a large influence on the fluorescence polarisation from such a
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system, with the magnitude of this effect determined by both the size of the molecular

144 14!
d St

aggregates considered™ ™ and the degree of order in those systems. is therefore possible
that the relationship between the electron phonon coupling and fluorescence polarisation in
MeLPPP recorded in the study detailed in this chapter is indicative of moderate interchain
interactions between adjacent polymer chains in film. Such a conclusion if confirmed could be
considered surprising; MeLPPP is an example of a conjugated polymer in which large side-
groups have been added to the polymer chain to aid solubility.**> *** These side-groups could
pose a limit on how close such polymer chains could pack together in film, with the interchain
separation in MeLPPP estimated in one study to be 14 A® This value is much greater than the

interchain spacing in the conjugated polymers and aggregates studied by Spano (3-6 A).1# 149

In order to confirm the role of interchain interactions in determining the polarisation of
fluorescence observed in Fig. 4.8, further experimental and theoretical studies are required.
Such work could be contained within the X-Ray diffraction studies proposed in section 4.4.2 to
investigate the structure properties of MeLPPP with temperature. In chapter 6 of this thesis
experimental evidence is presented from femtosecond pump-probe measurements which
demonstrate the formation of interchain exciton states in MeLPPP. Such states can only be
formed via interchain interactions in the solid-state, which corroborates with the origin of the

polarised fluorescence in MeLLPPP proposed above.

4.4.4 Time-resolved fluorescence spectroscopy

As demonstrated in Fig. 4.12, the fluorescence lifetime of MeLPPP in solution was found to be
independent of energy and therefore by extension independent of the vibrational mode through
which emission occurs. Such a finding is in agreement with the well-established theory of
Strickler and Berg.’®® In general terms such a theory states that, when considering the rate of

decay of a single population, the population fluorescence dynamics must be treated as a whole,
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with only one decay rate assigned to it. This single rate would implicitly involve an average

over the oscillator strength of all possible vibronic transitions.

Picosecond fluorescence studies performed in film demonstrate several differences to the
corresponding results obtained in solution. Most of these differences can be attributed to
exciton migration occurring in the film, which results in an energy-dependent decay term
measured to be ~40 ps. More importantly however the longest lifetime component recorded in
the fluorescence dynamics was observed to vary significantly with emission energy, increasing
from 147 ps at 2.67 eV to 416 ps at 2.56 eV. It should be noted the fluorescence lifetime of
MeLPPP was measured to undergo a similar magnitude of increase between 2.67 and 2.63 eV

in low-temperature picosecond fluorescence studies performed by Hildner et al..”®

The spectral region in which this long-lived lifetime component is observed (see Fig. 4.10) is
found to overlap with the spectral region of the TS®! transition identified in section 4.3.3
above. It is therefore important to consider whether this increase in lifetime is associated with
the underlying vibrational mode in this spectral region, or is instead due to another cause.
There are several pieces of evidence in favour of ruling out the contribution of a vibrational
mode. The first is that if the lifetime component was an inherent property of the vibronic
mode, then a similar change in the fluorescence lifetime in energy would have been noted in
solution as well; as clearly demonstrated in Fig. 4.9 no such difference was measured. The
second piece of evidence arises from considering the fluorescence spectrum of the MeLPPP
film as a function of temperature. The zero-delay spectrum of the film is shown as a function
of temperature in Fig 4.11. As can be seen, while the majority of the spectrum of MeLPPP
shows a red-shift with decreasing temperature, as noted previously, the peak feature at
~2.57 eV appears to remain spectrally stationary. If this peak and the associated long-lifetime
component were associated with the TS mode, then a spectral shift of this peak in concordance

with the remainder of the fluorescence spectrum would have been observed. The observation
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of no spectral shift of this peak with temperature instead suggests the presence of a new

underlying state in the film with a different fluorescence lifetime.

As be seen in Figs. 4.3 and 4.4, the peak attributed to this new state was not observed in steady-
state fluorescence measurements which were also made in film. A summary of the
fluorescence spectra of different MeLPPP films collected over the course of this study and
others, prepared from the same base solution of MeLPPP, is given in Fig. 4.15. The amplitude
of a peak feature at ~2.57 eV is found to vary between different samples. On the basis that all
films were prepared from the same polymer solution, this variation is attributed to the

introduction of a defect state in films of MeLLPPP as a consequence of external effects.

In order to develop a better picture of the spectrum of this defect state, the fluorescence spectra
at zero delay and 1000 ps delay, as recorded using the streak camera, were compared. This was
made on the basis that, after 1000 ps, nearly all singlet excitons on the polymer would have
recombined and thus any remaining contribution to the fluorescence would arise as a result of
the long-lived defect state. This is shown in the inset of Fig. 4.15. The spectrum at later times
not only contains a well-resolved peak centred at ~2.57 eV, but also has a very broad tail that
extends down to the edge of the streak camera image at 2.25 eV. Such an example of a broad

emission spectrum in a conjugated polymer system is characteristic of a defect state.*®® ¢’
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Figure 4.15: Fluorescence spectra of three different MeLPPP films at 100 K, 2.92 eV excitation, as
measured by recording the zero-delay of the corresponding streak camera images. A broad peak
feature at ~2.57 eV is recorded with variable intensity, indicating the presence of an underlying
defect state. Note that to facilitate comparison of the defect emission in different films, the spectra
have been normalised to their emission intensity at 2.47 eV. Inset: comparison of the normalised
fluorescence spectra of a MeLLPPP film (100 K) containing a defect state, recorded at zero (black
squares) and 1000 ps (red circles). In addition to a well-resolved peak at 2.57 eV, the broad

emission spectrum of the defect is found to extend down to 2.25 eV.

Comparison of the fluorescence dynamics of the polymer (2.67 eV) and defect (2.57 eV) at
early times reveals no obvious build-in lifetime of the defect population that matches any
component in the polymer decay; both signals are instead observed to rise to their maximum at
the zero-delay time. Such a finding would indicate that any energy transfer between the two
moieties occurs on a timescales smaller than ~23 ps, the time resolution of the streak camera

for these experiments.
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The potential role of a defect state in determining the excited-state dynamics in films of
MeLPPP has to date not been widely considered and must be taken into account in the
interpretation of time-resolved studies. For example, the observation of a ~500 ps lifetime
component in picosecond studies performed by Hildner et al.' at 2.63 eV can now be clearly
attributed to the defect state identified in these studies, as opposed to an increase in the
fluorescence lifetime of the polymer with emission energy as was concluded therein. Recent
work has been performed by List et al. in which the role of photophysical defects in a number
of different conjugated polymers, including MeL.PPP, was considered.’® This work identified
the potential formation of keto-type defects in MeLLPPP, in which photo-oxidation of one of the
alkyl side-groups results in the formation of a C=0O moiety on the backbone. The results of
these studies however are yet to be published and as such no detailed comparison can currently

be made to the defect identified in these studies.

To best develop a more complete understanding of this photophysical defect, two courses of
action are proposed: the first is to perform a more thorough investigation of the intensity of the
defect in the fluorescence spectrum of MeLLPPP as a function of film preparation conditions.
For example, such a study could consider how the intensity of defect emission is affected by
factors such as the amount of time a spun film is exposed to oxygen and light, in addition to the
properties of film degradation under different intensities of laser excitation. A second study
could also be performed to consider the rate of energy transfer between polymer and defect by
operating at higher time-resolutions. Such measurements could be performed either using a
different time-range on the streak camera, or by employing other experimental technigques such
as time-correlated single-photon counting, or femtosecond pump-probe spectroscopy,

depending on the minimum temporal resolution required.
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45 Conclusions

A comprehensive experimental study of electron-phonon coupling in the ladder-type
conjugated polymer MeLPPP has been performed using steady state, polarised and picosecond
fluorescence spectroscopy. Results obtained using Raman and SSF spectroscopy have been
used to identify the principal vibrational modes of the polymer, with the results obtained in
good agreement with theoretical quantum chemical predictions of molecular chain dynamics
for the related ladder-type oligomer OLPPPs. SSF studies performed at 13 K also reveal a
crossover from SSF to Raman emission at low excitation energies, with the potential impact of

this crossover on the interpretation of SSF studies considered.

Using a multi-gaussian fitting procedure, the temperature dependence of key vibrational modes
in the fluorescence spectrum of MeLLPPP has been investigated, with results demonstrating the
thermal population of low energy stretching modes of the polymer backbone in the excited state
after thermalisation. The thermal population of these low energy modes has a significant
influence on the temperature dependence of the other vibrational modes of the polymer, with a
new set of transitions originating from these excited levels also appearing in the fluorescence

spectrum at higher temperatures.

Significantly, below a critical temperature of ~150 K a transfer of oscillator strength between
the 0-0 transition and the SS®* mode occurs and it has been proposed that such a change is
indicative of a change in the polymer chain conformation at this temperature. Furthermore, as
this transfer in oscillator strength was observed to be concurrent with a decrease in intensity of
the thermally populated levels in the excited state, it is proposed that the low energy vibrations
of the chain play a role in stabilizing the polymer conformation in the excited state: freezing

these modes out at low temperatures forces the polymer chain to adopt a new conformation.
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Having established the position and nature of the vibrational modes which make up the
fluorescence spectra of MeLPPP, an investigation into more specific points concerning the
fundamental nature of electron-phonon coupling in the polymer has been considered. Polarised
measurements performed on stretched films of MeLPPP demonstrate a fundamental
relationship between the vibrational mode of the polymer through which fluorescence occurs
and the corresponding fluorescence polarisation. This observation is highly significant as it is
not consistent with the theoretical framework outlined by the commonly accepted
Born-Oppenheimer principle. In this context the theoretical approach of Spano was considered,
with the observation of a relationship between the electron-phonon coupling and the
fluorescence polarisation attributed to strong interchain interactions in MeLPPP in the solid-

state.

Picosecond fluorescence spectroscopy has been used to address the issue of whether the
electron-phonon coupling in a conjugated polymer has an influence on the fluorescence
lifetime. The fluorescence lifetime of MeLPPP in solution is independent of energy and
therefore by extension independent of both the type and order of the vibrational mode through
which fluorescence occurs, in agreement with well-established theories. More complex
dynamic behaviour was recorded in MeLPPP in film. Whereas the signature of exciton
migration can be isolated as a ~40 ps decay component at certain emission energies, in
agreement with previous results, the longest lifetime component of the fluorescence decay also
changes with excitation energy, increasing from 147 ps to 416 ps over a spectral range of
~0.1 eV which is concurrent with the presence of a small peak in the fluorescence spectrum.
Rather than being attributed to one of the primary vibrational modes of the polymer, the
difference in lifetime is instead attributed to a significant contribution from a broad, underlying
photophysical defect in films of MeLPPP, with repeat measurements performed for different

films demonstrating varying degrees of defect concentration. The role of such a defect in
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determining the excited-state dynamics of MeLPPP has not been widely considered and could

impact the interpretation of fluorescence lifetime studies in MeLPPP if not properly considered.
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Chapter 5 High photoluminescence quantum
yield due to intramolecular energy
transfer in the Super Yellow
conjugated copolymer

Sections of this work have been submitted for publication:

E.W. Snedden*, L.A. Cury, K.N. Bourdakos and A.P. Monkman, ‘High photoluminescence
guantum vyield due to intramolecular energy transfer in the Super Yellow conjugated

copolymer’, Chemical Physics Letters, 490, 76 (2010)

5.1 Introduction

Conjugated copolymers have been established as excellent model systems in which to
investigate intramolecular energy transfer processes such as intrachain exciton energy transfer?
and fluorescence quenching.® A great deal of interest has also arisen in the application of
conjugated copolymers as the active layer in various optoelectronic devices, such as organic
light emitting diodes (OLEDs)*® % ' and polymer solar cells;""*'"* by using a single
copolymer with different monomer subunits, as compared to multiple polymers, a greater deal

of control over key parameters such as morphology and device efficiency is made possible.

The phenyl substituted poly(para-phenylene vinylene) (PPV) copolymer Super Yellow'” (SY)
has been successfully applied as the active component in various OLED devices. This is in no
small part due to an outstanding range of material characteristics, including a high
photoluminescence quantum Yyield (PLQY), long shelf and operational lifetime and

176-180

performance at elevated temperatures. To date the properties of SY have only been

considered within device architecture. Studies by Najafov et al. have shown that the primary
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photoexcitation of SY is an intramolecular exciton with binding energy of 0.6 eV, although
such studies primarily focussed on the dissociation of such excitons under external electric
fields. Many questions still remain however concerning the fundamental photophysical

properties of this material.

This chapter relates the findings of an investigation into the photophysical properties of SY,
performed with the aims of providing an insight in the properties of the excited-states in the
material and addressing the molecular origin of the relatively high PLQY of the copolymer.
This work was carried out in collaboration with Dr Luis Cury from the Universidade Federal de

Minas Gerais, who was resident in Durham University as a Visiting Fellow.

The findings of this investigation are separated into two sections. This first section (5.3)
reviews the results of basic steady-state spectroscopic investigations of SY performed by
Dr Cury. This section is to be distinguished apart from the remainder of the chapter as | was
not actively involved with the recording of these measurements; they are included on the basis
that | was involved with the analysis and interpretation of the results, which are related to and
correlate to a certain extent with the findings of chapter 4 of this thesis. The second section
(5.4) of this chapter focuses on the results of picosecond fluorescence studies that were

recorded and analysed exclusively by myself.

In summary, the photophysical properties of the conjugated copolymer SY have been studied
using steady-state and picosecond fluorescence spectroscopy. Analysis of the steady-state
fluorescence at different temperatures is used to estimate the average conjugation length of SY
in spin-coated solid thin films. Results from picosecond fluorescence studies reveal matching
exponential behaviour characteristic of exciton energy transfer on a 10 ps timescale from high

energy copolymer subunits to low energy subunits. The PLQY of SY is measured and it is
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proposed that its relatively high value is directly related to the intramolecular energy transfer

and subsequent trapping of excitons on low energy copolymer sites.

5.2 EXperiment
5.2.1 Materials

Thin films and solutions of SY were prepared from a base solution of the copolymer in
p-xylene (Romil, 3 mg:ml™). In order to get the polymer to dissolve the solution was heated at
80 °C for 30 minutes before being left to stir for 24 hours. Significant gelation of the solution
was observed at room temperature, corresponding to a 2% level of tolane-bisbenyl (TBB)
defects along the copolymer backbone, as according to Ref. [175]. Thin films were fabricated
by spin-coating the re-heated base solution on to glass substrates at 2000 rpm, before leaving
the substrates on a hot-plate for a further 30 minutes to remove the p-xylene. Solution samples
were prepared by diluting the base solution down to a concentration of ~0.001 mg-mlI™ in order

to reduce the intensity of emission and prevent saturation of the detection equipment.

5.2.2 Spectroscopic measurements

Temperature dependent steady-state fluorescence measurements were performed using a Jobin-
Yvon Horiba Fluorlog-3 fluorimeter, with thin film samples mounted in a displex He cryostat
under a dynamic vacuum of 10 mbar. Absorption spectroscopy was performed using a
Schimadzu UV3600 spectrophotometer. Thin film PLQY measurements were performed using
a PTFE coated integrating sphere (Lab Sphere) and a Jobin-Yvon Horiba Fluoromax-3
fluorimeter.”" Solution PLQY measurements were performed using the comparative method**

where 9,10-diphenyl anthracene solution in cyclohexane (Aldrich) was used as a reference.
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Picosecond time-resolved fluorescence studies were performed using a Hamamatsu C5860
streak camera coupled to a monochromator (SpectraPro-2300i). Pulses (2 ps, 76 MHz)
generated from a Coherent Mira 900 Ti:Sapphire picosecond laser, coupled to a second-
harmonic generator, were used to produce a vertically polarized excitation source at 2.79 eV.
A time resolution of <23 ps and a spectral resolution of 0.02eV was achieved with this setup,
with fluorescence decays at individual energies obtained by averaging over a 0.02eV wide

boxed section of the camera image.

5.3 Collaborative work

5.3.1 Results

The PLQY (¢) of SY thin films was determined using the method outlined by de Mello et al.

(see section 3.8.3),%%% 1

with a value of ¢gy = (17£1)% obtained at an excitation energy of
3.09eV. This value is higher than the PLQY of (2-methoxy-5-(2.-ethyl)-hexyloxy-p-
phenylenevinylene) (MEH-PPV) recorded using the same experimental technique:

PMEH-PPV = (].Oil)%.130

The PLQY of SY in solution was recorded using the standard comparative method.**?> As
outlined in section 5.2, 9,10-diphenyl anthracene solution in cyclohexane was used as a
reference, With ngnthracene (refractive index) = 1.434 and @qnthracene = 74%. Straight line
plots of the integrated emission versus sample concentration for both the SY and anthracene
solutions are shown in Fig. 5.1; the excitation energies of the SY and anthracene were 2.76 and
3.34eV respectively. From the gradients determined from the straight line fits shown in Fig.

5.1 and using nsy = 1.542, the PLQY of SY in solution is determined to be @gy = (69£3)%.
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Figure 5.1: Plots of integrated emission versus the absorption intensity at excitation for the Super
Yellow copolymer (red) and Anthracene (blue) (recorded by Dr Luiz Cury during his visitor’s
fellowship at the Department of Physics, Durham University). Best line fits to the data (dotted
lines) have been included. Inset: the chemical structure of SY, highlighting the three PPV-based
subunits (X, Y and Z) which make up the copolymer.

The steady-state absorption and fluorescence spectra (at different temperatures) of SY are
shown in Fig. 5.2. Broad vibronic features, consistent with a large degree of spectral
broadening imposed by the torsional modes of the PPV backbone, are observed in the
fluorescence spectra, with individual peaks becoming more resolved at lower temperatures.
Raman spectroscopy of various PPV derivatives has identified the primary vibrational modes of
the PPV backbone to be a C=C stretch mode with a vibronic energy of 201 meV and a C-C

stretch mode at 197 meV.™" 18

Upon inspection it can be seen that the position of the 0-1
transition of these two modes will significantly overlap in the region of the second peak

observed in the fluorescence spectra centred at approximately 2.07 eV. The first peak at
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~2.25 eV is therefore assigned to the zero-phonon transition of SY and the following peaks to
the 0-1 and 0-2 replicas of the overlapping C=C and C-C stretch modes. It should be noted that
other prominent peaks identified in the Raman spectra, such as overtones of the C-H stretch
mode with vibronic energies of 160 and 162 meV, cannot be resolved in the fluorescence

spectrum at any temperature and shall not be considered further.
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Figure 5.2: Absorption and temperature dependent fluorescence spectra (2.76 eV excitation) of
Super Yellow in the solid state (recorded by Dr Luiz Cury during his visitor’s fellowship at the

Department of Physics, Durham University).

The temperature dependence of the fluorescence spectrum shows several trends. A general
increase in emission intensity is observed with decreasing temperature and is attributed to a
decrease in the rate of migration of excitons to defect sites which subsequently improves the
PLQY.? % A decrease in the rate of migration is also responsible for the increasing red-shift

18, 32

of the fluorescence that occurs with decreasing temperature. By comparing the relative
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intensity of the 0-0 and 0-1 peaks at 295 and 11 K it is also clear that the Huang-Rhys (HR)
parameter also changes with temperature. A similar phenomenon was noted for the behaviour
of the skeletal stretch mode in MeLPPP, as discussed in chapter 4. As concluded therein, this
behaviour is representative of a change in the conformation of the polymer backbone with

temperature.

5.3.2 Discussion

To develop a more quantitative analysis of temperature dependence of the HR parameter, each
fluorescence spectrum shown in Fig. 5.2 was fitted with three Gaussian peaks; one for each of
the 0-0, 0-1 and 0-2 transitions. The amplitudes extracted from the fitting processes were then

used to calculate the HR parameter (S) as according to Eqg. 5.1:

s=2"1 (5.1)

In Fig. 5.3 below the HR factor has been plotted as a function of temperature. As discussed
above, the 0-1 peak in the fluorescence spectrum contains contributions from both the C=C and
C-C stretch modes. Due to the large degree of inhomogeneous broadening in SY these modes
cannot be individually resolved; the amplitude of this peak, and therefore the HR parameter,

should be taken as a representative measure of both modes combined together.

The HR parameter can be quantitatively related to the change in polymer configuration in

conformational space (AQ) as according to Eq. 5.2:

_ wlAQP?

S
2h

(5.2)
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In the work of Salaneck et al. it was proposed that the thermal occupation of low energy
torsional modes of a polymer backbone would have a direct effect on the average conjugation

length along the chain.'®

At high temperatures where many such modes would be active,
breaks in the conjugation could be achieved through the rotation of adjacent chain segments;

this phenomenon can be expressed below in Eg. 5.3:
&
n(T) = noexp (kB_T) (5.3)
In Eqg. 5.3 ng is the average conjugation length at high temperatures and € is a characteristic

energy associated with the torsional modes of the backbone. This expression can be used to

develop an empirical formulation for the temperature dependence of the HR parameter:™’

Ng eXp (k:_T) +1

In Eqg. 5.4 above A is the HR parameter in the low temperature limit and B is a parameter
related to the strength of the electron-phonon coupling associated with the vibrational mode in
question. This expression was used to produce a numerical fit to the data shown in Fig. 5.3: as
can be seen good agreement between model and experiment is found. The average conjugation
length ny= (7+1) measured is relatively short as compared to the PPV derivative
poly[2,5-bis  (2.-ethyl-hexyl)1,4-phenylenevinylene] (BEH-PPV) (n,=13)"" and stretch
oriented PPV films (n,=20).** The conformational energy e=(35+2) meV is also larger than
BEH-PPV (e=28meV),"" which is in agreement with the smaller value of n, found. Although
SY has a large chain regularity, as observed by gelation occurring at room temperature, thermal

activation of torsional modes and the presence of TBB*” and carbonyl*® defects in the PPV
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units, which force the polymer chain to twist in their presence, could also give rise to the small

conjugated length observed.
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Figure 5.3: Temperature dependence of the HR parameter. The numerical fit to the data has been

included (green line).

5.4 Independent work
5.4.1 Results

The streak camera data of the dilute SY solution recorded at 295 K is shown in Fig. 5.4A;
normalized single energy fluorescence decay dynamics, extracted from the streak camera image
by averaging over a 0.02 eV boxed region around the centre energies indicated, are shown in

Fig. 5.4B. As can be seen the fluorescence dynamics depend on the energy of the detection
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window and feature multi-exponential behaviour. In order to analyse the data fully a

multi-exponential fit was applied.

At long times (>100 ps) a single decay lifetime is found which takes a value of (649+9) ps at
energies above 2.79eV and (694+5) ps below 2.79 eV. At early times (<100 ps, as highlighted
in the inset of Fig. 5.4B), a single lifetime component is found which takes the form of a decay
at energies above 2.79 eV and a build-in at energies below 2.79 eV. At 2.57 eV a decay of
(27£3) ps is measured and found to be in good agreement with the lifetime of the build-in

observed at 2.42 eV, measured to be (26+1) ps.
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Figure 5.4: A) The streak camera image (including a sample boxed region of selected data) and B)
corresponding fluorescence decays at marked excitation energies of dilute Super Yellow solution at
295 K for excitation at 2.76 eV. Inset: behaviour of the fluorescence decays at early times,
highlighting a matching build-in and decay at energies of 2.42 and 2.57 eV. The results from a

multi-exponential fitting process have been included (green lines).
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5.4.2 Discussion

The energy dependence of the short lifetime component recorded in the fluorescence decay data
is characteristic of exciton energy transfer (EET) from high energy chromophores to low
energy chromophores. Furthermore, the lifetime of the energy transfer is consistent with values
published for intrachain EET in other PPV derivatives.'* %1% This process is similar to that of
spectral diffusion caused by energy transfer from short to long conformational subunits.’® In
this case however, the long lifetime component, which is assigned as the fluorescence lifetime,
is also observed to vary with emission energy. This would suggest that the absorbing and
emitting species are chemically distinct, as a single chemical species can only possess one

fluorescence lifetime independent of chromophore length.'®

The energy transfer is thus
assigned to occur between two of the three different monomer subunits (see inset Fig. 5.1) that
make up the copolymer, with the direction of energy transfer such that excitons are transferred
to the lowest in energy of the copolymer subunits. It should be acknowledged that further
energy transfer from short to long conformational units may occur when possible once excitons
have transferred to the lowest in energy of the three subunits; this process however cannot be

detected sufficiently in solution. This is attributed to the increased interchain separation in

dilute solution restricting the number of longer conformational units an exciton can access.

It should be noted that similar behaviour has been noted by Di Paolo et al. in the fluorescence
dynamics of PPV trimers, where a short ~20 ps lifetime component was measured in addition
to a longer but fixed (with respect to emission energy) fluorescence lifetime.* In these systems
exciton migration is not possible and Di Paolo instead attributed the shorter lifetime component
to conformational relaxation processes. As discussed in section 5.3.2 above the torsional
modes of the SY backbone are active at room temperature and as such it is fully expected that
such conformational relaxation processes mediated by these modes will also be present at room

temperature.  Unlike the studies of Ref. [30] however, in which all fluorescence time
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components were found to be constant and only the sign of the pre-exponential component of
the ~20 ps time constant change with emission energy, in the experimental studies detailed in
this chapter the longer time constant, identified as the fluorescence lifetime, was also found to
change with emission energy. This has already been identified above as the signature of two
distinct chemical species contributing towards the fluorescence spectrum and as such a
description based on energy transfer between these two units is favoured. It should be
acknowledged however that conformational relaxation processes could be fundamentally linked
to intrachain EET; such relaxation processes may be responsible for briefly restoring broken
links in the electronic conjugation along a polymer backbone, allowing for an exciton to move
further along the chain. As such it becomes impossible to distinguish between conformational

relaxation and intrachain EET in systems possessing torsional degrees of freedom.

As discussed previously, the PLQY of SY is much higher than other PPV derivatives, making it
an excellent candidate for use as the active layer in optoelectronic devices such as OLEDs.
Using results from both steady-state and time-resolved spectroscopy it is how possible to relate

this high yield in terms of the fundamental properties of the photoexcitations of the copolymer.

One of the key processes that determines the PLQY of any light emitting polymer is the
quenching of excitons at non-emissive defect sites.'®® Slowing the rate of migration prevents
excitons from reaching these sites and thus increases the quantum yield. This is the origin of
the temperature dependence of the fluorescence spectra shown in Fig. 5.2, whereby reducing
the temperature to 11 K results in a uniform x5 increase in fluorescence intensity. From these
results it is possible to infer the existence of non-emissive defects in SY, although it is not
possible to confirm whether these defects are the TBB moieties described previously or another
chemical species. Despite the presence of these defects however SY still possesses a high
PLQY:; indeed it has already been discussed above that SY has a higher PLQY than MEH-PPV,

in which these defects are expected to be present in a smaller number (as reflected by the longer
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conjugation length observed). Therefore there must be another process remaining at room

temperature in SY to prevent excitons from reaching quenching sites.

It is proposed that after photogeneration in SY excitons become trapped on lower energy
copolymer subunits as a result of intramolecular EET. EET off of these low energy sites occurs
with a reduced probability as there are only a small number of available sites to hop to which
are lower in energy. As a consequence an exciton must on average undergo a thermally
activated uphill jump in energy in order to transfer off of the low energy sites. The
intramolecular relaxation process therefore contributes towards the relatively high PLQY of the
SY copolymer in solution by essentially trapping excitons on low energy segments which
subsequently restricts migration to the aforementioned non-emissive defect sites. It should be
noted that while intrachain EET cannot be as accurately measured in the solid-state, in which
interchain EET and migration dominates the temporal response of the fluorescence and masks
the intramolecular exciton subunit transfer, it is presumed that these low energy subunits will
play an identical role in improving the PLQY, although such processes will be more efficient

and occur on a timescale of less than 10 ps.*® 818

5.6 Conclusions

Steady-state and picosecond fluorescence spectroscopy has been used to investigate the
photophysical properties of the PPV copolymer SY. Analysis of the steady-state fluorescence
at different temperatures enabled an estimate of the conformational energy e and average
conjugation length ngy in spin-coated solid thin films to be made. The relatively high
conformational energy €=(35t2) meV and low average conjugation length ny= (7£1)
measured, as compared to other PPV derivatives, corroborate the presence of defects along the

SY backbone.

187



Chapter 5 Intramolecular energy transfer in Super Yellow

Analysis of picosecond fluorescence decay data revealed the presence of two primary emission
bands in the fluorescence spectrum, assigned as fluorescence from two of the monomer
subunits of the copolymer. Numerical analysis of fluorescence decays recorded at emission
energies corresponding to these bands revealed matching multi-exponential behaviour
characteristic of intramolecular EET, with the energy transfer occurring from the high energy
band to the low energy band with a lifetime of ~26 ps. The PLQY of SY was measured in film
and solution and it was proposed that its relatively high value, as compared to other PPV
derivatives, is related to the trapping of excitons on low energy subunits as a result of

intramolecular EET.
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Chapter 6 Interchain exciton formation in a
ladder-type conjugated polymer

6.1 Introduction

Pump-probe spectroscopy is a powerful experimental method which can be used to measure the
population dynamics of a wide variety of different excited states in conjugated polymers, such

50, 163, 187

as intrachain singlet excitons, interchain (Wannier) excitons (IEXs),"® ' free and

48, 49 117,118

geminate pair polarons and triplet excitons.

The theory of pump-probe spectroscopy was outlined in detail in section 3.6.1; for clarity, some
of the key concepts covered in that section are briefly recapped here. In pump-probe
spectroscopy, one typically measures the normalised differential transition (AT /T), which
quantifies the interaction of a pulse of light (designated ‘probe’) with a sample following the
photoexcitation of that sample by an initial pulse (‘pump’). There are three possible
pump-probe interactions in a conjugated polymer. When the probe pulse is absorbed by an
excited state generated by the pump, the process is referred to as photoinduced absorption (PA,
AT /T < 0). Stimulated emission (SE, AT /T > 0) is possible following the interaction of the
probe pulse with the S; singlet excitons generated by the pump. Finally, photobleaching (PB,
AT /T > 0) can be generated if both the pump and probe pulses interact with the ground-state,
with the line-shape of the PB band identical to that of the (ground-state) absorption spectrum of

the polymer.

By measuring the build-in and decay of the PA, SE and PB bands of a conjugated polymer in a
series of measurements it is possible to build up a comprehensive picture of the excited-state
dynamics in that system. This chapter outlines the details of a study in which an unknown high

energy PA band in the ladder-type conjugated polymer methyl-substituted
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poly(para-phenylene) (MeLPPP) was investigated using femtosecond pump-probe
spectroscopy. This work originated from efforts made to measure the intersystem crossing
yield of MeLPPP at low temperatures following the method of King et al.."*®* By measuring the
PB decay of a conjugated polymer at both early and long delay times, it is possible to measure
the relative contribution to the PB recovery of the singlet and triplet exciton populations
respectively and therefore measure the intersystem crossing yield of the polymer. During the
course of such an experiment, a transition in time between PB and PA was recorded in the
transient transmission dynamics at a fixed probe wavelength, indicating that the PB band of
MeLPPP overlapped with an unknown high energy PA band. The study of this PA band, which

has not been identified in the literature to date, forms the subject of this chapter.

In summary, an unknown high energy PA band found to overlap with the PB band in the
ladder-type conjugated polymer MeLPPP has been identified and characterised using
femtosecond pump-probe spectroscopy. Before investigating the properties of the PB band, a
review of the singlet exciton dynamics in MeLPPP is performed to provide a foundation for the
analysis of the unknown PA. The results of repeat measurements performed in different films
and in solution are used to demonstrate a dependence of the magnitude of the PA on the local
sample morphology that is probed. Polarised measurements are then employed to measure the
orientation of the excited-state transition dipole moment of the PA with respect to that of the
intrachain singlet exciton population. On the collective basis of these results the PA is
attributed to the formation of IEX states. The observation of IEX formation in MeLPPP using
femtosecond pump-probe spectroscopy corroborates with the observation of polarised
steady-state fluorescence from vibrational modes in stretched films of MeLPPP, as discussed in
chapter 4 of this thesis, confirming that interchain interactions can be substantial in localised

regions of MeLPPP in the solid-state.
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6.2 Experiment
6.2.1 Materials

Unaligned solid thin films of the polymer MeLPPP (chain length of ~60 repeat units;
polydispersity index = 1.3) were deposited by spin casting at 1500 rpm for 45 seconds from a
toluene (Romil) solution (10 mg-ml™) onto sapphire substrates. Dilute solutions of MeLPPP in
toluene (2x10° mg:ml™) were also prepared. The average interchain separation in these

solutions is ~3 pum, which is large enough to consider any interchain interactions negligible.'®

6.2.2 Spectroscopic measurements

Ultrafast spectroscopic measurements were made using a conventional femtosecond non
co-linear pump-probe setup. 180 fs, 4 WuJ, pulses of 100 kHz repetition rate at 780 nm were
generated using a Coherent Mira900-f Ti:Sapphire femtosecond oscillator in conjunction with a
Coherent RegA 9000 laser amplifier. The output of this system was fed into a Coherent
9400-0OPA, which was used to generate pump and probe pulses in various combinations. For
measurements of the transient transmission dynamics at a single wavelength the ultraviolet
(UV, 390 nm) output was used to pump, with the signal beam (SB, 445-710 nm) used to probe.
For measurements of the transient transmission spectrum the SB output was used to pump, with
the white-light supercontinuum (WLSC, 450-870 nm) output used to probe. The variable delay
between pump and probe pulses was controlled by means of a motorised linear translation
stage. A variable A/4 waveplate was introduced to the pump path and used to control the
relative orientation of the pump polarisation with respect to the probe. Unless specified
otherwise, the pump was oriented at ~55° (magic angle) with respect to the probe to ensure the

transient data obtained was independent of polarisation.

Thin film samples were mounted in a closed-cycle Cryomech helium pulse tube cryostat under
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a dynamic vacuum of <10® mbar, allowing access to temperatures down to 10 K. Solution
samples were mounted in a custom-built sample holder. After passing through a sample,
spectral components in the probe were isolated using a monochromator (Bentham M300)
incorporating visible and ultraviolet diffraction gratings, with the relative transmission change
AT /T of the probe beam measured using a silicon photodetector and lock-in amplifier
referenced to the mechanically chopped pump beam. For situations when the probe intensity
was too weak to be adequately detected by the lock-in amplifier, the monochromator was
removed and the probe beam sent to the photodetector directly. The spectral resolution of the
detected signal was determined by the type of probe beam. For single-wavelength
measurements in which the SB was acting as probe, the spectral width of the SB was the
limiting factor and was measured to be ~10 hm using an USB4000 Ocean Optics spectrometer.
For measurements in which the WLSC was used as probe, the spectral resolution was governed
by the width of the entrance and exit slits on the monochromator; in order to obtain sufficient
probe intensity at wavelengths down to 500 nm, the exit slit of the monochromator was fully

opened, resulting in a spectral resolution of ~15 nm.

It should be noted that the pump-probe experiments detailed in this study were performed over
the course of several years. Over that time period the OPA output performance was noted to
drop due to the deterioration of the beta-barium borate crystal. The most measurable
consequence of this was that the SB output intensity in the deep-blue spectral band, particularly
at 445 nm, was found to be much lower for experiments performed in later years. This can be
observed in the data presented in this chapter as a variation in the signal to noise ratio of
measurements performed at a probe wavelength of 445 nm. For the last experiments performed
on MeLPPP films in which the effect of polarisation was considered, the deterioration in the
445 nm intensity was significant enough to enforce the change to the detection optics detailed

above.
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Steady-state temperature-dependent absorption spectra were recorded using a USB4000 Ocean
Optics spectrometer, with a broadband xenon lamp used to excite. Temperature dependent
fluorescence spectra were recorded using a Jobin-Yvon Fluorolog-3. In both cases samples
were mounted in a closed-cycle Cryomech helium pulse tube cryostat. Streak camera
measurements used to determine the singlet exciton decay dynamics were performed as

described in chapter 4.

6.3 Results

6.3.1 Steady-state and transient transmission spectra

The steady-state absorption spectrum of MeLPPP in the solid state at 295 K is shown in
Fig. 6.1A. Four peak features corresponding to the 0-3, 0-2, 0-1 and 0-0 vibrational transitions
of a carbon-carbon stretch mode are noted at 375, 400, 425 and 455 nm respectively and can be
distinguished apart as a consequence of the relatively small inhomogeneous broadening in
MeLPPP." 11 The absorption spectrum of MeLPPP at different temperatures is shown in the
inset of Fig. 6.1A. A general red-shift of the spectrum (~8 nm between 295 and 10 K) and a
simultaneous small decrease in the inhomogeneous broadening are recorded with decreasing
temperature. As per the discussion of chapter 4, the former change is attributed to a change in
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conformation of the polymer backbone with temperature; " the latter change is attributed to the

thermal depopulation of low energy skeletal stretch modes at lower temperatures.

The steady-state fluorescence spectrum of MeLPPP is also shown in Fig. 6.1A. Four
well-resolved peak features that form the mirror image of the absorption spectrum can be
observed at 460, 490, 530 and 565 nm and are again attributed to the 0-0, 0-1, 0-2 and 0-3

vibrational transitions of a carbon-carbon stretch mode. The small Stokes shift measured
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(~10 nm) is characteristic of a ladder-type conjugated polymer® and results in a moderate

overlap between absorption and fluorescence between 450 and 460 nm.
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Figure 6.1: A) Re-scaled steady-state absorption (solid black line) and fluorescence (425 nm
excitation, dashed blue line) spectra of a MeLPPP film at 295 K. Inset: the steady-state absorption
spectrum at different temperatures. Between 440 and 455 nm a decrease in absorption is observed
with decreasing temperature. B) The transient transmission spectrum of a MeLPPP film recorded
at different pump-probe delay times, 455 nm excitation (3 pJem?) at 295 K. In addition to the
expected SE and PA of intrachain singlet excitons, two small peaks at ~590 and 650 nm can be
resolved and correspond to the overlap of two polaron PA transitions. Note that saturation of the
detector by residual fundamental light from the laser amplifier (780 nm) in the probe results in a
rapid drop in AT/T at ~760 nm. Inset: the chemical structure of MeLPPP; R* = Alkyl group, R? =
Aryl group and R® = -CHs,

The transient transmission spectrum of MeLPPP in film at 295 K for excitation at 455 nm

(incident pump fluence: 3 pJem™) is shown in Fig. 6.1B for a range of pump-probe delay times.
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Two positive peaks at 490 and 530 nm clearly overlap with two of the peaks in the fluorescence
spectrum and are hence assigned to SE of the singlet excitons of the polymer. A broad negative
feature is also recorded from 550 down to 770 nm. This band is noted to have identical decay
dynamics as the SE band, as evidenced by excellent agreement between the single-wavelength
transient transmission dynamics of the PA band at 750 nm and the SE band at 492 nm, which is
demonstrated in Fig. 6.2. This PA band is therefore attributed to the PA of intrachain singlet
excitons, corresponding to the excited-state absorption transition S; — Sy, in agreement with

the results of previous studies.*® % 187 1%

—
A =390nm

1.0 ™Y pump ]
] —®—%_,,= 750nm, singlet exciton PA
—e— ) =492nm, SE
0.8 \ probe ]
)

AT/T (normalised)

-100 0 100 200 300 400 500 600 700 800 900 1000
Time delay / ps

Figure 6.2: Normalised single-wavelength decay kinetics of the SE band (Ayrope = 494 nm, red
circles) in MeLPPP, compared against that of the PA band (Ayreee = 750 Nm, black squares) for
excitation at 390 nm (3 pJem?). Both sets of dynamics are noted to be approximately identical,
with time constants of (3.9+0.3), (274+2) and (180+40) ps recorded using a multi-exponential fit
(green line) for the PA data.
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In addition to a decay in magnitude with time, a red-shift of the SE band is observed to occur
over a time-period of the order of 10 ps, as evidenced by a change in wavelength of the SE-PA
crossover (where AT /T = 0) from 560 to 615 nm within 80 ps. This behaviour is consistent
with the properties of exciton migration in conjugated polymers, which has been measured to

occur on timescales between 10 and 100 ps.*? & 8% 162

The broad PA of the singlet excitons is also observed to overlap with two weaker PA bands at
590 and 650 nm, which are highlighted in Fig. 6.1B. These bands were noted to increase
substantially in size upon increasing the pump fluence to 60 pJem? At such high pump
fluences bi-excitonic effects such as singlet-singlet annihilation (SSA) are expected to be
prominent and have been well documented to lead to the formation of polarons via an
intermediate excited singlet state.”* % %% The doublet of PA peaks at 590 and 650 nm is
therefore assigned to the PA of two polaron transitions: Dy — D,,, and D, — Dy, which is also

in agreement with the results of previous studies.*® 7 & 19

It should be noted that various experimental factors are observed to complicate the form of the
differential transmission spectrum. The SE from the fluorescence peak at 460 nm and the
complete PB band, which overlaps exactly with the ground-state absorption spectrum of the
polymer, are not observed as the WLSC probe used to obtain the spectra did not have sufficient
intensity to be detected at wavelengths shorter than 500 nm. In addition a sudden decrease in
the signal intensity to zero is observed at 760 nm and is due to the saturation of the

photodetector by residual 780 nm light from the laser amplifier in the probe beam.
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6.3.2 Singlet exciton dynamics

Before proceeding to investigate the properties of the PB band, a detailed study of the dynamics
of the singlet exciton PA band at 750 nm was performed, with the results of this study used as a

point of reference when considering the PB dynamics.

To provide a quantitative analysis of the singlet exciton dynamics, a multi-exponential decay fit
was applied to the single-wavelength transient PA data at 750 nm; the result of this process is
shown in Fig. 6.2. Three decay components of (3.9£0.3) ps (31% contribution by amplitude),
(27£2) ps (58%) and (180+40) ps (9%) are obtained from the fit; the build-in of the PA was
observed to occur within the time resolution of the system (~500fs). The physical origin of

each of the decay components are now discussed in turn.

The longest lifetime component was noted to be generally reproducible across a large number
of different films measured, with the values obtained ranging from (80£30) ps up to (180+40)
ps. All of these lifetime components are of the same order of magnitude as the fluorescence
lifetime of MeLPPP in film, as identified in streak camera studies presented in chapter 4. As
discussed therein a range of fluorescence lifetimes was also obtained using the streak camera
on different films, with values varying from ~110 to 200 ps. Given the similarity to these
values to that measured in Fig. 6.2, the longest decay component in the singlet exciton PA is

assigned to be the fluorescence lifetime of MeLPPP.

The second lifetime component of 27 ps is of the same order of magnitude as the reported
timescales for exciton migration, as discussed above.'? #8152 |n chapter 4 exciton migration
was identified as a ~40ps decay component in the fluorescence dynamics of MeLPPP in film,
as measured using a streak camera. The signature of exciton migration was also identified in

transient transmission spectrum of MeLPPP in section 6.3.1 above as a red-shift in the SE band
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over a time period of the order of 10 ps. In single-wavelength transient measurements exciton
migration is expected to appear as a decay component. A single probe wavelength will interact
only with a subset of the total distribution of chromophores in the polymer density of states
(DOS); only those sites on which the exciton has the correct energy to interact with the probe
will be measured. If a mechanism exists which can move an exciton off of that subset of sites,
such as exciton migration, a loss in the single-wavelength transient measurements at that probe
wavelength will be recorded. Given the similarity of this component to those assigned in other
studies and the observation of a red-shift of the SE band recorded in these measurements to
occur over a similar time period, the 27 ps component recorded in the singlet PA is assigned to

the effect of exciton migration.

Unlike the first two components discussed above, the shortest decay component noted in the
singlet PA was found to vary significantly in amplitude with the incident pump fluence. The
results of a series of experiments in which the singlet exciton PA at 750 nm was monitored as a
function of incident pump fluence is shown in Fig. 6.3. As can be seen a short decay
component is observed to build in and become more prominent as the pump fluence is
increased. To provide a more quantitative analysis of this behaviour a global multi-exponential
fit was applied to the data, with the longest lifetime component fixed across all datasets to
represent the fluorescence lifetime of the polymer; the results of this process are also included
in Fig. 6.3, with the variation of the shortest lifetime component with fluence presented in

Table 6.1.
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Figure 6.3: Normalised single-wavelength decay kinetics of the singlet exciton PA (Apymp= 390 nm,
horobe= 750 Nm) for a range of incident pump fluences. A short component is observed to build in

amplitude as the fluence is increased and is assigned to the effect of SSA.

A clear trend emerges from the data presented in Table 6.1. At large pump fluences the overall
PA decay is dominated by a ~2 ps decay term. Upon decreasing the pump fluence from 30 to
2.25 pJem™? there is a substantial decrease in the relative contribution of the short component,

to the extent that at 1.5 uJem™ the short component is no longer detected.

This behaviour shown in Fig. 6.3 and Table 6.1 is characteristic of a loss of a fraction of the
singlet exciton population due to SSA. As discussed in section 2.6.6, during SSA two singlet
excitons come sufficiently close to one another as to be able to exchange energy, with one
exciton giving all of its energy to the other. This results in the formation of an excited singlet

52, 88, 90-92

state. As part of this mechanism one exciton is lost to the ground state and SSA

therefore acts to quench the singlet population. At high excitation densities the excitons are
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photogenerated close to one another and thus have a large probability to meet and interact
within their lifetime; decreasing the excitation density reduces this probability and thus, as
observed in Table 6.1, the relative contribution of SSA to the overall decay dynamics.”* % The
critical incident fluence at which SSA is first observed in these experiments (2.25 uJem) is of
the same order of magnitude as that recorded in other conjugated polymers (0.7-1.0 pJem™ in

1192 1.0 pJem? in polyfluorene®). On the evidence presented

regio-regular polythiophene,
above the ~2 ps component noted in the decay of the singlet exciton PA is therefore attributed

to SSA.

Incident pump Singlet PA pre-exponential ~ Singlet PA time
fluence / pJecm amplitude 1 (% by constant 1 / ps
amplitude)
30 49+3 2.0£0.2
15 51+2 2.2+0.2
3 28+3 3.440.6
2.25 1542 2.920.6
1.5 0 -

Table 6.1: Variation of the singlet exciton PA (Apymp= 390 NM, Ayrene= 750 Nm) as a function of

incident pump fluence, as obtained using global multi-exponential fitting.

6.3.3 Photobleaching dynamics

The PB band of MeLPPP was investigated in a piecewise manner by recording the transient
transmission dynamics at a discrete number of probe wavelengths. Unlike the SE and singlet

exciton PA bands discussed above in sections 6.3.1 and 6.3.2, the PB recovery of MeLPPP in
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film demonstrates non-trivial behaviour which cannot be immediately explained. The results of
a series of measurements in which the probe wavelength was varied across the 0-0 feature of
the absorption band at 295 K are shown in Fig. 6.4A. It should be noted that in these
experiments a moderately high pump fluence of 15 pJem™ was used because measurements
performed at 445 nm were subject to very small signal to noise ratios. In order for this data

recorded to be analysed with any degree of accuracy, a high pump fluence was required.

At 295 K in all cases a PB signal is observed to build-in within the time resolution of the
system (~500 fs). This is in agreement with the build-in of the singlet exciton population, as
recorded at 750 nm and discussed in section 6.3.2 above. A fast decay component is observed
to become quicker with decreasing probe wavelength. At a probe wavelength of
460 nm the decay on short time periods is characterised by a (5.3+0.1) ps (75% contribution by

amplitude) time constant, whereas at 445 nm a (0.720.3) ps (76%) time constant is obtained.

Interestingly, for all probe wavelengths measured no component corresponding to the
fluorescence lifetime can be identified. For example, at 460 nm the remaining contribution to
the PB decay is provided by a (26£2) ps (25%) component, which is in good agreement with
the component assigned as exciton migration in the analysis of the singlet exciton PA. No
contribution corresponding to the fluorescence lifetime of the singlet excitons, which was
identified as a ~180 ps decay component in the analysis of the singlet exciton PA, is recorded.
This is a surprising result as the singlet excitons are the primary photoexcitations in MeLPPP
and therefore some contribution from the recombination of these states is expected to be

observed in the PB recovery.
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Figure 6.4: Normalised transient transmission dynamics of MeLPPP in film, for excitation at
390 nm (15 pJem®) and probe wavelengths across the PB band of the polymer at 465 (black
squares), 460 (red circles), 450 (green triangles) and 445 nm (blue triangles). A) For measurements
at 295 K, an increasing fast component is noted with decreasing probe wavelength. Inset: close-up
of the behaviour at early times. B) At 10 K an increasing fast component is also observed with
decreasing wavelength and is much more prominent than at 295 K. At 445 nm a crossover from
PB to PA is observed to occur after ~2 ps. Inset: close-up of behaviour at early times, highlighting
the PB-PA crossover at 445 nm.

Exciton migration can appear as a decay term in the PB recovery on the same physical basis as

to how it appears in the singlet exciton PA dynamics. The primary influence of exciton
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migration in the PB recovery is to change the population of the excitons that interact with the
probe pulse. As the probe pulse used in these experiments has a finite spectral width it can only
interact with a narrow distribution of chromophores DOS and therefore only measure the PB
recovery of a discrete number of chromophores. The migration of any excitons off of those
chromophores will thus be considered as a loss of excited states (equivalent to a recovery of the
ground state) as seen by the probe pulse and therefore measured as a decay component.
Likewise, should an exciton migrate on to a member of that distribution of chromophores, a rise

time will be noted in the PB recovery.

It is possible to perform a detailed study of the properties of exciton migration in a conjugated
polymer by measuring the PB recovery as a function of probe wavelength; the migration of
excitons from high to low energy chromophores can be measured as a decay in the PB recovery
at short probe wavelengths and a matching build-in at long probe wavelengths (this matter is
discussed in more detail in section 6.3.4).*° In film dispersive exciton migration occurs on a

<1 ps timescale,?®

whereas non-dispersive exciton migration occurs with a lifetime of
10-100 ps.?® ¥ % The ~25 ps component assigned as the effect of exciton migration above is
consistent with this latter process. It then becomes pertinent to ask whether the short decay
component of the order of 1ps noted above in the PB recovery is associated with the effect of

dispersive exciton migration, or is due to something else. This point will be addressed in a later

section.

The PB dynamics of MeLPPP in film were also measured at 10 K for the same probe
wavelengths measured at 295 K; these results are shown in Fig. 6.4B. As at 295 K, PB is
recorded at the zero-delay time which is again attributed to the photogeneration of singlet
excitons within the time resolution of the system. A fast decay component in the PB recovery
is noted to become quicker with decreasing probe wavelength. This component is shorter than

that of the corresponding PB recovery at 295 K; for example, for a probe wavelength of 460 nm
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at 10 K the decay dynamics at short times is characterised by a (2.4+0.1) ps component, as
compared to (5.3+0.1) ps measured at 295 K. The most significant difference however between
the PB decay dynamics at 10 K as compared to 295 K is that for a probe wavelength of 445 nm
a crossover between PB (AT /T > 0) and PA (AT /T < 0) is observed to occur after ~2 ps, with

the PA then decaying to zero within 50 ps.

The form of the transient signal observed at 445 nm can only be explained by the presence of
an underlying high energy PA band that overlaps with the PB band. Indeed, the form of the
transient signals observed between 465 and 445 nm can be understood as different relative
degrees of superposition of PB with this underlying PA. For measurements between 465 and
450 nm the relative contribution of overlapping PA is not sufficiently large as to generate a
crossover in the measured signals from PB to PA, but can act to effectively quench the PB at
early times, resulting in the variation in the fast decay component discussed above. At 445 nm
however the magnitude of the PA after 2 ps is larger than the PB response, leading to a

crossover from PB to PA.

It is clear from Fig. 6.4B that the underlying PA takes a finite amount of time to build in, as
evidenced by the fact that at 445 nm at 10 K a crossover between PB and PA is only recorded
after ~2 ps. This observation indicates that the PA transition does not originate from the singlet
exciton population and thus cannot be a high energy variant of the S;-Sy PA transition
discussed in section 6.3.2. If the PA was associated with the singlet exciton population, a
negative signal would be recorded at the zero delay time at a probe wavelength of 445 nm, with

no positive signal subsequently detected.

The existence of an underlying PA transition calls into question the effect of dispersive exciton
migration on the PB dynamics, which as discussed above would be expected to appear as a fast

decay term at probe wavelengths on the blue edge of the 0-0 transition in the PB band. On the
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basis of the results obtained at 10 K it is now possible to rule out exciton migration as the
primary effect which gives rise to the variation in the fast decay component noted with
decreasing wavelength. It is clear upon comparing the data in Figs. 6.4A and 6.4B that for a
fixed probe wavelength the decay rate of the PB is quicker at 10 K. This is however
inconsistent with the properties of exciton migration, which has been established to decrease in
rate with decreasing temperature.”” 3 ¥ Given the similarity of the evolution of the short
decay component with probe wavelength at both 295 and 10 K, it is more likely that the
behaviour at both temperatures is due to the increased overlap of an underlying PA with the PB,
which acts to effectively quench the PB dynamics at early times, rather than the effect of
exciton migration. It is however not possible, particularly at 295 K, to completely rule out

some effect from dispersive exciton migration on the PB dynamics at early times.

Although no PB-PA crossover is observed for the data recorded at 295 K, the existence of
overlap between the PB and an underlying PA can also be confirmed by returning to the
analysis of the PB decay dynamics at 460 nm, in which no component corresponding to the
fluorescence lifetime can be observed. This observation can now be attributed to a conflict
between the overlapping dynamics of the PB band with an underlying PA which distorts the

measured PB dynamics from the ‘true’ PB dynamics.

Wavelength and temperature dependence of the PB-PA overlap

At this point it becomes pertinent to consider whether the variation in the ratio between PB and
PA with both probe wavelength and temperature arise as a result of a corresponding change in

the PB, a change in the underlying PA, or a combination of both.

The behaviour of the PB-PA ratio is considered as a function of temperature first. As

demonstrated in the inset of Fig. 6.1A, the absorption spectrum of MeLPPP in film is shown to
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vary with temperature, with a small red-shift and narrowing of the peak features occurring with
decreasing temperature. These changes are also expected to manifest in the PB band, which
must follow the ground-state absorption of the polymer. As a consequence, for wavelengths
shorter than 455 nm a decrease in the magnitude of the PB is expected to occur when cooling
from 295 K down to 10 K. This could contribute to the relative increase in the magnitude of
the PA with respect to the PB that occurs at 10K. An inspection of the inset of Fig. 6.1 reveals
that at 460 nm the magnitude of the absorption, and thus in turn the magnitude of the PB at
460 nm, increases with decreasing temperature. The transient dynamics recorded at 460 nm
however instead indicates an increase in the relative magnitude of the PA with respect to the
PB at this wavelength, as characterised by the decrease in the short decay component from
(5.3+0.1) ps to (2.4+0.1) ps at that wavelength. It is therefore possible to conclude that at
460 nm the increase in the magnitude of the underlying PA with respect to the PB band with
decreasing temperature is not primarily due to the temperature dependence of the PB band (or
equivalently the ground-state absorption) and is instead due to an increase in the magnitude of

the underlying PA with decreasing temperature.

There are two important points to consider when considering how the PB-PA ratio varies as a
function of probe wavelength. The first of these is the effect of exciton migration and has been
discussed and subsequently eliminated as a major contributor to the observed PB dynamics
above. The second point of consideration is the spectral line-shape of the PB band, which as
discussed above follows the absorption spectrum of the polymer. Following on from this, it is
clear that the PB at 445 nm should be much weaker than at 460 nm for all temperatures. This
could contribute to the observed change in the PA-PB ratio observed with decreasing
wavelength. For example at 460 nm the PB is large and thus the ratio of PAto PB is small. At
445 nm however the PB is much weaker and thus the PA-PB ratio is much larger, to the extent

that the PA becomes comparable in magnitude to the PB and crossover from PB to PA can be
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observed. This effect is also compounded by an overlap of the PB band with the SE band of
MeLPPP, which arises as a result of the small Stokes shift between the absorption and
fluorescence spectra. Returning to Fig. 6.1A, it is clear that there is a significant overlap
between absorption and fluorescence for wavelengths longer than 450 nm. As a consequence,
in addition to a contribution from PB at those wavelengths, there will also be a similar, positive
contribution from SE (AT /T > 0), thus increasing the total positive signal at those wavelengths

and therefore reducing the ratio of the underlying PA with respect to the ‘measured’ PB.

Lifetime considerations

It should be noted that the lifetime of the underlying PA cannot be measured from the data
presented in Fig. 6.4. In order to accurately measure the dynamics of the underlying PA, it is
first necessary to isolate the PA from any overlapping contribution from the PB band. This
process could theoretically be achieved by subtracting the true PB recovery at each wavelength
from the transient transmission dynamics recorded in Fig. 6.4. This however presents a
dilemma, as the data recorded in Fig. 6.4 demonstrates that it is impossible to measure the true
PB recovery without picking up some contribution from the underlying PA. In summary, given
the overlap of the PB with the PA, it is not possible with the data presented in this study to

accurately extract the true PA dynamics in the polarisation independent data.

6.3.4 Variation with local morphology

In order to confirm the validity of the underlying PA feature noted to overlap with the PB band
of MeLPPP in film, a series of repeat measurements were made for different films prepared in
an identical manner as for those investigated in section 6.3.3 above. A selection of some of the

results obtained at 10 K for a probe wavelength of 450 nm from two different films is shown in
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Fig. 6.5. Note that repeat measurements performed on different regions of the same sample

have also been included in this comparison.
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Figure 6.5: Normalised transient transmission dynamics at 10 K, measured at 450 nm
(Mpump = 390 nm, 15 pJem™) repeated for a series of different MeLPPP films and different sample
positions as indicated. A clear variation in the dynamics at early times is observed, with the
measured ratio of PB with respect to the underlying PA changing between measurements. The
variation is attributed to a dependence of the ratio on the local sample morphology. Inset: close up
of the behaviour at early times, in which the variation at early times between repeat measurements
is clear, with a crossover from PB to PA recorded in two cases to occur within 1-3 ps.

The transient transmission dynamics obtained across multiple repeat measurements for both
different films and even different regions of the same film vary significantly at early times.
Indeed, for two of the measurements performed (see sample 3 and sample 2, position 2) a
PB-PA crossover is observed between 1 and 3 ps. Following on from the discussion of the

behaviour observed in Fig. 6.4, the variation of the dynamics at early times in different films
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and sample positions is attributed to a variation in the PB-PA ratio for each measurement.
Given that throughout the repeat measurements the experimental conditions were kept constant,
the variation in the PB-PA ratio observed can only be attributed to a change in the local sample

morphology in which the pump-probe interaction is made.

To investigate the role of the local sample morphology further, the results obtained in film were
compared with the results of similar measurements of the PB dynamics made in dilute solution.
A selection of these measurements for a series of probe wavelengths across the PB band of

MeLPPP in solution at 295K is shown in Fig. 6.6.

In contrast to that measured in film, no ultrafast quenching of the PB dynamics can be observed
in solution. For example, it is clear upon comparing the data obtained at 440 nm in solution
and 445 nm in film that there is no quenching of the PB in solution due to the presence of an
underlying PA. It has instead been proposed that the PB dynamics in solution are instead
dominated by the effect of intrachain exciton migration, with a decay of 4.2 ps noted at 440 nm
matched by an identical 4.2 ps build-in at longer probe wavelengths of 450 and 460 nm.'?
Note that any contribution from any interchain processes, such as interchain exciton migration,

is eliminated by performing measurements in dilute solution.

Unlike the PB dynamics measured in film at 295K, the PB dynamics in solution performed
under similar pump and probe conditions can be completely explained by intrachain exciton
migration; no contribution from an underlying PA state can be observed. It is therefore
possible to conclude that the underlying PA feature in MeLPPP previously recorded is a

consequence of interchain interactions that occur in the solid state.
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Figure 6.6: PB dynamics of MeLPPP in solution at a series of different probe wavelengths at 295 K
(Mpump= 390 nm, pump fluence unspecified). A decay component of 4.2 ps at 440 nm (green
triangles) is matched by an identical build-in component at longer wavelengths (450 nm and 460
nm, red circles and black squares respectively) and has been attributed to the effect of intrachain
exciton migration in solution. No rapid quenching of the PB by an underlying PA state can be
observed at any of the wavelengths measured, in contrast to that observed in film (recorded by Dr
Simon King of the Organic Electroactive Materials Group, Department of Physics, Durham

University; figure taken and adapted from Ref. [120] and used with the permission of the author).

6.3.5 Polarisation dependence

In addition to polarisation independent studies performed under magic angle conditions, the PB
dynamics at 10 K for a probe wavelength of 445 nm were also investigated as a function of
pump and probe polarisation; these results are shown in Fig. 6.7. When the PB dynamics are
measured with the pump and probe parallel polarisations aligned parallel to one another
(AT/T)) only PB is measured, with the decay dynamics principally characterised by a

(1.1£0.1) ps component. Significantly however, when the pump and probe polarisations are
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aligned to be perpendicular (AT/T,), only a PA signal is measured, with the dynamics of this

PA characterised by a (1.0£0.1) ps build-in component and a (36+6) ps decay component.

The decay lifetime of AT /T, and the build-in lifetime of AT /T, are in excellent agreement with
one another. Furthermore, as can be seen in the inset of Fig. 6.7, the build-in of AT /T only
begins when the decay of AT /T, occurs. This confirms that there is a transfer of the excitation
population measured in AT /T, (corresponding to PB only) to AT /T, (corresponding to PA

only), with the transfer characterised by a 1 ps component.

L L I L I L ML
6 Xpump: 390nm, 10K ¢l ]
[T A= 4450M
5 n probe ]
ol % |
3— “ ‘ ]
[\ \"
2+ hva -;.;:,;,H&;’\:w...e‘d“v‘“y_ ]

-1 012345678 910]

ATIT (x10°)
o
ok
;-.>'
/

—@— ATIT, —
—A— AT/T (polarisation independent) 1
PR IS RS T TS T T N

N | v —mATIT
- V"‘ I
e

10 0 10 20 30 40 50 60 70 8 90 100
Time delay / ps

Figure 6.7: Polarisation dependent transient transmission dynamics, measured for a probe
wavelength of 445 nm at 10 K (Ayump= 390 nm, 15 pJem?).  When the pump and probe
polarisations are set parallel (AT /T, black squares) only PB is measured. When the pump and
probe are perpendicular however (AT/T,, red circles) only PA is measured. The polarisation
independent PB dynamics, as produced by combining AT/T, and AT /T, according to Eq. 6.1, has
also been included (blue triangles). Inset: close up of dynamics, highlighting a (1.1+0.1) ps decay in
AT/T, that matches a (1.0£0.1) ps build-in in AT/T .
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The polarised PB dynamics can be combined together as to produce a polarisation independent

result as according to Eqg. 6.1 below (also see section 3.9.3):
1
AT /T(polarisation independent) = 3 [AT/T, + 2 - AT/T,] (6.1)

The polarisation independent dynamics are also included in Fig. 6.7. These dynamics show a
clear similarity to the polarisation independent dynamics presented in Fig. 6.4 under the same
experimental conditions, with a PB-PA crossover noted at a delay time of 1 ps. The fact that
the measured PB-PA ratio is different in each case is attributed to the role of local sample

morphology, as discussed in section 6.3.4 above.

Before proceeding further, it is important to clarify the physical meaning of AT /T, and AT /T,.
When the pump pulse interacts with a sample, only those chromophores that have a transition
dipole moment with a non-vanishing projection on to the pump polarisation can be excited.
This results in the excitation of a finite number of chromophores, which is referred to as
photoselection. This principle equally applies to the interaction of any excited states with the
probe pulse. As a consequence, when the pump and probe polarisations are parallel, the probe
pulse is only able to interact with those states with a dipole moment largely parallel to that of
the photoexcitation population in the short time limit, i.e. the singlet exciton population.
Likewise when the pump and probe are perpendicular, the probe pulse is only able to interact
with those states that possess transition dipole moments largely perpendicular to that of the
initial photoexcitations. Therefore in order to measure a net signal for AT/T, a physical
mechanism must exist that rotates the orientation of the transition dipole moments of the initial

photoexcitations.

It is now clear from the polarisation dependent and independent dynamics measured in Fig. 6.7

that the underlying PA transition found to overlap with the PB as discussed previously in the
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context of Figs. 6.4 and 6.5 can be attributed to the PA of a state with a dipole moment

perpendicular to that of the initial intrachain singlet exciton population.

6.4 Discussion

The results presented in section 6.3.3, in which the PB dynamics of MeLPPP in film are
considered as a function of probe wavelength and sample temperature, clearly demonstrate the
presence of a high energy PA that overlaps with the PB band of the polymer. This PA has not
been previously identified in the literature, primarily due to the lack of detailed ultrafast studies
of the PB band in MeLPPP. Using the results obtained from ultrafast polarised transient
measurements of the PB band and supported by a detailed study of the excited-state dynamics

in MeLPPP, it is now possible to identify the origin of this PA.

The polarised data presented in section 6.3.5 (see Fig. 6.7) above confirms that the PA in
question is associated with a transition dipole moment that is perpendicular to that of the
primary photoexcitations of MeLPPP; namely the initial intrachain singlet exciton population.
These states are generated on a femtosecond timescale,” as confirmed by a build-in of the
singlet exciton PA and PB transient signals within the time resolution of the experimental
system used, and have been demonstrated in previous studies to be delocalised largely parallel
to the polymer backbone on which they exist.?” *** After photogeneration there are several
possible mechanisms which can rotate the transition dipole moment of these states. The
simplest of these is for the polymer chain on which excitations are generated to undergo
conformational relaxation and rotate.* ¥ % MeLPPP has however been established to form a
rigid, rod-like backbone structure in which rotation of the backbone is prohibited.®” 1> ! As a
consequence, any contribution to a rotation of the transition dipole moment in the excited state

from conformational relaxation can be ruled out.
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Exciton migration in film also contributes as a mechanism in which the transition dipole
moment of an excited state can be changed. In an unaligned, isotropic film there is a random
distribution of chain orientations and therefore a random distribution of transition dipole
moments. As an exciton moves away from the chromophore on which it was photogenerated
there is a high probability for the chromophore on which it ends up on to have a different

orientation to that form which it originated.® ¥ 3¢

Consequently over time the transition
dipole moment of an exciton population will evolve on average to be different from that it
began with. Exciton migration cannot however be responsible for the appearance of the PA
observed to overlap with the PB in MeLPPP, as it only affects the energies of the singlet
exciton population and does not directly result in the generation of a new state or PA transition.
Furthermore the role of singlet excitons being responsible for the PA has been discussed above

and subsequently eliminated on the basis that the underlying PA state is formed 1 ps after the

singlet exciton population has been photogenerated.

Polarised spectroscopy has been applied by King et al. to study the orientation of singlet and
triplet excitons in the conjugated polymer polyfluorene.’®* As part of this work it was
demonstrated that the transition dipole moment associated with the triplet state is perpendicular
to that of the singlet state. The underlying PA identified in this study cannot however be
attributed to the formation of triplet excitons for several reasons. Due to the planar backbone
structure of the polymer, the rate of intersystem crossing in MeLPPP is very small and not
compatible with a 1 ps rise in the underlying PA as measured in section 6.3.5.1%%
Furthermore, the lifetime of triplet excitons in MeLPPP has been measured to be 170 ps,lgl

which is several orders of magnitude greater than the lifetime of the underlying PA, which was

measured above to be (366) ps.

The final process considered in the context of this chapter which can rotate the polarisation of

an excited-state in a conjugated polymer is for there to be a sufficient degree of interchain
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interaction such that an exciton becomes delocalised over two adjacent chains, resulting in the
formation of an IEX state in which the electron of the exciton lies on one chain, with the hole
lying on the other. This concept is considered in more detail below. Following the interaction
of the polymer with the polarised pump pulse, only intrachain singlet excitons are generated.
Polarisation studies of the steady-state absorption and fluorescence spectra in MeLPPP have
demonstrated that the absorption transition dipole of these excitons is approximately parallel to
the polymer backbone.®” An IEX state by definition is delocalised over two adjacent chains and
therefore has a transition dipole moment with a different orientation to that of the intrachain
excitons. As a consequence, the delocalisation of an intrachain exciton to form an IEX state

will result in the rotation of the excited-state transition dipole moment.

Based on the evidence presented above, the high energy PA in films of MeLPPP is assigned to
the PA of IEXs generated in regions of the polymer film where the distance between polymer
chains is suitable to support such a state. At the zero-delay time, the interaction of the pump
pulse with the sample generates intrachain singlet excitons. In some regions of the polymer
these excitons are able to become delocalised over two chains, forming an IEX state, with this
process occurring with a time constant of 1 ps. This timescale can be measured as a matching
build-in and decay between the parallel and perpendicular pump-probe polarisations of the
dynamics measured at 445 nm; a fraction of the intrachain singlet exciton population that is
probed by AT /T, is lost to form IEXs, which is represented by a matching 1 ps component in
the decay of AT /T, and the build-in in AT /T, the latter of which selectively probes the IEX
population. Furthermore it is also important to note that no IEX states are formed at the
zero-delay time with the interaction of the pump pulse; IEX formation requires an intrachain

singlet exciton population to be generated first.

Attributing the unidentified PA to IEX formation is consistent with the finding of section 6.3.4

that the PA could only be measured in the solid-state and not in dilute solution. In the case of
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the latter, any interchain interactions can be considered to be negligible and as a consequence
interchain exciton formation is prohibited. The variation observed for the magnitude of the PA
with the local sample morphology in film is also consistent with PA to IEX states. In order to
be able to support the required interchain interactions for the formation of an IEX, the polymer
chains in film must be packed together sufficiently closely and in a relatively ordered manner.
Such behaviour has been considered at length in other systems; for example, the role of sample
morphology on the formation of IEX states has been comprehensively investigated in regio-

regular and regio-random polythiophenes, 2 198-200

Regio-regular polythiophenes have been demonstrated to self-organise into a two-dimensional
lamellar structure, mediated by the interpenetration of the side-groups of adjacent polymer
chains.’® In these ordered regions the interchain separation has been measured to be as small
as 3.8 A2 22 and as such regio-regular polythiophenes demonstrate significantly enhanced
yields of IEX formation as compared to their regio-random counterparts,™” **® which lack the
aforementioned ability to self-organise into an ordered structure. Even within the class of
regio-regular polythiophenes, the yield of IEX formation can be noted to vary significantly

between polymers and is sensitive to the degree of regio-regularity.*® **’

Returning to the films of MeLPPP under study, the variation in the magnitude of the IEX
population with sample and sample position can be understood to arise as a result of a variation
in the local polymer order. In the films under investigation in this study it is possible that the
local interchain order is larger in some regions than others and may also vary between films.
Studies on films of regio-regular polythiophenes have demonstrated a similar variance in the
degree of order within one film, with both ordered and disordered regions contributing to the
observed excited-state dynamics.’® " ¥ This matter is also considered in chapter 7 of this

thesis.
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The interchain separation in films of MeLPPP has been estimated in the literature to be
~1.4 nm.*° This increased interchain separation in MeLPPP could explain why the magnitude
of the IEX PA is much smaller to that of regio-regular polythiophenes, in which the interchain
separation is over three times smaller. This larger separation is attributed to the presence of
bulky side groups added to the polymer backbone to aid solubility, which make it difficult for
adjacent polymer chains to pack tightly together as is the case in region-regular polythiophenes.
Simultaneously however the observation of IEX formation in MeLPPP implies that the
interchain separation in films of MeLPPP is not too large as to completely prevent IEX

formation.

MeLPPP possess a relatively small degree of inhomogeneous broadening for a conjugated
polymer, which has been attributed to a high degree of intrachain order inferred by double-

140141 1t is not known

bridging between adjacent phenyl groups along the polymer backbone.
for certain however whether MeLPPP can also possess a high degree of interchain order which
may also contribute to the low degree of inhomogeneous broadening and simultaneously the
formation of IEX states. It has been recorded that the inhomogeneous broadening in regio-
regular polythiophenes, in which the interchain order is high, has been measured to be smaller
than that of the corresponding regio-random derivatives in which the interchain order is much
smaller.’® 2% The question of interchain order in MeLPPP can only be sufficiently addressed
by performing a detailed structural study of MeLPPP in film using an appropriate method, such

as X-Ray diffraction. As mentioned in chapter 4 of this thesis, such studies have been proposed

and are planned to be completed in the spring of 2011.

The existence of strong interchain interactions in regions of MeLPPP films corroborates with
the findings of chapter 4 of this thesis, which considered the properties of electron-phonon
coupling in the same polymer using a variety of steady-state and time-resolved fluorescence

spectroscopic techniques. In that work a fundamental relationship between the vibrational
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mode through which fluorescence occurs and the corresponding fluorescence polarisation was
observed, indicating a failure of the Born-Oppenheimer approximation in describing the
properties of electron-phonon coupling in the system. This failure was tentatively attributed to
the role of moderate interchain interactions in MeLPPP and the subsequent effect of these
interactions on the properties of the electron-phonon coupling, as according to theories outlined

in the work of Spano et al..****

When presented this evidence was considered to be not
entirely sufficient to conclusively prove the existence of strong interchain interactions in
MeLPPP. The work of this chapter in which IEX formation has been proven through direct

measurement agrees with and supports the findings of chapter 4.

The energy of the IEX PA in MeLPPP is very high and is one of the only instances to this
author’s knowledge in which the PA of an excited-state in a conjugated polymer overlaps with
the ground state absorption spectrum of that polymer. It should be noted that previous studies
which have investigated the formation of IEX states in conjugated polymers have demonstrated
an overlap of the IEX PA with the SE of the polymer, confirming that in general for conjugated
polymers the IEX PA is a relatively high energy transition. In the work of Rothberg et al. the
PA of ‘spatially indirect’ excitons in poly[2-methoxy-5-(2-ethyl- hexyloxy)-1,4-phenylene
vinylene] was reported at an energy of 560 nm and was also recorded to overlap with the SE of
that polymer.’® It should be noted in those studies a crossover from SE to PA, similar to the
crossover between PB and PA noted in this study, was found to occur as a function of
excitation wavelength. In addition, in the work of Cerullo et al. in MeLPPP an additional PA
band at 471 nm was observed to build in at very high excitation densities and was attributed to

the formation of IEX states.’®

It should be noted that in those studies the incident pump
fluence used was of the order of 1 mJcm?, which is several orders of magnitude larger than that

used in the experimental work detailed in this chapter.
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It is clear from the discussion above that there is a large amount of evidence in favour of
assigning the high energy PA investigated in these studies to the absorption of IEX states. At
first glance however the temperature dependence of the IEX formation appears to be
inconsistent with this. The formation of IEX states in a conjugated polymer is expected to be a

1521 If an IEX state formed is more delocalised than the initial

thermally activated process.
intrachain singlet state from which it originates, the decrease in the binding energy between
initial and final states must be compensated for. In the absence of an electric field, thermal

energy can be used, increasing the probability of the required jump to occur and therefore

increasing the rate of IEX formation.

As discussed above, the data presented in Fig. 6.4 confirms that the magnitude of the IEX PA is
larger at 10 K than at 295 K. This corresponds to ~20 meV loss of thermal energy. This
energy is negligible as compared to the amount of excess energy used to excite the polymer; for
excitation at 390 nm as compared to the absorption maximum at ~455 nm, this corresponds to
~470 meV of excess energy. As a consequence, although the loss in thermal energy can be
considered a negligible effect on the rate of IEX formation, the origin of the increase in the IEX
formation is still surprising. On the basis that the excess energy for IEX formation remains
approximately the same at both 295 and 10 K, the increased rate of IEX formation can instead
only be attributed to a change in the local morphology of MeLPPP at low temperatures. As
discussed previously, such a statement can only be formally concluded on the basis of detailed
structural studies performed at different temperatures. It is however interesting to note that in
chapter 4 of this thesis, the results of temperature dependent fluorescence studies were used to
argue that MeLPPP in film undergoes some degree of conformational or structural change at
temperatures below ~150 K. This conformational change could give rise to the observed

increased yield of IEX formation by allowing the polymer chains to pack more closely to one
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another. Such a point however is speculative and requires further experimental work to be

performed before any firm conclusions can be drawn.

6.5 Conclusions

In summary, femtosecond pump-probe spectroscopy has been successfully used to identify and
characterise an unknown high energy PA band in solid thin films of the ladder-type conjugated
polymer MeLPPP. Following transient studies, performed as a function of probe wavelength,

temperature and polarisation, this PA has been assigned to that of IEX states.

The IEX PA builds in with a time period of 1ps which is assigned to the time required for an
intrachain singlet exciton to become delocalised over adjacent polymer chains. No IEX
formation was observed to occur with the interaction of the pump pulse, confirming that the
intrachain singlet exciton population is required as a precursor for IEX formation. The
magnitude of the IEX PA is sensitive to the local polymer morphology, which is in good

agreement with the reported properties of IEX formation in other conjugated polymers.

IEX formation in MeLPPP is more efficient at lower temperatures than at higher temperatures,
implying that in this polymer it is easier for an intrachain singlet exciton to become delocalised
over adjacent polymer chains at low temperatures. This result could be a consequence of the
structural change noted to occur in MeLPPP with temperature as was recorded in chapter 4. As
was concluded therein however, such a result can only be confirmed by performing a detailed

structural analysis of the polymer with temperature, using a method such as X-Ray diffraction.

The energy of the IEX PA in these studies is one of the only instances in which PA transition of
a conjugated polymer is high enough in energy as to overlap with the ground-state absorption.
Furthermore the results of these studies strongly corroborate with the findings of chapter 4 of

this thesis, in which a failure of the Born-Oppenheimer approximation in describing the

220



Chapter 6 Interchain exciton formation in MeLPPP

properties of electron-phonon coupling in MeLPPP was attributed to the presence of strong
interchain interactions in films of the polymer. Despite the addition of bulky side groups added
to the polymer backbone to aid solubility, adjacent polymer chains in MeLPPP in the solid state
are able to stack close enough to one another in localised regions to support the formation of

IEX states.
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Chapter 7 Dynamics of delocalised polaron
generation in a regio-regular
polythiophene/PCBM blend

7.1 Introduction

7.1.1 The photophysics of regio-regular and regio-random

polythiophenes

Understanding the photophysics of charge generation in a blend of a conjugated polymer with
an electron acceptor such as [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) is currently the
subject of a widespread research effort. The overall aim of this work is to apply an
understanding of the fundamental process of charge generation at a molecular level to the
development of more efficient organic solar cells. As part of this research effort, many ideas
and models, sometimes conflicting, have been introduced in the literature over a relatively short
period of time. At present there is no truly universally accepted model of charge generation in

an organic solar cell.

Regio-regular polythiophene derivatives, such as regio-regular poly(3-hexylthiophene)
(RR-P3HT) and regio-regular poly(dodecylthiophene-2,5-diyl) (P3DDT) have emerged as
promising candidates for use in an organic solar cell, demonstrating power-conversion
efficiencies approaching 5% in bulk-heterojunction devices based on PCBM.?* 2  The
relatively high efficiency of these devices has been attributed in part to the ability of
regio-regular polythiophenes to self-organise into a two-dimensional lamellar structure, in a
process mediated by the interpenetration of the side-groups of adjacent polymer chains.'® %"

28 |n this ordered structure, a schematic of which is shown in Fig. 7.1, the distance between

adjacent planes of polymer chains is very small and as such regio-regular polythiophenes
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demonstrate high charge mobilities and strong interchain interactions for a conjugated polymer.
X-Ray diffraction studies have determined the interplanar spacing in RR-P3HT and P3DDT to
be 3.8 A, 2% 2% 2% g1though accurate structural modelling of such data suggests that this value

should be doubled to 7.6 A take into account the effect of side-group rotation that occurs when

207

the polymer chains are brought together in close proximity.

Figure 7.1: Lamellar structure of a regio-regular polythiophene. The interpenetration of adjacent
polymer chains (purple blocks), results in the formation of 2D sheets of polymer (blue dotted line)
stacked perpendicular to the substrate direction. In the figure a is the interchain spacing and b the
interplanar spacing, which has been measured to be 7.6A in P3DDT.? Figure adapted for use
from Ref. [199].

One of the primary consequences of the strong interchain interactions in a regio-regular
polythiophene is that the electron and hole of an intrachain singlet exciton can be readily
delocalised over adjacent polymer chains to form an interchain singlet exciton

146, 189, 198-200, 209
state.

The properties of interchain interactions in RR-P3HT have been
thoroughly investigated. In the work of Brown et al., the formation of interchain excitons in
RR-P3HT was delineated by modelling the contribution of vibronic modes in the absorption
and fluorescence spectra of the polymer. As part of this work, interchain exciton absorption

was identified as the lowest energy peak in the absorption spectrum, confirming that in RR-

P3HT the interchain exciton state is lower in energy than the corresponding intrachain state.
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Brown’s work was built upon by the results of quantum-chemical simulations performed by
Spano et al., in which it was demonstrated that the spectroscopic properties of RR-P3HT could
be explained using a model in which emission was made solely from aggregate states of
polymer. The key aspect of this model, which was discussed in chapter 4, is that the
interactions between adjacent polymer chains in the aggregate states are comparable in strength

to the electron-phonon coupling of a single chain.** 4% 21

Another consequence of the strong interchain interactions in a regio-regular polythiophene is
that the photoluminescence quantum yield (PLQY) of such a polymer is much lower than the
corresponding regio-random derivative; the PLQY of RR-P3HT has been measured to be
<0.5%, as compared to 8% in region-random poly(3-hexylthiophene) (RRa-P3HT)."®* ?* The
reason for this has been attributed to the role of interchain interactions in splitting the first
excited state (1B,) of the polymer into two energy levels, with the lower level attaining A

symmetry. Emission from this level is forbidden under the selection rules?

(see section 2.4.1)
and consequently the decay of the singlet exciton state in RR-P3HT is primarily non-radiative;
radiative transitions can however become weakly allowed in the presence of any intermolecular

disorder.

In a regio-regular polythiophene it is possible for the electron and hole of an exciton to move
sufficiently apart from one other as to result in the formation of a geminate polaron-pair (GPP).
GPP formation at the expense of the singlet exciton population is a process mediated by

excitation energy™’

and can be explained using the model of hot exciton dissociation, as
developed by Arkhipov et al."® # In this model the brief increase in local chain temperature
that arises as a result of the thermalisation of excess excitation energy leads to an increased

probability for the electron and hole of an exciton to overcome their respective coulomb

interaction, leading to the formation of a GPP. The strong interchain interactions in a
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regio-regular polythiophene allow this process to happen at lower excess energies than that

required in the corresponding regio-random derivative."" **

There are two primary decay pathways associated with the GPP state. The first is for the
electron and hole of the GPP to recombine.*® This process occurs only between the electron
and hole of a single GPP, as opposed to the electron and hole of different GPPs, and is thus
referred to as geminate recombination. Geminate recombination can be distinguished apart
from bi-molecular recombination on the basis that the rate of the former is independent of

excitation density, while the latter is not.

The second decay pathway of the GPP state is for the electron and hole to move further apart
such that no correlations of any kind remain between the two, leading to the formation of a pair
of free polarons (c.f. the discussion of section 2.3.3 concerning polaron formation from excited
singlet exciton states).’® ' This is particularly significant in the context of an organic solar
cell: in a regio-regular polythiophene, charge generation following photoexcitation can occur
independently of any interaction with the electron acceptor. This was demonstrated in the work
of Piris et. al. in which the internal quantum vyield of free polaron generation in pristine
RR-P3HT was measured to be 15%; this value was recorded to increase to 50% at early times

following the introduction PCBM into the system.**?

7.1.2 Charge generation in an organic solar cell blend

The basic physical principle behind efficient charge generation in an organic photovoltaic
system is the introduction of an electron acceptor, such as PCBM, into the polymer host to
facilitate the dissociation of excitons. This mechanism is widely understood to involve the
formation of a charge-transfer (CT) state at the polymer/acceptor interface, which occurs as a

result of electron transfer from singlet excitons in the excited host to the acceptor material (see
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section 2.7.2),%% 9 104 107, 171, 212, 213 pecent work has developed the role of the CT state in
charge generation further by confirming charge generation through the direct excitation of a
ground-state CT complex, indicating that CT states can be formed independently of the

photoexcitation of singlet excitons.”” 1%

The importance of the CT state in determining the dynamics of free carrier generation and the
total charge yield of a polymer/acceptor blend is still the subject of debate. One commonly
accepted concept is that the dynamics of charge generation are determined by the dissociation
of the CT state® which occurs through a manifold of tightly packed charge-separated
states.® % 1% 214 Recent investigations have revealed that the fate of the CT state is determined
by the polymer chain conformation. In the work of Hallermann et al., a marked decrease in the
intensity of CT emission due to charge recombination across the polymer/acceptor interface
was recorded in RR-P3HT, as compared to the corresponding regio-random derivative
RRa-P3HT where relatively strong CT emission was observed.'®® These findings have been
developed further as part of time-resolved studies of charge generation and recombination in
RR-P3HT and RRa-P3HT by Guo et al..'® " #° A key conclusion of this work was that
whereas in RR-P3HT/PCBM blends the CT dissociation yield is close to 100%, in
RRa-P3HT/PCBM blends, despite an equally efficient electron transfer to PCBM, geminate
recombination of the CT state is responsible for a massive loss (~70%) of potential charges

within 800 ps.

Another key aspect of Guo’s work concerned the role of morphology in determining the
dynamics of polaron formation in RR-P3HT/PCBM blend films. Guo was able to demonstrate
two different mechanisms by which polarons could be formed in such a system: i) the
instantaneous (<100 fs) formation of polarons generated in interfacial regions of polymer and
acceptor, and ii) delayed polaron formation, where singlet exciton migration from bulk domains

of polymer is the rate limiting process for charge formation.
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Figure 7.2: Pathways towards charge generation in RR-P3HT/PCBM blend films, as determined

by Guo et al..!®

In a bulk-heterojunction blend, polymer and acceptor form a bi-continuous
network of overlapping phases. Ordered domains of pure polymer (a) are formed away from
domains of pure acceptor (c¢). The key conclusion of Guo’s work was to infer the existence of an
intermediate disordered region (b) in which the order of the polymer is disturbed by the presence
of the PCBM. Low incident photon energies selectively excite ordered regions of polymer, with
charge generation proceeding through the migration to and subsequent dissociation of excitons in
interfacial regions. High incident photon energies can simultaneously excite both ordered and
disordered regions, leading to the formation of charges on two timescales; one occurring on a
femtosecond timescale, the latter determined by the properties of exciton migration/diffusion.

Figure adapted for use from Ref. [106].

The relative contribution of the two mechanisms outlined above was shown to be a function of
excitation energy. Whereas at low excitation energies singlet excitons are generated solely in
the bulk domains, which are characterised by a high degree of interchain order and a low
energy absorption, excitation at high energies can simultaneously excite both the bulk and

interfacial regions of polymer. In the interfacial regions the natural ordered structure of the
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polymer chains is disturbed by the presence of the PCBM molecules, resulting in a disordered
structure with higher energy absorption. These different regions and the related processes by

which charges are formed are illustrated in Fig. 7.2.

In an effort to try and establish a firm conceptual footing on which to proceed concerning the
photophysics of charge generation in an organic photovoltaic system, a study of the
photoexcitation dynamics in bulk-heterojunction blends of regio-regular P3DDT with the
electron acceptor PCBM was performed using femtosecond pump-probe spectroscopy. Even
during the relatively short course of this study new ideas were introduced in the literature,
primarily the work of Guo et al. referenced above. The work described in this chapter aims to
build upon the ideas of Guo in order to develop an understanding of the various processes
leading up to the generation of charges. In particular, focus is placed on the generation of

charges in ordered domains of polymer, which was not fully addressed by Guo.

In summary, charge generation in ordered regions of polymer in P3DDT/PCBM (1:1 wt%)
blends has been characterised by measuring the dynamics of photoinduced absorption bands
corresponding to delocalised polaron states, as identified in recent studies by Guo et al..® #°
Pathways towards charge generation are identified by correlating the build-in dynamics of the
aforementioned polaron band with the decay of the singlet exciton and GPP PA bands of the
polymer. The results of measurements performed as a function of excitation energy are used to
determine the relative contribution of these states towards charge generation in ordered regions
of the blend. The results of this study demonstrate that, following excitation at high incident
photo energies, the dissociation of GPP states, rather than the migration of singlet exciton from
the bulk to PCBM interfaces, is the primary mechanism by which charges are formed in
ordered regions.  This is significant, as the geminate recombination of the GPP state then

constitutes a fundamental and significant loss mechanism of potential charges. This study also

demonstrates that femtosecond pump-probe spectroscopy can be used to gain a significant
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amount of information concerning the dynamics of charge generation in an organic solar cell
blend and sets a foundation for future research as part of a wider project in this rapidly

developing field.

7.2 EXperiment
7.2.1 Materials

Solid thin films of P3DDT (My = 39770, polydispersity index = 1.48, >98% head-to-tail regio-
regularity, Plextronics), P3DDT doped with PCBM (>99%, Sigma-Aldrich) in a 1:1 weight
ratio and pristine PCBM were deposited by spin casting at 1500 rpm for 45 seconds onto
sapphire substrates from toluene (Romil) solutions of concentration 10 mg.ml™. The chemical

structure of P3DDT is given in Fig. 7.3; the chemical structure of P3HT is also included for

reference.
CH5(CH3)19CH3 CH>(CH»)4CH3
/A / \
S S
n n
A) Poly(dodecylthiophene-2,5-diyl) B) Poly(3-hexylthiophene) (P3HT)
(P3DDT)

Figure 7.3: Chemical structures of A) P3DDT and B) P3HT. Note that in this study, the (head-to-

tail) regio-regular variant of P3DDT was used.

7.2.2 Spectroscopic measurements

Ultrafast spectroscopic measurements were made using a conventional femtosecond

non-colinear pump-probe setup, as described in chapter 6. A single-wavelength output
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(450-710, 390 nm) was used to pump, with both a white-light supercontinuum (WLSC,
450-870 nm) and a single-wavelength near-infrared (NIR) idler output (800-1200 nm) used to
probe. For all experiments the polarisation of both pulses were orientated at 55° (magic angle)
to each other using a variable A/4-waveplate. Detection of the probe beam was performed using
a silicon photodiode in the visible and a liquid-nitrogen cooled indium gallium arsenide

detector in the NIR. All measurements were performed at 295 K.

It should be noted that due to the fixed relationship between the wavelength of the signal beam
and idler outputs of the OPA (see section 3.5), it was not possible to perform a study of the NIR
PA bands in the pristine and blend films using excitation into the main polymer absorption
band at 550nm, as would be preferred; in such cases it was instead necessary to provide

excitation using the 390 nm output. The consequences of this are discussed in a later section.

Steady-state absorption spectra were obtained using a Schimadzu UV-3600 spectrophotometer.
Fluorescence spectra were recorded using a custom-built setup. Samples were mounted in a
closed-cycle He cryostat under a dynamic vacuum of 10 mbar and excited using an
electronically modulated 355 nm diode laser. Photoluminescence was collected in a right-angle
geometry with respect to excitation and measured using a silicon photodiode and a lock-in
amplifier referenced to the modulation frequency of the excitation.  Time-correlated
single-photon counting (TCSPC) measurements used to determine the fluorescence lifetime of

P3DDT were performed as described elsewhere.?
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7.3 Results and discussion

7.3.1 Exciton dissociation and charge generation in P3DDT/PCBM
(1:1 wt %) blend films

Absorption and fluorescence spectra of P3DDT and P3DDT/PCBM films

The steady-state absorption and fluorescence spectra of solid thin films of pristine P3DDT,

pristine PCBM and P3DDT/PCBM (1:1 wt%) blends are shown in Fig 7.4A. The absorption

spectrum of P3DDT is in excellent agreement with previous results,”*®

with three overlapping
peak features recorded at 525, 560 and 605 nm. The lowest energy peak in the absorption
spectrum at 605 nm has been attributed to the absorption of singlet interchain exciton states in

the polymer,?®

although this was redeveloped by Guo to be specifically assigned to the
absorption of ordered regions of polymer (see the discussion of section 7.1.1 and
Fig. 7.2).1%° " Similarly the peak at 560 nm has been attributed to the absorption of intrachain
singlet excitons, or equivalently, as assigned by Guo, to the absorption of disordered regions of

polymer 106, 117, 209

The fact that the absorption of ordered regions occurs with a lower
probability than disordered regions can be attributed to the interchain character of the singlet
excitons in ordered regions. Upon doping the polymer with PCBM a blue-shift of ~10 nm with
respect to the pristine films is observed and is consistent with a decrease in the average

conjugation length of the polymer chains in the presence of the PCBM molecules.™® 2% 216
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Figure 7.4: A) Re-scaled steady-state absorption (solid lines) and fluorescence (355 nm excitation,
dash-dot lines) spectra of thin films of pristine P3DDT (red), P3DDT/PCBM (1:1 wt %) (black)
and PCBM (blue). A weak peak in the fluorescence spectrum of the blend film attributed to CT
emission is highlighted. Note that data has been rejected around 710 nm due to saturation from
the second-harmonic of the excitation source. B) Femtosecond transient transmission spectra of
pristine P3DDT (red circles) and P3DDT/PCBM (1:1 wt %) blend (black squares) at the zero
pump-probe delay time. Each spectrum was recorded in two steps; between 500 and 750 nm a
WLSC probe was used in conjunction with 550 nm excitation (incident pump fluence: 3 pJem™);
between 850 and 1050 nm a single wavelength probe was used in conjunction with 390 nm
excitation (15 pJem™). Note that the incident pump fluence was adjusted between measurements
to maintain the same excitation density in the polymer. Data has been rejected in the region
around 780 nm due to saturation from the fundamental of the laser amplifier.

The fluorescence spectra of the pristine and blend films are also compared in Fig. 7.4A. As
expected a large reduction in fluorescence intensity is observed upon doping the polymer,
which is attributed to the quenching of singlet excitons due to electron transfer between the

polymer and PCBM moieties. A very weak peak can just be detected in the fluorescence
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spectrum of the blend film at ~950 nm. In the work of Hallermann et al. the contribution of CT
emission in the fluorescence spectra of RR-P3HT/PCBM was measured and attributed to a very
weak peak on the low energy shoulder of the fluorescence spectrum at 1033 nm.'® As per the
analysis of that study, the peak in the P3DDT/PCBM (1:1 wt %) spectrum is attributed to low

intensity CT emission.

Pristine P3DDT: transient transmission spectra and dynamics

The transient transmission spectrum of pristine P3DDT at the zero pump-probe delay time is
shown in Fig 7.4B. This data was recorded in two steps: between 500 and 750 nm the WLSC
was used to probe in conjunction with 550 nm excitation; between 850 and 1050 nm the single
wavelength output was used to probe in conjunction with 390 nm excitation. In order to
maintain the same excitation density the incident pump fluence was adjusted according to the

absorption spectrum of the polymer.

The transient transmission spectrum of P3DDT is in excellent agreement with other

99, 106, 189, 192 and as such the various PA bands are

regio-regular polythiophene derivatives
classified in accordance with the established results of previous studies. The region of positive
differential transmission in pristine P3DDT which overlaps with the absorption of the polymer
is assigned as photobleaching (PB), with clearly resolved peaks identified at 525, 560 and
605 nm. As per the discussion of the absorption spectrum above, the peak at 605 nm is
attributed to the PB of ordered regions of polymer, with the peak at 560 nm attributed to the
absorption of disordered regions.’® **” It should be noted that the PB band at wavelengths

shorter than 525 nm is not observed in Fig. 7.4B, as the intensity in the WLSC in that spectral

region was not sufficient to be detected.
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No stimulated emission can be observed in the transient transmission spectrum of the pristine
polymer between 600 and 800 nm. This is attributed to the low PLQY of the polymer as a
result of the interchain character of the singlet excitons.”® In the place of the stimulated
emission, a small photoinduced absorption (PA) band centred at 660 nm is observed. In
previous studies this band has been attributed to the PA of GPP states in the polymer.™*"** To
confirm this, single-wavelength transient transmission dynamics at 660 nm were measured as a
function of incident pump fluence from 7.5 uJem™? up to 45 uJem?; this data is shown in Fig.

7.5. In accordance with previous results,*" **

an intensity-independent ultrafast decay
component of (0.9+0.1) ps is recorded at early times using multi-exponential global fitting and

is characteristic of the geminate recombination of the GPP state.

Ikpmbe: 6|60nm, éPP PA_
—<— 7.5pJcm?
—»— 10pJem”
—e— 15uJcm”
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Figure 7.5: Normalised transient PA dynamics of the GPP band in pristine P3DDT, recorded as a
function of incident pump fluence (Apump= 390 NM, Aprpe= 660 Nm). For all decay dynamics a
constant ultrafast decay component (0.9 ps as measured using global multi-exponential fitting,

green line) was measured and is indicative of geminate-pair recombination.
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The broad PA band extending into the NIR for wavelengths greater than 750 nm has been
attributed in the literature to the PA of singlet exciton states.™” **> ¥ The single-wavelength
transient transmission dynamics of this band at a probe wavelength of 1200 nm are shown in
Fig. 7.6. Before proceeding to analyse the decay dynamics of this band, the weak fluorescence
decay of the singlet excitons in pristine P3DDT was measured using TCSPC. These studies
were performed exclusively by Dr. Konstantinos Bourdakos of the Organic Electroactive
Materials Group, Durham University, with decay components of (30+1) ps (36% by pre-
exponential amplitude), (206+1) ps (55%) and (613%5) ps (9%) obtained following a
multi-exponential analysis. The longest lifetime component of 613 ps is attributed to the
fluorescence lifetime of P3DDT in film and is in excellent agreement with reported values of
the fluorescence lifetime in RR-P3HT (600-660 ps)."*> ?’ The fact that this lifetime is
relatively long compared to other conjugated polymers (see chapter 4, in which the
fluorescence lifetime of ladder-type methyl-substituted poly(para-phenylene) was determined
to be ~200 ps) can be attributed to the fact that the fluorescence transition in P3DDT is partially
forbidden. The majority of the decay is dominated by a 206 ps component, which has been

attributed to the non-radiative decay of the singlet excitons.™*

The decay components obtained using TCSPC were used to provide a foundation for analysis
of the decay of the singlet exciton PA. Initial attempts to analyse the data incorporated 206 and
613 ps lifetime components as fixed parameters in a multi-exponential fitting process; in such
cases however the amplitude of the 613 ps component was measured to be small enough as to
be considered negligible. Subsequent fitting processes instead incorporated the 206 ps
component alone as a fixed parameter; the results of this process are shown in Fig. 7.6, with
decay components of (1.9£0.4) ps (44%) and (22+3) ps (48%) obtained. Previous studies in
which the excitation dynamics of RR-P3HT were monitored as a function of incident pump

fluence (for excitation at 400 nm) have identified a 2 ps time component above a critical
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incident fluence of ~1 pJcm™to be characteristic of singlet-singlet annihilation (SSA)."" 2 A

similar critical fluence of 1 pJem? for the onset of SSA has also been recorded in
polyfluorene.®® Recent studies of SSA in RR-P3HT have also been performed which have
demonstrated a critical excitation density of 1x10'? photons/cm? for the onset of SSA.?*" The
reported values from the literature are smaller than the pump fluence used in the experiments
detailed in this chapter (15 pJem™, 3x10™ photons-cm®). The 2 ps component observed in the
decay of the singlet PA in the pristine films is therefore assigned to the effect of SSA. Note
that no component corresponding to SSA can be identified in the TCSPC data, as the incident
pump fluence used in those experiments was several orders of magnitude smaller than for

pump-probe measurements.

The absence of any identifiable component corresponding to the fluorescence lifetime in the
singlet exciton PA can be attributed to the forbidden nature of the radiative recombination of
these states in P3DDT; in pump-probe experiments the weak contribution from the
fluorescence lifetime in the singlet exciton PA is much smaller in comparison to the

contribution of SSA and subsequently cannot be detected.

The decay component of 22 ps is assigned to the effect of exciton migration, which has been

well documented to occur on such timescales'® 18 2083

and is the same order of magnitude as
the 30 ps component identified in the fluorescence decay using TCSPC. Note that in chapter 6
exciton migration in methyl-substituted ladder-type poly(para-phenylene) was identified as a

~25 ps decay component in the singlet exciton PA of that polymer.
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Figure 7.6: Transient PA dynamics of the singlet exciton PA band in pristine P3DDT (red circles)
and P3DDT/PCBM (1:1 wt %) blend films (black squares), recorded at 1200 nm (Apymp= 390 Nnm,
15 pJem®). Quenching of the singlet excitons is recorded in the blend film at the zero delay time
and is attributed to the occurrence of electron transfer from the polymer to the PCBM. The

results of a multi-exponential fit have been included (green lines).

P3DDT/PCBM: transient transmission spectra and dynamics

The transient transmission spectrum of the blend film is compared against that of the pristine
film in Fig. 7.4B. Upon doping a blue-shift and reduction in intensity of the PB band is
observed and follows the corresponding change of the absorption spectrum. PA bands similar
to that identified in the pristine film corresponding to singlet excitons and GPPs are identified
at 1000 and 660 nm respectively. A reduction in intensity of the singlet PA band at the zero-
delay time is observed. This is attributed to the quenching of singlet excitons at the
polymer/acceptor interfaces within the pulse-limited minimum time resolution of the

experimental system (~500 fs). The quenching is simultaneously accompanied by a non-
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uniform increase in intensity in the PA between 630 and 750 nm, confirming the presence of a

new overlapping PA band due to the addition of the PCBM.

At this point in this study it is important to highlight that the enforced decision to excite at
390 nm for measurements in the NIR (see section 7.2.2) has important consequences for the
photophysical processes that occur in the blend film. It is clear from Fig. 7.4A that excitation
at 390 nm will be made primarily into the PCBM molecules in the blend. Therefore under
these excitation conditions most of the excited-states generated in the blend film will be singlet
exciton states in the PCBM molecules, with a smaller fraction of singlet excitons being
generated in the polymer. Electron transfer following excitation of PCBM molecules in a RR-
P3HT/PCBM blend system has been observed to occur within 250 fs, leading to the formation
of charges in both the polymer and PCBM.® Therefore excitation at 390 nm in the blend film
will generate pathways towards charge generation originating from both the polymer and

PCBM, complicating any analysis of the polaron PA bands under such conditions.

On the basis that excitation at 390 nm would not influence the properties of the polymer singlet
excitons generated in the blend film, the transient transmission dynamics of the singlet exciton
PA at 1200 nm was measured; this data is compared against the corresponding PA dynamics of
the pristine film at the same probe wavelength in Fig. 7.6. As expected, the singlet exciton PA
of the blend film is quenched with respect to the pristine film at the zero-delay time.
Multi-exponential analysis of the data was performed as for the pristine film, with a decay
component of 206 ps included in the fitting routine as a fixed parameter. From this decay
components of (1.9+0.1) ps (54%) and (19£2) ps (32%) are obtained and match within error the
decay components of the singlet PA obtained in the pristine film. As per the discussion of the
pristine film above, these decay components are assigned to the effects of SSA and exciton

migration respectively.
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The observation of similar lifetime components attributed to SSA and exciton migration in both
the pristine and blend films confirms that these processes are largely unaffected by the presence
of the PCBM molecules in the blend films. In results to be presented and discussed below,
SSA is confirmed in both the bulk regions of polymer and the disordered regions close to the
PCBM interfaces, and therefore does indeed occur independently of the PCBM concentration.
The decay component of the singlet PA attributed to exciton migration cannot however be
assigned to excitons generated in the disordered interfacial regions of polymer, as it has been
established in previous work that the polymer-acceptor distance in these regions is short enough
to result in the generation of polarons within 100 fs;'® exciton migration in these disordered
regions is therefore not required as a precursor to charge formation. The 19 ps component

assigned as exciton migration above can therefore only be associated with singlet excitons

generated in the bulk regions of polymer.

In an ideal study of the photophysics of charge generation in the P3DDT/PCBM blend, an
analysis of the localised polaron (LP) PA band identified by Guo at a probe wavelength
1000 nm'® 2 is highly desirable. According to Guo, LP states are generated in disordered
regions of polymer and are subsequently characterised by low charge mobility and a low rate of
bi-molecular recombination. Given that an investigation of this band could only be made
following excitation of the PCBM, a direct investigation of the LP PA band is not considered in
this study. An indirect investigation of the LP dynamics can however be made by measuring
the recovery of the PB band at 560 nm, which corresponds to ground-state recovery in the
disordered interfacial regions of polymer.®® " This data is shown in Fig. 7.7. It should be
noted that such a measurement of the LP dynamics is not ideal, as it is not possible to isolate

the build-in dynamics of this state by measuring the PB recovery.
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Figure 7.7: Transient transmission dynamics of the PB band at 560 nm in a P3DDT/PCBM
(1:1 wt %) blend, corresponding to the ground-state recovery of disordered regions of polymer,
(Mpump= 550 nm, 3 pJem?). The PB recovery is characterised primarily by a (1.7+0.1) ps
component at early times and a (14.9+0.9) ns component at longer times. The former component is
assigned to the effect of SSA in disordered regions of the blend; the latter is assigned to the lifetime
of LP states.

The PB recovery in disordered regions is characterised by decay components on different
timescales. At early times the recovery is governed by a (1.7+0.1) ps decay component, which
is equal to within error the decay component in the singlet exciton PA assigned to the effect of
SSA. SSA is expected to appear as a decay term in the PB recovery as in such a process one
exciton is lost to the ground state (see sections 2.6.6 and 6.3.2 for more details). The
observation of a 1.7 ps component in the PB recovery of disordered regions of polymer is

therefore attributed to the SSA of singlet excitons generated in those regions.
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The PB recovery at long times is characterised by a (14.9+0.9) ns decay component, which is
much longer than the fluorescence lifetime of the singlet exciton population. This component
is however of the correct order of magnitude to be associated with the decay of a polaron state,
which has been measured in the literature to occur over timescales ranging between ~800 ps
and 1 ps.*” ' In light of this fact and on the basis of previous observations, the ~15 ns decay

component is assigned to the decay of the LP states in disordered regions of polymer.

To investigate the dynamics of the new PA band observed in the blend film between 630 and
750 nm, single wavelength transient transmission dynamics were measured at 715 nm where
both the singlet and GPP PA bands were noted to be at a minimum in the pristine film. This
data is shown in Fig. 7.8. Build-in components of (2.4+0.6) ps and (13£1) ps are recorded at
short times, with a (1400+40) ps decay noted at longer times. A rise in signal corresponding to

~60% of the maximum PA is also recorded at the zero-delay time.

The long lifetime decay component is again of the correct order of magnitude to be associated

with the bi-molecular recombination of a polaron state.*” ***

A comparison between the
dynamics of this state at 715 nm and that of the LP state analysed above can be used to confirm
that the former, which has the shorter decay lifetime of the two, is more susceptible to bi-
molecular recombination and therefore is the more mobile polaron state. In light of this
observation and in accordance with previous results’® #*° the PA band at 715 nm is assigned to

delocalised polaron (DP) states generated in ordered regions of the blend in which the charge

mobility is high.

The build-in of the DP PA at the zero-delay time demonstrates the formation of DP states
within the time resolution of the experimental system. Such behaviour is indicative of the
guenching of singlet excitons photogenerated within close proximity to a PCBM moiety and

corroborates with the quenching of the singlet PA band observed in the zero-delay transient
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transmission spectrum of the blend film shown in Fig. 7.4B. It should be noted that electron
transfer between polymer and PCBM acceptor sites has been reported to occur with a lifetime

107

as short as 50 fs— and would therefore with the equipment used in this study appear to occur

instantaneously.
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Figure 7.8: Normalised transient PA dynamics of the GPP states extracted at 660 nm (black
squares) and DP states at 715 nm (red circles) for a P3SDDT/PCBM (1:1 wt %) film (Apymp= 550 nm,
3 uJem?). A matching 9 ps build-in and decay is observed in the dynamics of the DP and GPP PA

bands and is attributed to the formation of polarons as a consequence of GPP dissociation.

The ~2 ps component measured in the build-in of the DP PA is in excellent agreement with the
component assigned to the effect of SSA in the decay of the singlet exciton PA. During SSA,

an exchange of energy between two singlet excitons that collide on a single chromophore leads

to the generation of polaron states via a high energy delocalised singlet intermediate (Sy),** %

%092 35 according to Eq. 7.1 below:
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S 458, > So+ Sy with Sy = (1 —n)(S; + Q) +n(P3DDT* + P3DDT™)  (7.1)

In Eq. 7.1 P3DDT™ and P3DDT ™ are the polymer cations and anions respectively, with 1 the
probability of the dissociation of the Sy state and (1- n) the corresponding probability of the Sy
state undergoing thermalisation and returning to the S; level. On the basis that the dissociation
of the Sy state to polarons occurs on a femtosecond timescale,*® one would therefore expect
with the onset of SSA to observe a build-in of polaron states with the same lifetime component
as that of the relevant decay component of the singlet exciton dynamics (measured to be 2 ps
above). The 2 ps build-in of the DP PA is therefore assigned to the generation of polarons in
ordered regions of the blend as a consequence of SSA. Note that this observation, combined
with the assignment of SSA in the PB recovery of disordered regions of polymer (see Fig. 7.7),
confirms that singlet excitons can interact and annihilate in both ordered and disordered regions

of polymer in the blend.

The 13 ps build-in of the DP PA has no matching analogue in the decay dynamics of the singlet
excitons at 1200 nm; singlet exciton migration cannot therefore be the determining factor in the
non-instantaneous generation of DP states under these excitation conditions. In light of this it
was pertinent to consider any correlation between the decay of the GPP PA band at 660 nm
with the build-in of the DP PA. A direct analysis of the GPP PA could not be performed
however due to significant overlap with the DP PA band. This overlap could be identified by
the presence of a long-lived decay component, similar to that observed at 715 nm, in the
single-wavelength dynamics at 660 nm. Therefore in order to isolate the GPP PA, the
dynamics at 715 nm were subtracted from the PA at 660 nm on the basis that at long times the
total dynamic response was completely determined by the DP population. The validity of this
process was confirmed by measuring the GPP dynamics in the pristine film at the same

wavelength, in which it was found that only a negligible fraction of IEX states remained after
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1.5 ns. The transient transmission dynamics of the GPP PA extracted as a result of this process

are shown in Fig. 7.8 and compared against the build-in of the DP PA.

The decay of the GPP PA band has lifetime components of (1.2+0.4) ps (54%) and (10£3) ps
(31%), in addition to a small long-lived component. The ~1 ps component is in excellent
agreement with that recorded at the same probe wavelength in the pristine film and is assigned
as the geminate recombination of the GPP states. The contribution of geminate recombination
to the total decay dynamics in the blend film (54%) is noted to be only slightly smaller than that
obtained in the pristine film (67%), confirming that geminate recombination of the GPP states
in the blend is largely unaffected by the presence of the PCBM molecules. This confirms that,
as expected, GPP formation occurs primarily in the ordered bulk domains of polymer and away

from the disordered interfacial regions of polymer and PCBM.

The 10 ps decay of the GPP PA correlates with the 10ps build-in of the DP PA and is indicative
of a direct relationship between these states. The 10 ps decay of the GPP PA is therefore
attributed to the time required for a GPP state to dissociate and form free polarons in ordered

domains of polymer.
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Contribution of triplet excitons in P3DDT

Before proceeding further the potential role of triplet excitons in influencing the dynamics in
both the pristine and blend films is considered and subsequently eliminated. First of all, it has
been well documented that triplet formation in regio-regular polythiophenes is hindered by the
strong interchain interactions that are characteristic of these polymers.'*” **¥ This was checked
by measuring the PB recovery of the pristine film at 566 nm (data not included here). The

93.218 and thus,

triplet exciton lifetime of a conjugated polymer is typically of the order of 1 ms
for the experimental setup used here, can only be observed as a moderate background in the

dynamics of the PB recovery; no such component was observed.

Secondly it is possible to rule out the potential role of intersystem crossing within the CT
manifold® 7 (see section 2.7.2) as a precursor to triplet formation by measuring the CT
emission from the blend. As discussed above in context of Fig. 7.4A, a very weak emission
peak attributed to CT emission was detected on the low energy shoulder of the fluorescence of
the blend film at ~950 nm. This is lower in energy than the reported triplet energy level for
P3HT (750 nm),**" which is expected to be comparable to the corresponding value in P3DDT
given the similarity between the chemical structure of P3HT and P3DDT. As a consequence
CT intersystem crossing to the triplet manifold in P3DDT is energetically prohibited. It should
be noted that the experimental facilities required to measure the triplet energy of P3DDT

directly were not available during the course of this study.

7.3.2 Excitation energy dependence of delocalised polaron generation

In section 7.3.1 above it was demonstrated that, for excitation at 550 nm, the dynamics of DP
generation in ordered regions of polymer in a P3DDT/PCBM (1:1 wt%) blend film on a

picosecond timescale are principally determined by the dissociation of GPP states. The
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absence of any lifetime component characteristic of the migration of singlet excitons in the
build-in of the DP PA is initially surprising. It has already been shown that singlet excitons
exist in the ordered regions of the blend and are able to contribute to the generation of DP states
through SSA. It then becomes pertinent to ask why these singlet excitons are not apparently
able to migrate to and dissociate at the interfaces between polymer and acceptor to form DP

states.

To investigate this point further, the DP PA at 715 nm was measured at different excitation
(pump) wavelengths; this data is shown in Fig. 7.9. These experiments were performed on the
basis that, as expressed in section 7.1.1, the formation of GPP states is governed by the degree

of excess excitation energy used in the photoexcitation of the singlet population.? **’

By
performing measurements at low excitation energies, at which the singlet excitons are
generated with no excess energy, one would expect to prevent GPP formation in the polymer
and thus freeze out any contribution from the dissociation of GPP states towards the generation
of DP states. This in turn would make it possible to resolve any additional contribution to the

DP PA build-in, potentially such as that from the migration and subsequent dissociation into

polarons of singlet excitons in interfacial regions.

Following a multi-exponential analysis of the data shown in Fig. 7.9, two build-in components
are obtained at each excitation wavelength in addition to one decay component. At all
excitation wavelengths a build-in component of ~2 ps was obtained and attributed to the
generation of DP states as a consequence of SSA, as discussed in section 7.3.1. The second
build-in component was noted to vary in both amplitude and time as a function of excitation
wavelength; this behaviour is summarised in Table 7.1. In addition, it can be seen directly from
Fig. 7.9 that the magnitude of the DP PA at the zero-delay time decreases to zero upon

increasing the excitation wavelength from 550 to 600 nm.
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Figure 7.9: Comparison of DP PA build-in dynamics measured at a probe wavelength of 715 nm,
for different excitation wavelengths (as marked). An incident pump fluence of 3 pJem™ was used
for excitation at 550 nm; for other excitation wavelengths the incident fluence was adjusted to
maintain the same absorbed excitation density. In addition to a reduction in the number of DP
states generated at the zero-delay time, an increase in the build-in lifetime of DP states is also

observed with decreasing excitation energy.

The variation in magnitude of the DP PA at the zero-delay time with excitation wavelength can
be attributed to the nature of the polymer morphology into which excitation is made. For
excitation at 550 nm, excitons are generated in both the disordered regions of polymer close to
the polymer/acceptor interfaces and the ordered bulk regions of polymer, with those excitons
generated in ordered regions created with excess energy. The excitons generated in the
disordered interfacial regions undergo electron transfer to PCBM molecules within 100 fs,
resulting in the formation of LP states on the same timescale. A fraction of these states must
move into the bulk to form DP states on a femtosecond timescale, in order to result in the build-

in of DP states measured in this study to occur within the time resolution of the experimental
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system (~500 fs). If all LP states returned to the bulk with 100% efficiency, then it would not
be possible to observe the build-in of LP states on a femtosecond timescale, which contradicts
with the observation of LP formation within 250 fs in a RR-P3HT/PCBM blend in a previous
study.’® From this it is possible to infer that there must be a non-unity probability for a LP
state to move into the bulk and form a DP state, leading to a branching ratio between the

formation of DP and LP states following exciton dissociation in interfacial regions.

Excitation DP Pre-exponential DP time constant
wavelength / nm  amplitude 2/ x10* 2 (build in) / ps

550 1.7+0.2 13+1
575 1.7+0.2 15+1
600 1.03+0.08 23+2
630 0.84+0.08 19+2

Table 7.1: DP PA build-in (probe wavelength: 715 nm) lifetimes and pre-exponential components

for different excitation wavelengths, obtained using multi-exponential fitting.

Increasing the excitation wavelength to 600 nm and longer moves the excitation line entirely
into the ordered bulk regions of polymer, with no excitons generated in the disordered
interfacial regions. Under such conditions excitons are not generated sufficiently close to a
PCBM molecule as to immediately undergo electron transfer to the PCBM molecules, and

therefore cannot dissociate to form polarons on a femtosecond timescale.

The time constant of the non-instantaneous DP build-in is now considered. As can be seen in
Table 7.1, this value increases from 13 ps at 550 nm to ~20 ps at 600 nm. This latter value

obtained at low excitation energies is in excellent agreement with the decay constant of ~20 ps
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assigned as the effect of exciton migration in the singlet PA dynamics at 1200 nm in the blend.
Therefore, rather than interpreting the variation in the build-in lifetime measured as an increase
in lifetime of a single component, this behaviour is instead attributed to a turnover in the
relative contributions of GPP dissociation and exciton dissociation, following singlet migration
to interfacial regions, towards the generation of DP states in ordered regions of the blend. This

point is considered in more detail below.

As discussed above, excitation at 550 nm results in the generation of excitons in ordered
regions of the blend with excess energy. This excess energy can be used by an exciton to
generate a GPP state with a high probability. Therefore at high energies, a fraction of the
singlet excitons which are photogenerated are rapidly converted into GPP states, which then
dissociate in the bulk regions of polymer to form DP states. As a consequence at high
excitation energies, the build-in of the DP PA is dominated by the dissociation of the GPP

states, which is characterised by a 10 ps lifetime component.

Upon reducing the excitation energy from 550 to 600 nm, excitons in the bulk are generated
with less excess energy and subsequently GPP formation in the bulk at the expense of the
singlet exciton population is prohibited; as a consequence no 10 ps component is observed in
the build-in of the DP PA. Under these circumstances DP formation instead occurs as a result
of the dissociation of excitons that must first migrate from the bulk to the interfacial regions of
polymer and acceptor. The rate limiting step in this process is the migration of excitons, which
is characterised by a 20 ps lifetime component. This behaviour is in excellent agreement with
measurements of the transient transmission spectra of pristine RR-P3HT recorded elsewhere, in
which the GPP PA band at 660 nm was found to decrease to negligible levels upon increasing

the excitation wavelength from 400 to 600 nm.*"’
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The observation of an intermediate lifetime of 15 ps at 575 nm demonstrates that while at this
wavelength the majority of DP states are generated from the dissociation of GPP states, a
measurable contribution also arises simultaneously from the migration of singlet excitons,
resulting in a build-in lifetime between the two limits of ~10 and ~20 ps. It is expected that the
relative contributions of GPP dissociation and exciton migration towards DP formation could
be determined by fitting an additional decay component to the DP dynamics in an effort to
resolve the effect of each process individually. For the data presented in Fig. 7.9 however the
signal-to-noise ratio was not sufficiently high enough to allow for such an analysis; only an

average lifetime component was measured.

In addition to a change in the build-in lifetime, the decay lifetime of the DP PA is noted to
increase at longer excitation wavelengths. This increase in lifetime is concurrent with a
decrease in the maximum value of the DP PA, or equivalently the maximum number of DP
states that are formed. This observation confirms that the relatively short polaron lifetime
associated with the DP state can be attributed to bi-molecular recombination; reducing the
degree of bi-molecular recombination by decreasing the number of DP states in the polymer

results in an increase to the DP lifetime.

The behaviour of the pre-exponential amplitude component associated with the build-in of the
DP PA is now considered. From Table 7.1 a general decrease in amplitude is observed to occur
with increasing excitation wavelength. Between 500 and 600 nm this decrease is concurrent
with the aforementioned decrease of the GPP contribution with excitation wavelength. It is
therefore not unreasonable to suggest that the decrease in the pre-exponential amplitude over
this range of wavelengths is merely reflective of removing the contribution of GPP dissociation
towards the generation of DP states in ordered regions of the blend. Developing this idea
further, it is clear that the dissociation of GPP states make a significant contribution towards the

total number of DP states formed in ordered bulk regions of the blend; the yield of DP states
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formed when exciton migration and dissociation is the primary mechanism of DP formation (at

600 nm) is almost 50% of that when GPP dissociation is the primary mechanism (at 550 nm).

One possible explanation for the difference in the DP yields described above is that a number
of the singlet excitons which migrate to the interfacial regions and dissociate to form charges
do not return to the bulk within 200 ps, which was the maximum delay time measured in
Fig. 7.9. The dissociation of singlet excitons as a consequence of electron transfer to the
PCBM moieties occurs in the disordered regions of polymer that exist at the PCBM interfaces.
As discussed above in context of polaron formation at the zero-delay time, this will result in a
branching ratio following dissociation between the formation of LP and DP states. This would
explain the observation above that the DP yield from exciton migration appears low in
comparison to that from GPP dissociation; some of the polarons that are formed following
exciton migration to interfacial regions are LP states which do not return to the bulk to be
measured as DP states. This is opposed to the case of GPP dissociation, which occurs entirely

within the bulk and therefore results solely in the formation of DP states.

The existence of a branching ratio between LP and DP states following the migration and
subsequent dissociation of excitons in interfacial regions is in agreement with the observation
of exciton migration as a precursor to the formation of LP states, as evidenced by a correlation
between the build-in and decay dynamics of the LP and singlet exciton PA bands recorded in

previous work.*®

Another factor which is expected to contribute to the low yield of DP states obtained when
singlet exciton dissociation is the primary mechanism of DP formation, and compared to that
when GPP dissociation is the primary mechanism, is the number of polarons created in each
dissociation event. The dissociation of a GPP occurs entirely within the bulk polymer and

results in the formation of both a polymer anion and cation:
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di . .
GPP issociation P3DDT+ + PBDDT_ (72)

This is however not the case for the dissociation of a singlet exciton at a PCBM interface,
which occurs as a consequence of electron transfer from the polymer to the acceptor, resulting
in the formation of a PCBM anion and a polymer cation:

s, dissociation P3DDT* + PCBM- (7.3)

Therefore, in a single dissociation event, GPP dissociation is expected to produce twice as
many polymer polarons as compared to exciton dissociation at a PCBM interface. This is
significant, as the DP PA at 715 nm selectively probes the population of polarons in ordered
regions of polymer; the PA of the PCBM anion has been reported to overlap with the LP PA at

~1000 nm in RR-P3HT/PCBM blends.'*

The low yield of DP states formed as a consequence of exciton migration, as compared to GPP
dissociation, can be used to answer the question posed at the beginning of this section,
concerning why no component associated with migration was observed in the DP build-in
dynamics at 550 nm excitation. At 550 nm excitation a population of singlet excitons must still
remain following GPP formation, as confirmed by the fact that both SSA is observed to occur
at that wavelength and that exciton migration in the bulk was identified as a decay component
in the singlet exciton PA (see Fig. 7.6) for excitation at 390 nm. As the yield of DP states
formed as a consequence of GPP dissociation is much greater than that formed following the
migration and subsequent dissociation of singlet excitons at PCBM interfaces, the DP build-in
at 550 nm is dominated by the dissociation dynamics of the GPP population and masks any

contribution from the migration and subsequent dissociation of singlet excitons.
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It is clear that in order to resolve the contribution of singlet exciton migration towards the
formation of polarons, a study of the LP build-in dynamics would prove highly beneficial, as
GPP formation is expected to be heavily hindered if not restricted completely in disordered
regions,'® leaving exciton migration as the only active mechanism by which LP states are
formed on a picosecond timescale. As noted above however, the build-in dynamics of the LP
PA was not considered in this study, as this band could only be measured using 390 nm
excitation. Under such conditions it would not be possible to resolve any contribution towards
LP formation from the migration of singlet excitons in both the polymer and PCBM to the
interfacial regions. In order to address this issue, improvements have been recently proposed to
the femtosecond pump-probe system used in these experiments. This work will primarily focus
on improving the spectral range of the WLSC output from the OPA, such that the WLSC can
be used as a probe in the NIR. This will remove the need to use the idler output of the OPA as

a probe source and thus in turn the restriction on the choice of excitation wavelength.

To further investigate the role of exciton migration as a precursor to polaron generation, a study
in which the singlet, LP and DP PA dynamics are measured as a function of the doping ratio is
proposed. The doping ratio of a blend film is expected to have a significant influence on the
time required for an exciton generated in the bulk to migrate to and reach an interface with a
PCBM molecule; at large doping ratios the average distance between polymer and acceptor
domains will be smaller than at low doping ratios and thus under such conditions an exciton
will reach a PCBM interface in a shorter period of time. In addition to varying the doping ratio,
a study of the properties of exciton migration at different excess exciton energies is also
proposed. As demonstrated above, excitons in the bulk ordered regions of polymer are
generated with excess energy. Although it has been established that the excess energy is used
as part of GPP formation, it would be of interest to establish whether the excess energy could

also be used in part to change the properties of exciton migration. As the work detailed in this
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chapter was a preliminary study of the properties of charge generation in a regio-regular
polythiophene/PCBM blend, building up as complete a picture as possible of the pathways
contributing towards charge generation in such a system was preferred at the expense of a
detailed study of more specific aspects, such as the properties of exciton migration. A study of
the properties of exciton migration is thus proposed for further investigation following the

submission date of this thesis.

7.3.3 Model for delocalised polaron generation

The results and discussion of the previous section are used here to present a simple model
which summarises the various pathways leading up to DP formation in a P3DDT/PCBM blend;
a schematic of this model is given in Fig. 7.10. Understanding the properties of the DP state is
of particular interest when considering the operation of a solar cell device based on a
regio-regular polythiophene. As determined in previous work and confirmed in this study, it is
the DP state which is the more mobile of the two polaron populations generated in a
regio-regular polythiophene/PCBM blend.'® 2> DP states are therefore expected to reach the
electrodes of a solar cell device with a higher probability than LP states, and thus in turn are

expected to form a significant contribution to the total photocurrent of such a device.?*
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Figure 7.10: Schematic summarising the key mechanisms of DP generation in P3DDT/PCBM bulk-
heterojunction blend, proposed as a results of the work herein, for excitation at A) high (>2.07 eV)
and B) low energies (<2.07 eV). A): For excitation at high energies charge generation proceeds in
both ordered and disordered domains of polymer. In both regions polaron pair generation is
possible through SSA (not indicated in figure). In disordered regions, charges are generated as a
consequence of exciton dissociation at the interface between polymer and acceptor; either an
exciton is generated directly at the interface, leading to immediate electron transfer, or must first
migrate there (blue dotted lines). A fraction (y) of the polarons generated as a consequence of
exciton dissociation in disordered regions move back into ordered regions to form DP states; the
remaining fraction (1-y) of those that do not remain as LP states. In ordered regions, a fraction of
the singlet population form GPP states in a process mediated by excitation energy. These GPP
states can either recombine geminately or dissociate, with the latter process generating DP pairs.
B): For excitation at low energies excitons are generated solely within the bulk, with DP formation
possible due to SSA. GPP formation does not occur at low excitation energies and therefore
additional DP formation can only occur as a result of the migration and subsequent dissociation of

excitons at the polymer/acceptor interfaces.
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The foundation for this model is that charge generation occurs in both the ordered regions of
polymer in the bulk, characterised by the PA of DP states, and the disordered regions of
polymer that form in close proximity to the PCBM interfaces, characterised by the PA of LP
states; this was determined in the work of Guo et al. and confirmed in the excitation energy
dependent measurements presented in Fig. 7.9.1% " #° \Whereas excitation at high energies
(>2.07 eV, Fig. 7.10A) can excite both ordered and disordered regions of polymer, excitation at
low energies (<2.07, Fig. 7.10B) selectively excites ordered regions of polymer. Charge
generation in each case proceeds according to different mechanisms characterised by different

timescales; these are summarised below.

High energy excitation

At high energy excitation (>2.07 eV) singlet excitons are instantaneously generated in ordered
bulk regions of polymer and in disordered regions. In disordered regions these excitons are
sufficiently close to a PCBM molecules as to undergo electron transfer within
50 fs. A fraction of the LP states that are formed as a result of this process are able to rapidly
transfer to the ordered regions of polymer on a femtosecond timescale, resulting in the build-in
of the DP states within the time resolution of the experimental system used here (~500 fs). The
results of this chapter also confirm that those singlet excitons that are not immediately
guenched in disordered regions can undergo SSA on a 2 ps timescale, which will also

contribute to the formation of LP states.

In ordered regions of the blend at high excitation energies, strong interchain interactions
coupled with excess excitation energy result in the formation GPP states at the expense of some
of the singlet exciton population. This process occurs rapidly, as evidenced by a rise in the
GPP PA within the time resolution of the experimental system used (see Fig. 7.7). These GPP

states can dissociate to form DP states, resulting in a build-in of the DP PA characterised by a
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~10 ps component. The singlet excitons that do not form GPP states undergo SSA, resulting in
an additional build-in of DP states characterised by a 2 ps component. It is presumed that any
singlet excitons that remain are able to migrate to the interfaces between polymer and acceptor
to result in the formation of LP states. Only a fraction of these LP states that are formed return
to the bulk to form DP states, making DP generation as a result of singlet exciton migration and
dissociation less efficient than GPP dissociation, with the latter subsequently dominating the

DP build-in dynamics.

Low energy excitation

At low excitation energies (<2.07 eV) singlet excitons are not generated in the disordered
regions of polymer at the PCBM interfaces and consequently no build-in of DP states is
observed to occur on a femtosecond timescale following excitation. Singlet excitons are
instead generated in the ordered bulk regions of polymer, but are no longer generated with any
excess energy. This greatly reduces the probability for a singlet exciton to delocalise into a
GPP state. As at high energy excitation, SSA occurs in the bulk, resulting in the build-in of DP
states on a 2 ps timescale. The remaining singlet excitons migrate to the interfacial regions of
polymer and acceptor, resulting in the formation of LP states. As discussed above in the
context of high energy excitation, a fraction of the LP states formed as a result of this process
are able to move rapidly back into the ordered regions of polymer, resulting in the formation of
DP states. The rate limiting step as part of this process is the migration of singlet excitons to
the interfaces and is characterised by a ~20 ps decay component in the singlet exciton PA and a

matching ~20 ps build-in component in the DP PA.
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The role of the GPP state towards delocalised polaron formation

There are two key consequences of the contribution of GPP states towards the formation of DP
states in ordered regions of polymer in a regio-regular polythiophene/PCBM blend. The first is
that excitation at low energies prevents GPP formation and therefore removes a channel by
which DP states can be formed. Given the relative inefficiency of the migration to and
subsequent dissociation of singlet excitons in interfacial regions as a replacement mechanism
by which DP states can be generated, the total yield of DP states formed at low excitation
energies is smaller than at high excitation energies. Taking into account the fact that excitation
at low energies also removes an additional channel by which DP states can be generated,
namely those formed as a consequence of the instantaneous quenching of excitons
photogenerated in interfacial regions, the results of this study demonstrate a 73% reduction in
the total number of DP states (as quantified by a 73% reduction in the maximum of the DP PA)

at 630 nm excitation as compared to 550 hm excitation.

The second key consequence concerns the fundamental properties of the GPP state itself. As
demonstrated in Fig. 7.7, geminate recombination of the GPP state acts to quench
approximately 50% of the initial GPP population within 1 ps. Given that it has been
demonstrated in section 7.3.2 that, at high excitation energies, GPP dissociation contributes
towards ~40% of the total number of DP states formed, geminate recombination acts as a

significant loss mechanism of potential DP states.

7.4 Conclusions

In summary, femtosecond pump-probe spectroscopy has been used to provide insight into the
photophysics of DP generation in blends of the regio-regular polythiophene P3DDT doped with

the electron acceptor PCBM. The DP state has been established to play an important role in
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determining the photovoltaic response of an organic solar cell device based on a regio-regular
polythiophene/PCBM blend and as such understanding the properties of the DP state is a matter

of great interest.

By measuring and correlating the dynamics of the DP PA band at 715 nm in the blend with the
PA decay of other key states, a simple model for DP generation in blend films has been
developed. DP formation in ordered regions of a P3DDT/PCBM blend is strongly dependent
on the choice of excitation energy and occurs through various mechanisms that occur on
different timescales. At high excitation energies, excitons are generated in both ordered bulk
regions of polymer and disordered regions of polymer that form in close proximity to the
PCBM interfaces. The excess energy of the excitons generated in ordered regions of the blend
results in the formation of GPP states at the expense of the singlet population. DP formation is
then characterised by three primary contributions; the ultrafast quenching of singlet excitons
generated directly at PCBM interfaces within 500 fs, SSA occurring within 2 ps and the
dissociation of GPP states within 10 ps. Decreasing the excitation energy selectively excites
the bulk ordered regions of polymer, with no excess energy available in the bulk to generate
GPP states. DP formation then proceeds through SSA occurring within 2 ps and the migration
to and subsequent dissociation of excitons in the interfacial regions between polymer and

acceptor within 20 ps.

The yield of DP states formed at high energy excitation, when GPP dissociation is the dominant
mechanism by which DP states are formed on a picosecond timescale, is greater than the
corresponding yield of DP states formed at low excitation energies when singlet exciton
migration and dissociation is the dominant mechanism. This is attributed to the regions of the
blend in which both processes occur. GPP dissociation occurs entirely within the bulk of the
polymer and results in the formation of only DP states; in the latter process the electron-transfer

interaction which results in the formation of polarons occurs in the disordered regions of
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polymer. The polarons generated in disordered regions have only a finite probability to return
to the bulk, resulting in a branching ratio between the formation of DP and LP states following

exciton dissociation.

The results of this study demonstrate that activating the contribution of GPP dissociation
towards DP generation at high excitation energies increases the total number of DP states that
can be formed in a regio-regular polythiophene/PCBM blend. Furthermore at such excitation
energies GPP dissociation is responsible for a significant portion of the total number of DP
states that are generated, contributing to ~40% of the DP states formed at 550 nm excitation. In
this context the geminate recombination of the GPP state within 1 ps is crucial, as it accounts
for a loss of ~50% of the initial GPP population before GPP dissociation can occur. This
constitutes an inherent loss mechanism of potential DP states in a regio-regular

polythiophene/PCBM blend.

The study presented in this chapter was a preliminary investigation into the properties of charge
generation in a typical organic photovoltaic system. As of January 2011 this work will extend
into a much larger research project with the same aim and it is hoped that many of the key
issues that have arisen in this preliminary study, both experimental and conceptual in nature,
can be addressed and built upon as part of that project. The present work does however
demonstrate the power of femtosecond pump-probe spectroscopy in building up a
comprehensive description of the fundamental photophysical processes in an organic
photovoltaic system. As such the application of this method should be considered key in any

future experimental work.
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The research contained within this thesis, in which time-resolved laser spectroscopy has been
applied to the study of a variety of conjugated polymers, has advanced the understanding of the

photophysical properties of the excited states in these systems.

The properties of exciton-phonon coupling in the ladder-type conjugated polymer
methyl-substituted poly(para-phenylene) (MeLPPP) were investigated using steady-state and
picosecond fluorescence spectroscopy. In MeLPPP the amplitudes of the key vibrational
modes of the polymer vary as a function of temperature. This phenomenon is largely governed
by the thermal population of low energy stretching modes of the polymer backbone, which
occurs in the excited-state long after the thermalisation of excess energy. In addition to this
effect the temperature dependence of the mode amplitudes also demonstrates that MeLPPP
undergoes some form of structural change at temperatures equal to and below 150K which has
not been considered in the literature to date. This change manifests as a redistribution of
intensity between different modes and has a significant effect on the temperature dependence of

the fluorescence spectrum of the polymer.

It is proposed that the aforementioned structural changes in MeLPPP with temperature are
related to the thermal population of the low energy stretch modes of the chain. This is made on
the basis that a structural change is observed following a significant decrease in the population
of the low energy modes. The thermal population of these modes can be thought to stabilise
the chain structure at high temperatures; upon removing these modes at low temperatures the
polymer chain is forced to adopt a new structure. In order to fully confirm these findings,

temperature dependent structural studies based on X-Ray diffraction have been proposed.
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Polarised measurements performed on stretched films of MeLPPP demonstrate a fundamental
relationship between the electron-phonon coupling and the fluorescence polarisation. This
observation is highly significant as it is not consistent with the theoretical framework outlined
by the commonly accepted Born-Oppenheimer principle. In this context the theoretical
approach of Spano et al. was considered and it is proposed that the relationship between the
electron-phonon coupling and the fluorescence polarisation can be attributed to strong

interchain interactions in MeLPPP in the solid-state.

Having built up a thorough understanding of the nature of electron-phonon coupling in the
fluorescence spectrum of MeLPPP, it was confirmed using picosecond fluorescence
spectroscopy that the fluorescence lifetime of the polymer was independent of both the type
and order of the vibrational mode through which decay occurred, in good agreement with
well-established theories. An apparent deviation from such behaviour in MeLPPP can arise as
the result of the contribution from a previously unidentified defect state that overlaps
significantly with the fluorescence spectrum of the polymer. The existence of a defect state in
MeLPPP demonstrates that the conclusions of some previous studies, in which an increase in
the fluorescence lifetime of the polymer from 200 to 500 ps was observed and attributed to the

effectiveness of intra-DOS relaxation processes, are incorrect.

The excited-state dynamics in MeLPPP was also investigated using femtosecond pump-probe
spectroscopy. Results obtained in film demonstrate that MeLPPP can support an interchain
exciton (IEX) state, in which the electron and hole of an exciton become delocalised over two
adjacent polymer chains. IEX formation in MeLPPP does not occur instantaneously, but
instead requires a population of intrachain singlet excitons to be generated first. A small
number of these excitons can then become delocalised over adjacent chains on an ultrafast

timescale, assuming that in the vicinity of those excitons the polymer chains are packed

262



Chapter 8 Conclusions

sufficiently close to one another to support the required degree of interchain interaction for the

formation of an IEX state.

The observation of some degree of IEX formation in MeLPPP corroborates with the results of
polarised fluorescence spectroscopy performed on the same polymer, in which a failure of the
Born-Oppenheimer approximation in describing the properties of electron-phonon coupling
was also attributed to the presence of strong interchain interactions in film. This finding also
demonstrates that, in spite of the presence of bulky side-groups along the backbone of
MeLPPP, it is still possible for adjacent chains of MeLPPP in the solid-state to pack close

enough to one another as to facilitate IEX formation.

The photoinduced absorption (PA) transition of the IEX state is high in energy and overlaps
with the photobleaching band of the polymer. This is one of the few instances in a conjugated
polymer where a PA transition is high enough in energy to do so. This observation also
confirms that, in order to ensure a complete and comprehensive study of the excited-state
dynamics in a conjugated polymer, a dynamical investigation of the properties of the
photobleaching band is required, in addition to the remainder of the transient absorption

spectrum as is more typically performed.

Results obtained at different temperatures confirm that IEX formation in MeLPPP is more
efficient at lower temperatures than at higher temperatures. Assuming that the other relevant
excitation conditions are fixed, this observation implies that it is easier for an intrachain singlet
exciton to become delocalised over adjacent polymer chains at low temperatures. This can be
potentially attributed to the aforementioned structural properties of MeLPPP with temperature,
as was investigated using steady-state fluorescence spectroscopy. This result can only be
properly confirmed using a suitable structural probe, such as X-Ray diffraction, to perform a

detailed structural analysis of MeLLPPP as a function of temperature.
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The excited-state dynamics in the conjugated copolymer Super Yellow were investigated using
picosecond time-resolved fluorescence spectroscopy. In solutions of Super Yellow, singlet
excitons undergo intramolecular energy transfer between different monomeric subunits that
make up the copolymer, with the energy transfer occurring from high energy subunits to low
energy subunits. This effect of funnelling the singlet exciton population on to low energy
subunits is proposed to be behind the relatively high photoluminescence guantum yield of the
polymer; the singlet exciton population becomes essentially trapped on these low energy

subunits and thus has a smaller probability of reaching a non-emissive quenching site.

The properties of electron-phonon coupling in Super Yellow were also investigated. In a
similar manner to MeLLPPP, the thermal population of low energy vibrations corresponding to
the torsional modes of the copolymer backbone have a significant influence on both the
intensity of the vibrational modes and the conjugation length of Super Yellow. The action of
these torsional modes is however hindered by conformational defects, whose presence reduces

the average conjugation length of the system.

Finally, the dynamics of delocalised polaron (DP) generation in blends of the regio-regular
substituted  polythiophene  poly(3-dodecylthiophene-2,5-diyl) (P3DDT) doped with
[6,6]-phenyl-Cq;-butyric acid methyl ester (PCBM) was investigated using femtosecond pump-
probe spectroscopy. DP formation in ordered regions of a P3DDT/PCBM blend is strongly
dependent on the choice of excitation energy and occurs through various mechanisms that

occur on different timescales.

At high excitation energies, excitons are generated in both ordered and disordered regions of
the blend, with a number of excitons in ordered regions forming geminate polaron pair (GPP)
states, as a consequence of strong interchain interactions.  Under such circumstances, the

dissociation of the GPP state provides a significant contribution to the total number of DP states
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generated and occurs within 10 ps. Decreasing the excitation energy eliminates this channel,
with the migration and subsequent dissociation of singlet excitons to the PCBM interfaces that

occurs within 20 ps becoming the rate-limiting step towards DP generation.

The dynamics and yield of DP formation is dependent on the excitation energy and the various
pathways of charge generation open at that energy. By eliminating both the contributions of
DP formation from GPP dissociation and the instantaneous quenching of excitons generated
close to the PCBM interfaces by exciting at low excitation energies, a substantial decrease

(~70%) in the total number of DP states is recorded.

The dissociation of GPP states formed in ordered regions of polymer in a regio-regular
polythiophene/PCBM provides a significant contribution towards the total number of DP states
formed at high excitation energies. Crucially however, geminate recombination of the GPP
state within 1 ps accounts for a loss of ~50% of the initial GPP population before GPP
dissociation can occur. This constitutes an inherent loss mechanism of potential DP states in a
regio-regular polythiophene/PCBM blend and must be taken into account when considering the

efficiency of an organic solar cell device based on such a system.

In summary, this thesis demonstrates that time-resolved laser spectroscopy on picosecond and
femtosecond timescales is a powerful tool which can be used to gain a significant amount of
information concerning the properties and dynamics of the excited states in conjugated
polymers. Such materials exhibit rich dynamics on ultrafast timescales and as such the
application of such experimental methods will continue to be vital in developing a complete
understanding of not only the fundamental photophysical properties of conjugated polymers,
but also in turn some of the various factors which determine the efficiency of optoelectronic

devices based on these materials.
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