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Abstract

This report details the construction and testing of a confocal microscope for use in single molecule
fluorescence spectroscopy. With the prospect of making time-resolved lifetime and spectral
measurements of n-conjugated polymers in the condensed phase, the system employs a pulsed
390nm, 65ps diode laser along with compact electronics for time-correlated single photon
counting. Following optimisation the microscope records continuous photon arrival times with

100ps resolution, and fluorescence lifetime decays with 40ps resolution.

Isolation of polymer chains has been investigated as a function of dilution by the dispersion of
poly[9,9di(ethylhexyl)fluorene] (PF2/6) in a variety of host matrices. Films have been prepared by
spin coating from toluene and the emission spectra, confocal lifetime and anisotropy have been
investigated. Whilst the choice of host does not show any considerable influence on the spectral
characteristics of the luminescent polymer, concentration and spin speed were observed to
significantly influence the photophysical properties of the film. Spectral blue shifts in the emission
band have been observed as the dilution of the luminescent polymer increases, reaching a
maximum shift of 20nm in the most dilute samples. In line with the spectral shift, lifetime
measurements show that the fluorescence decay becomes increasingly mono-exponential with
dilution. In films exhibiting the maximum spectral blue shift, mono-exponential fluorescence
decay was observed, for the oligomer oligo[9,9di(ethylhexyl)fluorene] n=20 (OF2/6) in zeonex the
lifetime is found to be T = 0.92ns. The dilution at which this occurs varies from 1x10™ % w/w to
1x10°® % w/w depending on spin speed and host matrix. Significantly longer that the lifetime of
OF2/6 in solution, this is thought to be very close to the natural radiative lifetime of the polymer
and is taken as a clear indication of chain isolation within the host matrix. Spectral blue shift and

progression to mono-exponential fluorescence decay are explained in terms of the decline of low



energy aggregate states and a reduction in non-radiative interchain energy transfer due to

increased interchain separation.

Confocal imaging using the specimen scanning technique has been developed using an
electronically controlled x-y piezo-stage. By optimising the optical set up the confocal image
resolution is currently 0.369nm. The maximum theoretical confocal resolution at 390nm excitation
is 0.268nm; the cause of this loss in resolution is thought to originate from slight non-uniformity

in the excitation source.
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1. Introduction

Scientific research towards the prospect of manipulating and observing matter on an atomic and
molecular scale has gathered increasing momentum since its conception by Richard Feynman in
the mid twentieth century. Single-molecule observation provides a unique way to characterise
molecular dynamics with sensitivity rendered inaccessible by the averaging process inherent in
traditional ensemble measurements. It allows the study of exact parameter distributions, an

invaluable capability in heterogeneous systems such as crystals, glasses and polymers.

Significant advances to this goal involve the class of scanning probe microscopies, of which
scanning tunnelling and atomic force microscopy are the most well known. These highly
successful approaches use nanometre scale interactions, bringing a probe tip into close contact
with the molecule in order to detect its presence through tunnel currents or deflections in the tip
height as the tip is scanned across the relatively flat surface to which the molecule is attached.
Optical spectroscopy, on the other hand, offers the advantage of more passive experimentation.
This non intrusive method probes single quantum systems leaving them relatively undisturbed in
comparison to the intimate nature of scanning probe techniques, though this is often at the cost of
spatial resolution. The investigation described here focuses on the optical probing of n-conjugated
polymers in the condensed phase, a regime which presents significant challenges as well as

exciting opportunities for discovery.

Optical spectroscopy non-invasively monitors molecular environment and conformation through
changes in electronic structure. At cryogenic temperatures, spectroscopic studies of the evolution
of single molecules under the influence of different external parameters allow precise tests of

molecular quantum electrodynamics and microscopic coupling theories. At higher temperatures,
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single molecules are embedded as reporters of their local environment. Whilst, in biological
processes, the development of reliable and versatile fluorescent labelling techniques has made the
study of the conformational dynamics of molecular events involving RNA, enzymes and motor
proteins accessible to single molecule observation. This diversity of applications has lead to huge
developments in the field of single molecule spectroscopy (SMS) which has grown considerably
over the past decade from a specialist variety of optical spectroscopy into a versatile technique

pervading an ever increasing number of research areas.

Single molecule optical spectroscopy is inevitably complicated by the limitations imposed by
diffraction effects and the difficulty of detecting a single entity amongst the interference of
background noise. Nonetheless, it does have the potential to open up a wealth of new information
into the interactions of single molecules, allowing the detection of rare events that would
otherwise be buried under the averaging process of conventional spectroscopic experiments. In
practice the results of many single molecules are reported by the construction of a frequency
histogram giving the distribution of actual values of an experimental parameter rather than a

mean, which, many will agree, is a valuable advantage.

Today, there are several broad groups which define single molecule spectroscopy. They differ in
sampling conditions and in the method of excitation; however all share the common need to
isolate single molecules for detection. This can involve using low temperature solids to isolate
molecules spectroscopically, though more commonly, molecules are spatially isolated by using
very dilute samples dispersed in a host matrix. Initial SMS experiments were performed using the
low temperature absorption technique and began in 1989 with the detection of a weak absorption
signal from pentacene embedded in a host crystal by Moerner and Kador ™1, More recently flow

cyclometry has been employed to observe single molecules in solution whilst methods such as

2 Introduction



near field scanning optical microscopy, wide-field epi-illumination and far field confocal

microscopy have become increasingly popular for solid samples'?).

1.1 Confocal Microscopy

Confocal microscopy has evolved to be one of the most widely used techniques in optical
microscopy since the principle was proposed and patented in the late nineteen-fifties. Amongst
others, one of the reasons for its tremendous popularity is the relative ease with which extremely
high quality images can be produced using specimens prepared for conventional fluorescence
microscopy. Characterised by reduced or entirely suppressed background emission from
unwanted fluorescence, confocal microscopy has far superior depth discrimination and signal to
noise separation than wide field techniques, which suffer significant image degradation from out

of focus luminescence.

Unfortunately, the initial development of confocal microscopy was hampered for many years by
the lack of high intensity light sources required for imaging, and, by the absence of the
sophisticated computer processing required to handle the large amounts of information that
confocal systems produce. Consequently the first commercial instruments did not appear until
1987. Despite a slow start, as the twentieth century drew to a close there was a culmination of
technological advances: increasing improvements in laser power and stability, the development of
high throughput fibre optics, better thin film dielectric coatings and more sensitive detectors,
coupled with vastly improved computer processing resources. This revolutionised the capabilities
of confocal microscopy and it experienced an explosion in terms of efficiency, accuracy and

potential application.
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Today, modern confocal microscopes function as entirely integrated electronic systems, with the
most advanced configurations coupling numerous detectors to a computer which stores data and
displays real time observation of the subject. Several laser excitation sources are often employed
with wavelength selection devices and the ability to scan either via the excitation beam or through

sample scanning.

Confocal SMS has emerged as an invaluable tool for probing highly heterogeneous semi-
conducting nanomaterials of which conjugated polymers form an important group. With the
prospect of investigating their interesting photophysical properties this report details the first
steps of building and testing a confocal microscope. Methods of isolating polymer chains to
produce single molecule films have also been explored and tested using a variety of optical
techniques both in ensembles and at a single molecule level. The prototype microscope is based
on a single excitation source and detection channel and is designed to provide scanning imaging,
lifetime measurements and spectral information. In its current state, the experiment is in fact
ready to accept multiple detection channels proposed to study polarisation effects; furthermore
wide-field imaging has also been carried out successfully using a cooled CCD camera. The
experiment is designed to be an adaptable multi-faceted tool, where by small modifications to the
emission or excitation path, different photo-physical parameters may be measured. At this stage
the main focus of work has however been directed to optimising the imaging and lifetime
capabilities of the microscope, through which it will be possible to confidently assess weather or
not the system is running with single molecule detection accuracy. It is hoped that following the
work described here, future efforts will be made to expand on and complete the initial steps

already made regarding spectral measurements, wide-field images and fluorescence polarisation.
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2. Conjugated Polymers

2.1 Introduction

Polymers have been present in naturally occurring materials such as silk and wood for hundreds
of thousands of years. They form a group known as macromolecules, and have a unique chain-
like structure made from many small interlinked elements that sets them apart from other
materials. In the late 19" century, scientists began to investigate the complex chemical make up
of polymers and before long synthetic polymers started to emerge, made by applying small
adaptations to naturally occurring materials. The biopolymer cellulose which is found in almost
pure form in cotton fibre was one of the first to be modified in this way; being treated with nitric

acid to make celluloid, one of the earliest plastic materials.

In the ensuing years great progress was made in synthetic polymer science marking the beginning
of a cultural and commercial revolution that would produce a vast array of these flexible,
insulating materials. Even with these already dramatic advancements, a further breakthrough was
made in the early 1960s when it was discovered that far from being exclusively insulators, some
polymers had unique electronic properties. Extensive research into these unusual materials was
enthusiastically undertaken in the years that followed and in the 1980s the class of n-conjugated
polymers was defined; a new and distinctive group of polymeric materials that would generate

unprecedented scientific and commercial interest.
Conjugated polymers have distinctive semi-conducting properties and can be manipulated

through doping to have conductivities that rival many metals. With such promising characteristics

n-conjugated polymers became the focus of intense scientific interest almost overnight. Not only
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were they known to be relatively cheap but they were seen as a new futuristic material with a
multitude of potential applications such as field effect transistors, photodiodes, even stealth

technology.

Today, conjugated polymers are widely used as active materials in a broad range of electronic
devices including organic light emitting diodes (OLEDs) for flat panel display applications,
photovoltaic devices, thin film transistors and chemical sensors. Of these, n-conjugated polymer
materials have emerged as a major research interest in the field of LEDs. Not only are polymer
materials lightweight and flexible but their unique properties mean that they can be electro-
optically excited and individually tailored to fluoresce at almost any specific visible wavelength.
These characteristics have made polymer LEDs widely regarded as the future of display
technology, they have the potential to offer unprecedented colour resolution, and have all the
signs of becoming a cheaper, thinner and more efficient replacement to current liquid crystal

displays.

2.2 The Physics of Conjugated Polymers

Conjugated polymers derive their semi-conducting properties through delocalized n-electron
bonding along the polymer chain, typically formed by a backbone of overlapping orbitals, such as
the continuous path of overlapping p-drbitals formed by alternating single and double carbon-

carbon bonds.

The bonding properties of carbon define the stability of organic polymers. As a group IV
element, carbon has four valence electrons, two in the 2s-orbital and two in the 2p-orbital. These
hybridise to form either sp, sp’ or sp’ configurations; a bonding mechanism described by

molecular orbital theory as linear combinations of atomic orbitals®!.
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this continuity is limited by structural defects and twist in the chain, though it nonetheless leads

to the formation of delocalised n-states along the polymer group®™ .

The essential property of the n-electron system that differentiates a typical conjugated polymer
from a conventional polymer with o-bands lies in the electronic band gap. Whilst large energy
gaps between o-o* states makes them accessible only through high energy interaction, electronic
interactions between the n-n* orbitals are typically in the range of 1-4eV leading to

semiconductor behaviour and low-energy electronic excitations in the UV-visible range.

The nature of charge carrying species in conjugated polymers has been the subject of extensive
review in the decades since their discovery. As quasi one-dimensional systems, is now thought
that the charge carrying species they produce are unusual in comparison with other materials. Far
from the model of free electrons or holes it is now commonly accepted that the charged species of
conjugated polymers consist of several types of well defined quasi-particles each made up of a
coupled charge-lattice deformation; a model initially proposed by Bassler et al.”? Although
complex, the dynamics of excited state species can be broadly described in terms of intrachain
and interchain interactions which respectively account for the microscopic and macroscopic
conductivities of conjugated polymer materials. Prompted by local disorder, intrachain
interactions account for the majority of charge migration, whilst interchain charge hopping is
much less probable. Unravelling the intricate heterogeneous kinetics of these species is a
notoriously difficult task, though even from a fundamental point of view, the understanding of
excited state species and charge transfer mechanisms is a key requirement to understanding the
optical properties of conjugated systems. Detailed investigaﬁons to this end can be found
throughout literature!®'!) though it is not the focus of this report. The following paragraphs will
give a description of the relevant photophysical phenomena and processes involved in photo-

excitation spectroscopy.
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may bring the molecule down vertically to a vibrationally excited sub-level of the ground state,

where it undergoes further internal conversion to the final low energy configuration!'*),

A consequence of the Frank-Condon Principle is that the wavelength of emission is always longer
than the wavelength of absorption due to the non-radiative internal conversion process'?. This
energy loss through non-radiative relaxation whilst in the excited state is measured by the Stokes
shift which is characterised by the energy difference between the absorption edge and the onset of
fluorescence. It is an important physical effect which allows separation of the excitation and

emission radiation in many photophysical experiments and not least in the confocal set-up.

The energy spacing and symmetry of the available energy states determine the characteristics of
the molecule, with the transitions between different vibrational levels producing characteristic
peaks in the absorption and emission spectra known as the vibronic fine structure. At high
temperature this vibronic fine structure is homogeneously broadened such that the absorption and
emission spectra appear as broad energy bands rather than a series of discrete vibronic peaks.
Homogeneous broadening is reducgd at low temperature; as the molecule cools the thermal
population of upper vibronics reduces causing a narrowing of the absorption line and increased
resolution in the emission spectrum. This effect is noticeable in figure 10 chapter 3.4 which
compares the emission of a film of oligofluorene 2/6 dispersed in a PMMA matrix both at room
temperature and at 77K; inhomogeneous broadening caused by the host at room temperature is
evident and the emission intensity at 77K is significantly increased due to a reduction in non-

radiative decay.
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2.3.3 Absorption

Absorption in polymers often occurs not simply at a specific wavelength but over a broad range
of energies corresponding to the vibrational and rotational fine structure of the molecule. As a
result, rather than specifying a single absorption probability it is more informative to integrate the
range of absorption probabilities over the region where absorption occurs. This integrated

absorption probability is called the oscillator strength, f:

4dm ce
= £ 2 14 uation 1
! ( NAe2 J o

Where:

m,: mass of the electron

c: speed of light

e: charge on the electron

A: integrated area of the absorption peak
Ny: is Avogadro’s constant

&,: permittivity of free space.

The oscillator strength is governed by quantum mechanical selection rules for symmetry, parity
momentum and spin; it has a maximum value of 1 per electron, which corresponds to strong

absorption and a minimum value of 0 whereby transition is forbidden.
When an incident photon is absorbed, the energy state of the molecule is increased by exactly the

energy of the photon by means of annihilation in a dipole-dipole interaction mechanism!™. For

visible light, the energy of a photon (equation 2) is of the order of 3x107™" < E<5x107™°J

13 Conjugated Polymers



which is sufficient to stimulate the & - 7 transition in a typical fluorescent polymer making them

particularly‘accessible to optical spectroscopy.

E=hv=— Equation 2
Where:
h: Planck’s constant

v: frequency

In absorbing media, the fractional transmission of light through the material can be described by
the Beer-Lambert law, so that for a substance of concentration C and an excitation intensity I, the

emerging intensity, I, is

oN ,Cl _
I=1 exp —-—4 uation 3
° ‘{ lx103) Fq

The molecular absorption cross section, o, represents the probability per unit time of absorption
of a fluorophore for a photon flux of unity. It is strongly dependant on the type of molecule and
wavelength of excitation and is a useful replacement for the molar absorption coefficient, &, when

specification of the concentration of chromophores is difficult or inappropriate to define.

2.3.4 Emission

Once the excited molecule has undergone internal conversion to the lowest lying level of the
excited state it can emit a photon to dissipate its excess energy. The probability of emission is
dependant on the type of molecule and is generally different from but closely related to the

absorption probability. The molecule can in principle use photon emission to decay to any sub-
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2.4 Energy Transfer and Quenching

Although conjugated polymers have significant advantages over many inorganic materials, one of
their principle shortcomings is a large degree of energetic and positional disorder caused by
entanglement of extended polymer chains and the presence of structural defects. Such disorder
results in the formation of potential minima in the energy profile leading to strongly dispersive
charge carrier motion and exciton diffusion. It has been éhownm] that the creation of photo-
excitons in conjugated polymers is frequently followed by incoherent migration processes
between localized sites along the conjugated chain segments. Excitons formed in the high-energy
region of the density of states undergo rapid diffusion towards longer chain segments until the
absence of lower energy chain segments leads to localisation. At low temperatures it is believed
that this type of exciton migration is suppressed by site selective excitation, producing low-

mobility excitons by exciting the low-energy tail of the inhomogeneous distribution of states.

Although this investigation does not propose to study energy transfer and quenching mechanisms
specifically, observation of these phenomena does provide useful insight into solvent and
concentration effects for the purposes of sample preparation. Here an account will be given of
quenching and energy transfer processes so that they may be used as indicators to changes

molecular environment.

2.4.1 Forster Transfer

The theory of resonance energy transfer was developed by Professor Theodor Férster, at the Max
Planck Institute for Physical Chemistry in Gottingen. Otherwise known as Fluorescence
Resonance Energy Transfer (FRET), Forster transfer describes the non-radiative transfer of

excitation energy from the excited molecule to a nearby acceptor molecule. The energy transfer
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between donor and acceptor molecules is the result of long-range dipole-dipole-interactions and
occurs with an efficiency defined by their spatial separation!'”). The distance at which RET is
50% efficient is called the Forster distance. The expression for the Férster distance consists of a
number of physical constants, which can be reduced down to equation 4, taking wavelength in

nanometers and giving the Forster distance in angstroms!?:

R, =0211(x*nQ,J (A))* Equation 4
Forster Distance (4)
Where:
J@): the overlap integral, this expresses the degree of spectral ovcrlap between the donor
emission and the acceptor absorption.
K’: describes the relative spatial orientation of the donor and acceptor transition dipoles, the
typical value is assumed to be %
Op: the quantum yield of the donor in the absence of the acceptor.

n: the refractive index of the medium.

Once Ry is known the rate of energy transfer can be calculated using:

R, =(rpx; (r))% r Equation 5
Where:

1p is the lifetime of the donor in the absence of energy transfer.
Within the point-dipole approximation the rate of energy transfer xr, between the donor and

acceptor molecules is inversely proportional to the sixth power of the donor-acceptor separation,

r, making the observation of energy transfer a useful tool for studying proximity. Férster transfer
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depends on the spectral overlap of the donor emission and the guest absorption reflecting the
necessity of energetic resonance during transfer. Investigations into FRET show that the Forster

distance is typically in the range of 40 to 70 Al'®

2.4.2 Electron Exchange and Dexter Transfer

If the interchain separation between donor and acceptor is small enough to cause overlapping of
orbitals, resonance is no longer required to facilitate energy transfer. This only occurs over very
short distances of between 10-15A and effectively makes it possible for electrons to exchange

taking either excitation energy or spin with them!'®.

2.4.3 Exciton Migration

Exciton migration is a spatial phenomenon that involves sequential movement of the exciton
between neighbouring sites. This is in contrast to energy transfer which refers to a donor-acceptor
system. Exciton migration consists in a hopping between sites of either the triplet or singlet
exciton, though in conjugated polymers the singlet case is more dominant. Exitons migrate to
neighbouring sites of lower energy until the final low energy configuration is reached. The rate of
exciton migration is dependant on the distribution of sites and most importantly on the energy
difference between them. The most commonly accepted description of the rate of exciton
migration is defined by Richert?”! et al using an exponential dependence of the energy difference

which does not allow for uphill migration.
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2.4.4 Quenching and Temperature Effects

Quenching is a general description for any process that reduces the emission intensity of
luminescence. In any form, quenching is most commonly associated with molecular contact
between the fluorophore and the quencher and so is largely governed by diffusion®!), making
quenching a useful indicator of isolation in dilute polymer films where it is expected that large

intermolecular separations will significantly reduce diffusion mechanisms.

Quenching can result from fluorephore interaction with a wide variety of substances. One of the
most significant of these is oxygen, which quenches almost all known fluorophores. Photo-
oxidation can be reduced through using vacuum storage and/or by sealing samples in an inert host
matrix to reduce the amount of oxygen they are exposed to giving increased emission longevity.
Temperature effects also strongly influence quenching, at low temperature the reduced mobility
of excitons and quenchers inhibits diffusion; furthermore, the number of thermal and vibrational
phonons is reduced resulting in fewer non-radiative losses and greater radiative decay. Low
temperature also enhances vibrational resolution in the emission spectrum. Due to the energy
dependence of relaxation, high energy excitons have a larger probability to relax through energy
transfer than low energy excitons, hence at low temperature there is usually significant spectral

narrowing of the energy distribution™.

Though quenching is most commonly observed during ensemble measurements it is also an
important phenomenon in single molecule spectroscopy. In single;molecule fluorescence, two
important quantities must be maximised, namely the rate of fluorescence and the number of
" photons that a molecule can emit on average. In the case of organic molecules, triplet bottlenecks,
a term that describes the situation where excitons become trapped in ‘dark’ states, such as the

triplet state, result in significant reduction of the emission rate. This should be taken into careful
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consideration when selecting materials for single molecule spectroscopy; efficient fluorophores
have low rates of intersystem crossing or short dark state lifetimes, which reduces the trapping

probability and makes them the most simple to detect.

Concerning photo-destruction, at room temperature, exciton interaction with defect states limits
the total amount of fluorescence to approximately 10° photons per molecule®™). At cryogenic
temperatures however, as mentioned above, the photodecomposition channels that result in
quenching are ofien suppressed, and small reactive molecules such as oxygen or water cannot
diffuse. In this case, the amount of fluorescence is only limited by sudden conformational
changes of the host-guest system, which shift the absorption line of the molecule away from
resonance with the laser, and so at low temperature, significantly increased luminescence is

observed.

2.4.5 Bleaching

Photo-degradation is a major problem in confocal microscopy. Bleaching is an irreversible
photochemical reaction that modifies the fluorophore so that it no longer fluoresces®?l. It is
thought to be associated to the excited triplet state which populates via intersystem crossing from
the singlet excited state. Although the probability of intersystem crossing is typically quite small,
because the transition to the ground state from the triplet state requires the electron to change
spin, the triplet lifetime is considerably longer than the singlet lifetime and has been observed by
Romanovskii et al. to be as long as a second®®.. Once the exciton is in the triplet state therefore,
the fluorophore becomes particularly prone to bleaching effects. Whilst the probability of
intersystem crossing varies from fluorophore to fluorophore, the intense fluorophore specific
nature of confocal excitation means that this process often occurs within seconds of excitation as

the fluorophore constantly cycles between absorption and emission. Although bleaching is not
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entirely understood it has been frequently associated with the interaction of the polymer with
ultraviolet radiation and singlet oxygen, if the specimen permits the use of protective agents such
as propyl gallate, hydroquinone etc..”®! or special products which act as anti-oxidants or triplet
quenchers can reduce the problem of bleaching. Failing this sealing the polymer in a host matrix

and taking precautions such as vacuum storage will also help to slow the bleaching process.
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3. Sample Preparation

3.1 Introduction

Without the assurance of samples that contaﬁ isolated molecules rather than entire or partial
aggregates, it becomes difficult to build an experiment capable of reliable single molecule
detection. Paradoxically, without an experiment capable of single molecule detection, it is
difficult to detect with certainty whether a film is isolated or not. A considerable focus of this
work has been devoted to the isolation of polymer chains to produce samples to be used in the
confocal experiment. In the absence of direct fluorescence imaging of the film, alternative photo-
physical observations such as emission spectra, anisotropy and the (confocal) fluorescence

lifetime, have instead been used to probe the local environments of polymer films.

Due to the relative size and flexibility of conjugated polymers, they frequently aggregate where
possible to lower their overall energy. Such aggregation effects are particularly notable in films
whereas in dilute solutions they are largely absent. Several groups have observed this effect for
PPV derivatives: in dilute solutions where the polymer chains are presumed to be isolated,
stimulated emission, photoluminescence and absorption decay dynamics are seen to be identical
with a characteristic relaxation time!"). Nonetheless, in films, stimulated emission has been seen
to vary significantly from photoluminescence and absorption . Rothberg et al. have reported
wavelength-dependant absorption dynamics along with the presence of a small long-lived tail in
MEH PPV leading them to conclude that in addition to the intrachain excitons found in solution,
films contain interchain electronic species, which have been postulated t;) constitute upwards of

90% of the excitons.
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There is some debate as to the nature of exciton migration within films, however seemingly
conflicting evidence found in literature can be mostly resolved if it is considered that the
conformation of polymer chains in solution can influence the chain morphology, and hence the
interchain photophysics in films cast from different solvents. The yield of interchain species
remains a subject of study, but there is emerging consensus that the strong variation in

luminescence characteristics of polymer films results from film preparation.

Studies on MEH-PPV suggest that the degree of interchain interaction and aggregation is directly
related to the choice of solvent and the concentration of the spinning solution®.. In the following
experiments it is expected that in aggregated systems, delocalisation of excitons over a number
of chains will result in a change in the band shape and position of the emission spectrum. In this
section the effect of the optically inert host matrix and luminescent polymer concentration are
studied. The spectroscopic properties of films cast from a polyfluorene-toluene solution are
investigated with respect to concentration and are compared in different host matrices of PMMA,
Zeonex, Polystyrene and Pentacosane. It is expected that as the polymer chains become
increasingly isolated within the host matrix there will be evidence of emission at higher energy
accompanied by longer mono-exponential lifetimes indicative of reduced exciton migration and

energy transfer.

3.2 Experimental

3.2.1 Luminescent Polymers.

Initial assays were carried out using methyl-substituted poly-phenylene MeL-PPP. MeL-PPP is
a well-characterized fluorescent polymer, which has been intensively studied as an emitter in

polymer LEDs . As a soluble conjugated polymer, MeL-PPP is an interesting material for
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electro-optical applications as its band gap lies in the blue region of the visible spectrum. The
structure of MeL-PPP is shown in scheme 1, the rod like geometry of the molecule makes it
susceptible to ordered chain packing which has previously been attributed to interchain
interactions’™ . Evidently such characteristics are disadvantageous for investigations in the
single molecule domain and in view of this, the majority of investigations described within this
report have been conducted using the homopolymer poly[9,9-di(ethylhexyl)fluorene] (PF 2/6)
synthesised by Ulli Scherf (Wuppertal) the structure of which is shown below. Polyfluorene
has become a particularly promising candidate for use in display applications over the past
decade. Not only has it demonstrated high quantum yields, efficient blue emission and good
thermal stability, its solubility encompasses a variety of solvents and doping with appropriate
long wavelength fluorophores has made it possible to produce emission over the entire visible
spectrum!” 1, To increase solubility and reduce the risk of chain aggregation during the film

making process, the oligomer OF 2/6 N=20 has been used in the following investigations.

Scheme 1

PF2/6 MeL-PPP

3.2.2 Pentacosane Host

Before investigating samples prepared by spin coating - the most common method of sample
preparation for single molecule spectroscopy, an alternative method of sample preparation with a
much faster solvent-solid transition time than spin casting was investigated. For this purpose

pentacosane was chosen as the host matrix. Pentacosane is an alkane hydrocarbon of 23 repeat
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units with a boiling point of 53°C; its physical characteristics are similar to those of candle wax.
The use of pentacosane was intended to inhibit aggregation during the liquid-solid transition due
to its high viscosity in the liquid phase. Having a relatively low melting point, polyfluorene is
easily dissolved into the liquid wax without damaging the polymer chains through heating.
Dilute solutions of OF2/6 in toluene (Romil) were prepared at 0.1%, 10°% 10°%, 107% by
weight by stirring OF 2/6 in toluene over several hours at room temperature. The OF/Toluene
solution was then dissolved into molten pentacosane at 60°C and stirred for 2hrs (at 60°C) to
allow the toluene to evaporate. The resulting pentacosane-polyfluorene matrix was then coated
onto sapphire discs and quenched in liquid nitrogen with the intended effect of freezing the

polymer chains in their solvent isolated state.

The emission spectrum of pentacosane-OF2/6 samples was measured using a Jobin Yvon
Fluoromax-3 fluorospectrometer — figure 1. Initial spectral analysis shows a blue shift in the low
concentration spectra. The emission from the lowest, 107%, concentration film was too weak to
be detected by the spectrometer. At dilutions less than 0.1%, the position of maximum emission
has shifted to shorter wavelength by 8nm. Changes in the emission peak are accompanied by a
change in the shape of the emission band at low concentration. Interestingly in the potentially

aggregated state the second vibronic is much more dominant than in dilute films

The dilution dependant spectral changes are attributed to the diminishing effects of aggregation.
From the difference in peak position between the high and low concentration samples it is
thought that the contribution of intermolecular interaction is considerable in the most
concentrated film and less important in the more dilute samples. In the highest concentration the
emission is red shifted in comparison to the dilute films; this lowering of emission energy is
ascribed to intermolecular interaction leading to the existence of delocalised electronic states.

Concerning the band shape, in dilute films it is thought that through increasing chain separation

27 Sample Preparation









fluorescence traces converge towards a common long lived single exponential decay. This
regime is accessed more rapidly in the dilute film, within 272ps as opposed to 380ps in the
concentrated film; it is thought that this occurs again as a result of increased interchain
separation which typically means that there are fewer migration pathways available to excitons
leading to a reduction in quenching. This is in good agreement with resonant energy transfer
theories whereby the rate of transfer between a donor-acceptor system is inversely proportional
to the 6™ power of donor-acceptor separation. In the absence of more dilute samples with which
to compare the 0.01% film at this stage it should also not be ruled out that the initial fast decay

component may be caused by rapid intrachain migration to quenching sites along the polymer
such as ketone groups®). Although chain defects are less common amongst oligomers it is
certainly a possibility especially considering the comparatively long N=20 chain under

investigation.

A linear fit has been made to the exponential region of the graph:

X

If the fluorescence emission decays according to f(x) = 4 eXp_: where A is the amplitude, x is
time and t is lifetime, then In(f(x)) = lnA—l.x . This gives the gradient of figure 2 as the
- : :

reciprocal lifetime. Using Microfocal Origin, the linear fit has been calculated:

In(f(x)) = ~0.74669 +2.76917x 10° x

1=3.61x10"s

(1% and is considerably

The lifetime of 361ps is in agreement with that of polyfluorene in solution'
longer than the fast lifetime observed for high concentration polyfluorene films. It is unusual to
see this component in film lifetimes and although it is clear from the presence of the fast decay

components that the molecules are not isolated, it is thought that the molecules are becoming
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very homogeneous, flat films are required to keep the image in focus (see section 5.3.2).
Changes in thickness have implications for refraction of the excitation beam whilst air bubbles

also make the films unreliable.

In order to overcome this issue, different methods of producing the film were investigated,
including sandwiching the polymer hést complex between the quartz disk and silicon before
quenching and also allowing a slower cooling process to remove air bubbles. Without quenching
there was no noticeable change in spectral properties compared to quenched samples of the same
concentration, attributed to the high viscosity of the molten wax impeding movement of the
polymer chains even on the longer time scale of cooling using iced water. The samples prepared
by squashing the molten complex between silicon and quartz did show improved flatness and
transparency, however they were still too opaque for confocal imaging and still had an uneven

topography when examined under an optical microscope.

As a final attempt to prepare the pentacosane samples for confocal imaging, the use of a
microtome was investigated to slice the samples into micron thin strips. Attempts were made
with the kind help of Christine Richardson in the biology department to slice the wax samples
however they were too brittle for slicing. In view of these limitations the pentacosane host was
seen to be unsuitable for use in the confocal single molecule system and the main focus of

sample preparation was moved to spin coating.

3.2.3 Spun Samples

OF2/6 N=20 mass averaged molecular weight M, = 15 000 g/mol. was dissolved in toluene with
a concentration of 0.1% w/w by heating and stirring at 50 °C for 1hr then stirring at room

temperature overnight. From this more dilute solutions were made by sequentially diluting and
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mixing until the lowest concentration was reached. All dilutions were stirred into the solvent for

12hours before the next dilution was made.

The host polymers used were PMMA M,, = 15 000, Polystyrene M,, = 280 000, Zeonex My, 480
000 Host polymers were prepared by dissolving PMMA, Zeonex and Polystyrene in toluene at
2%, 0.2%, 0.25% concentration by weight respectively. The solutions were then stirred and

heated at ~60 °C for 3hrs then stirred overnight at room temperature.

PF/Host solutions were made at different concentrations by adding a drop of the relevant
PF/Toluene solution to the appropriate weight of the host solution. In this way, concentrations
between 0.1% and 1 x 10 % PF: Host by weight were made. These solutions were then stirred
overnight to ensure that the polymer was completely dissolved into the host. Films were made by

spin coating a drop of each solution onto 12mm quartz or sapphire discs at 2500rpm for 60s.

All preparation was carried out in a clean room environment with yellow light. Sample substrates
were cleaned overnight in nitric acid then sonicated in acetone and isopropranol. Before spin
coating the substrates were put into a UV — Ozone cleaner for 10 minutes on each side. To
minimize any degradation effects investigations were carried out using freshly prepared films
where possible, solutions were stored in sealed vials in the dark when not in use to minimise the

effects of photo-degradation.

3.3 Results and Discussion

Photo-induced emission experiments were conducted using a Jobin-Yvon Fluorolog
fluorospectrometer with an angle of 90° between the emission and excitation ports (L-format).

The emission spectra of OF 2/6 films were taken using an excitation wavelength of 370nm and a
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case at 10°% the trend is re-established for polystyrene although in zeonex the emission at this

level was too weak to discern the peak accurately.

The shift in the emission maxima (figure 5) in more dilute films is consistent with decreased
interchain interaction and delocalisation of electronically excited states. This effect is
immediately noticeable as the pure polyfluorene 425nm emission peak shifts by 5Snm to give a
markedly more energetic emission in the 0.1% film. At 0.001% there is a sharp drop in the peak
emission wavelength in all films from where it continues to decrease at different rates depending
on the host. Such behaviour is attributed to the effect of increasing chain separation which
gradually cuts off exciton migration routes, reduces non-radiative decay and hence increases the
final emission energy. The reason that this occurs much faster in the Zeonex films is thought to
be due to increased solubility of the oligomer in the host compared to polystyrene and PMMA.
Problems of emission in the most dilute polystyrene and zeonex films are thought to be a result
of variation in the viscosity of the initial solutions which in turn has caused the polystyrene and

zeonex films to be thinner and therefore less emissive overall than the PMMA based samples.

Further evidence for increasing interchain separation can be drawn from changes in the band
shape, the 0-0 mode becomes much broader at low concentration and the contribution from the
0-1 mode in the in the blue shifted films becomes less. Reduction in the 0-1 mode is attributed to
reduced vibrational relaxation, and in consideration of the spectral broadening of the 0-0 mode at
low concentration if is also clear that self-absorption is contributing to the dominance of the 0-1

mode in the most concentrated sample.

Concerning the band shape, the dominance of the 0-1 mode in the pure film is explained by
disorder and the predominance of delocalised states. It is thought that in the disordered system,

vibronic coupling between neighbouring molecules plays a greater part in luminescent decay
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than the less aggregated dilute films. At high concentration, excitons relax through energy
transfer between localised states to a final low energy configuration where the probability of
radiative decay is low. As a result, the vibronic coupling mechanism becomes increasingly
important in stimulating radiative decay, giving rise to the high relative intensity of the 0-1
transition in the concentrated sample!'!). Self-absorption is also attributed to the dominance of
the 0-1 mode at high concentration. Due to the spectral overlap of the 0-0 transition emission
band and the absorption band, self absorption occurs and the emission peak corresponding to the
0-0 transition band is decreased, leaving the 0-1 and 0-2 transition bands with increased relative
intensity. This effect is ciearly illustrated in figure 4 where the 0-0 mode becomes narrower as

concentration increases corresponding to the absorption of the blue emission tail.

Notably the 0-1 mode reaches a plateau in relative intensity at and below 0.001% of 55%, this is
high compared to polymers such as the ladder type MeL-PPV where the rigidity of the polymer
chain prevents conformational relaxation in the excited state leading to dominance of the 0-0
mode. Here therefore it seems that there is still some degree of flexibility in the OF2/6 even at
the lowest concentrations suggesting that the host matrix has little effect on the conformational

flexibility as concentration decreases.

The origin of aggregation in highly concentrated films is thought to lie at the point of spin
casting. Investigations of aggregation in solution have found that aggregation is only prevalent in
solutions where the weight to volume ratio exceeds 1% 1 whereby phase segregation of the
luminescent and host polymer becomes increasingly probable. The solutions used to spin cast the
films investigated here are well below that limit and so the polymer chains are presumed to be
isolated whilst in solvent. During spin coating, aggregation is thought to occur when in more
concentrated films the slow evaporation of toluene, which has a relatively high boiling point,

allows time for interchain interactions to cause the polymer to extend its conformation.
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lifetime is commonly attributed to a decrease in non-radiative decay, equation 3a chapter 4.
Decay of 0.92ns is significantly longer than the solution lifetime of 564ps measured for OF2/6 in
MCH!, This can be explained largely by the difference in phase between film and solution
which leads to less non-radiative decay pathways; whereas generally speaking molecules in
dilute solution have a high degree of mobility for rotational and diffusional relaxation, the spun
cast molecules are in a quasi-frozen state on the substrate hence rotational and diffusional

relaxation pathways are largely absent leading to the observed increase in lifetime.

Spectral blu\e shift and mono-exponential decay characteristics strongly suggest isolation at
10* % and 10°-% concentration. A point for concern however is the intensity of the
photoluminescence curves of figure 7, which are notably higher than the emission expected from
a single fluorophore raising the question not of isolation but as to if the data represents a single
molecule or an ensemble of single molecules, brought about perhaps through poor focussing for
example. Investigations into single molecule luminescence elsewhere report that molecules
undergo irreversible photobleaching after several minutes!"]. The luminescence traces of figure 7
were integrated for considerably longer than this suggesting quite clearly that they are in fact
ensemble measurements of single molecules. Until the experiment can image single molecules
successfully it will be difficult to resolve this question, though any problem obviously lies firmly
with the experimental side and not in sample preparation, where the photophysical evidence for
isolation is strong. The implications are for the accuracy of the focal point suggesting the need
for a more accurate focussing technique; this is discussed in greater detail later. A further point
to note is that since the solvent, toluene, and the host polymer, zeonex, are non-polar, solvo-

chromatic effects are not thought to significantly influence the fluorescence lifetime.

The spectral information coupled with the promising results of lifetime measurements detailed in

this chapter are beginning to suggest that the most dilute films have been successful in isolating
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the polyfluorene chains. As the confocal system is not able to take more precise spectral
measurements or produce images of suspected single molecules at this stage, it is proposed to
carry out one further bulk measurement on the polyfluorene films. If the films at low dilution do
contain well isolated molecules as the lifetime information suggests, it is expected that
measurements of the polarisation anisotropy in these films will yield a very high value close to
the maximum, 0.4 as interchain interaction, which is largely attributed to be the cause of loss of
polarisation, is proposed to be absent in this regime. This will be discussed in the following

section.

3.4 Anisotropy Measurements

Anisotropy measurements are based on the principle of photo-selective excitation of
fluorophores by polarized light; by restricting the excitation beam thrdugh polarisation,
fluorophores may be selectively excited according to the orientation of their transition moment.
This selection works on the principle that the probability of absorption is greatest if the electric
field vector of the incident photon is parallel to the transition moment of the target fluorophore.
Consequently, polarised excitation results in a partially orientated excited population leading to

partially polarized emission.

The anisotropy describes the average angular displacement of the fluorophore that occurs
between absorption and emission of a photon and is defined in equation 1. There are a number of
phenomena which can decrease the measured anisotropy, in solution depolarisation effects are
typically a result of rotational diffusion whereas in solids interchain energy transfer is thought to
by largely responsible for loss of polarisation. In this section the anisotropy has been measured
for samples identified by spectral analysis to contain polyfluorene that is isolated rather than

aggregated. If these samples are well isolated it is expected that there will be a significant
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increase in anisotropy when compared to a sample at high concentration due to a significant

reduction in available pathways for interchain energy transfer.

3.4.1 Anisotropy 'Y

Anisotropy is a dimensionless quantity that is independent of the total intensity of the sample:

=Ll

=——= Equation 1
I, +2I,

Steady State Anisotropy

Measurements of the fluorescence anisotropy of polyfluorene films were taken using a Jobin
Yvon fluorometer. The fluorometer is configured for anisotropy measurements in the L-format,

observing perpendicular and parallel emission sequentially through a single channel.

Because of the idiosyncrasies of this configuration there are a number of factors which should be
included in the anisotropy calculations in order to produce accurate results. Particularly
important is the transmission function of the monochromator inside the fluorometer since on
rotation of the emission polariser from vertical to horizontal it is usual to see a change in the
measured intensity of light even if the emission is entirely unpolarised. To measure intensity
accurately a term called the G-factor is introduced into the anisotropy equation. The G factor

gives a relative sensitivity of the system to vertically and horizontally polarised excitation.

1, =kS, 1, Equation 2

Iy =kSyl, Equation 3

41 Sample Preparation



Equations 2 and 3 represent the intensity observed with the excitation and emission polarisers at
vertical, Iyy, and the intensity observed with the excitation polariser vertical and emission
polariser horizontal, /. Taking the ratio of the parallel and perpendicular intensities the G factor

is defined as:

G=2¢x Equation 4

where:

k : is a factor of proportionality that accounts for factors such as the quantum yield of the
fluorophore and other instrumental factors, equations 2 and 3.

Sv: the sensitivity of the emission channel in the vertical component.

Su: the sensitivity of the emission channel in the horizontal component.

Empirically the G-factor is measured using horizontally polarised excitation. In this
configuration, the excited state distribution is orientated along the observation axis.
Consequently both channels measure equal perpendicular components and any variation in Iyy
and Iyy can be attributed specifically to the detection system. The G factor is the ratio of the

parallel and perpendicular orientations.

G= Tw Equation 5

By substituting the G-factor into equations 2 and 3 it can be expressed in terms of [, and /. and
applied to the anisotropy equation 1. The anisotropy as measured with an L-format fluorometer
is then given by:

1, -Gl

r= Equation 6
I, +2Gl,

Anisotropy (L-format)
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When the transition dipole moment of emission is exactly parallel to the absorption dipole an
anisotropy maximum r = 0.4 is observed, whilst if the emission and absorption dipole moments

are perpendicular, the minimum anisotropy value r = -0.2 results"*],

Loss in anisotropy is generally due to conformational relaxation or exciton migration, which
causes a change in the angle between the absorption and emission dipoles. It is also possible to
see anisotropy measurements which exceed the maximum value of 0.4; these are almost certainly
the result of scattered light, which has an anisotropy close to 1.0, entering the emission detector.
Scattering can severely affect anisotropy measurements and should be removed with the use of

appropriate emission filters if necessary.

3.4.2 Results and Discussion

The anisotropy of polyfluorene in PMMA was measured using an excitation wavelength of
370nm. The sample under investigation is the same PF in PMMA at 10 % dilution by weight

seen in the emission spectra of the previous section.

An error estimate has been made for anisotropy measurements by taking 12 successive
measurements of the same film of polyfluorene in PMMA at 0.1% concentration w/w. During
this process there was specifically no interference to the system between readings, that is to say
the sample was not moved, the fluorometer was not turned off and the readings were taken in
quick succession to avoid any possible effects of sample degradation between readings. The
results are shown in figure 8, where the anisotropy has been recorded for each measurement set
at different wavelengths in the emission spectrum. It can be seen from the results that whilst in
the region of the peak emission 420 < A< 440 the anisotropy is quite constant, the deviation from

the mean becomes greater at less emissive wavelengths. This can be attributed to the increasing
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Since the error of the averaging process is greater than the systematic error calculated earlier, it
is stated here and is attributed to the increased noise at low intensity, an issue noted in the

original error calculations.

The experimenfal anisotropy is large suggesting a highly isolated system with neg}igible
migration. This is unusual in the solid state, where low or zero anisotropy is common, often
attributed to interchain charge transfer between closely packed polymer chains. The absence of
such depolarisation effects suggests that intrachain migration has been inhibited as result of large

chain separation at low concentration, which again gives very clear evidence towards isolation.

In order to establish a trend in ‘the anisotropy with dilution, a batch of samples at each
concentration was made and the anisotropy measurements were taken, in the cryostat at 77K and
at room temperature. It was expected that as dilution decreased, the anisotropy would tend to the
value found for the 10°% concentration. Nonetheless this line of investigation encountered a

number of problems with some interesting implications.

A problem that became clear very quickly was that although using the cryostat allows signal to
be increased, the way that the samples are mounted inside the cryostat is not easily repeatable.
Samples are mounted at the end of a long arm which can rotate to position the sample at the
desired angle to the two monochromators inside the Fluorolog; this makes the repeated
positioning of each sample at precisely the same angle very difficult. This is not such a great
problem when using highly concentrated samples with good emission but at low intensities,
accurate positioning of the sample becomes increasingly important, up to the point that unless
the sample is at exactly the right angle, little emission reaches the detection slits. In this situation

the signal collected is so weak that the anisotropy measurement becomes dominated by noise.
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then measured again. These results were the same to within the error of the system calculated
earlier. These results strongly imply that the anisotropy is in fact inhomogeneously distributed
across the film. Possible reasons for this variation include for example poor substrate quality:
scratches on the substrate surface causing uneven surface tension during spinning leading to
clumps of polymer molecules. Or, it could be that whilst the solution is left stirring segregation
occurs between the PMMA and polyfluorene molecules leading to uneven distributions of the
polymer within the film. More simply, it could be that the orientations of polyfluorene chains in
the film, which are assumed to be random, give rise to different absorption characteristics
depending on the area of excitation. It is clearly a subject that requires further investigation
however this will not be carried out in this report, since the primary focus here is that of

designing and building a confocal system for single molecule spectroscopy.

3.5 Sample Preparation Conclusions

The effects of varying the host matrix have been investigated for spun films of different
concentrations of OF2/6 N-y in PMMA, Zeonex, Polystyrene and Pentacosane. Although
spectral analysis of the emission properties of OF2/6 in pentacosane shoWed initial promise at
low concentration, the optical properties of pentacosane were found to be a major drawback. It is
a highly opaque substance which is seen to pose problems of scattering and beam distortion
during confocal excitation. To improve the characteristics of pentacosane films means of
producing very thin samples were investigated by sandwiching drops of the OF-Pentacosane mix
in the liquid phase between silicon and sapphire and by using a microtome to produce micron
thick slices of the wax. These, amongst other assays, were unsuccessful — sandwiching did not
make thin enough layers and the microtome failed because the wax was too brittle to cut. In view

of this it was decided that spin coating films was a more suitable means of sample preparation.
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Investigations of spin coated films in PMMA, Polystyrene and Zeonex host indicate that as
dilution increases, polymer chains become increasingly isolated within the film. Although the
isolation can not be confirmed categorically, the results of spectral analysis, lifetime analysis and
anisotropy measurements all point towards isolation. At low concentration the peak emission
shifts to increasingly higher energy appearing to reach a maximum value at 405nm in the lowest
concentrations measured; 1 x 10*°%% w/w, The gradual increase in emission energy as dilution
increases is attributed to greater chain separation closing off many migration pathways that act to
lower emission energy and broaden the emission peaks in more concentrated samples. This
proposal is backed further by lifetime measurements taken on the confocal system. These show
that as dilution increases, the lifetime approaches a mono-exponential decay. Fast initial decay
dominates samples at high concentration whilst as the dilution increases it accounts for a
diminishing proportion of the fluorescence implying that excitons become more and more
localised following excitation. In concentrations below 1x10™% in zeonex the fast component is
completely absent whilst in PMMA the mono-exponential decay is only observed in the lowest
1x10° % concentration, examination of the emission spectra for both films, particularly the
concentration dependant blue-shift resolves this apparent difference showing that the mono-
exponential decay is reached in both cases when emission at 405nm is achieved. The fact that
this takes greater dilution in the PMMA is attributed to different solubility of the luminescent
polymer in the two hosts. In view of this emission at 405nm is attributed to the initial excited
state energy in the absence of energy transfer which in turn implicates spatial isolation of
molecules. As dilution increases, increasing molecular separation causes interchain energy
transfer to fall, showing intermediate stages of reduced transfer until molecules behave as
isolated entities where interchain energy transfer is absent. The mono-exponential lifetime
measured for dilute samples of OF2/6 is found to be: T = 0.92ns a value considerably longer than

the lifetime in solution of 564ps. This is in good agreement with theory, where in the absence of
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interchain energy transfer the reduced degree of freedom in the condensed phase is expected to

increase the fluorescence lifetime.

The band shape of the fluorescence spectrum at high concentration is consistent with that
expected for strongly delocalised excitons. In the pure OF2/6 film the 0-1 transition is the
dominant mode though below 0.1% concentration the 0-0 peak is the most intense. This
phenomenon is clear in both the spun films and in the quenched pentacosane samples.
Dominance of the 0-1 vibronic at high concentration is attributed to efficient exciton migration to
low lying excited states due to the high concentration of polymer chains. In these levels the low
probability of luminescent decay compared to higher lying states means that the effects of
molecular vibration, which act to increase the radiative decay probability, become increasingly
apparent, leading to the dominance of the vibronic modes in the emission spectrum. This effect
has been noted by Meskers et al in investigations into the relaxation of excitons in films of PPV
derivatives'''. At low concentration where interchain separation in greater the importance of
vibrational modes becomes less important as fewer excitons are able to migrate to low-energy
defect states and so the 0-0 mode grows relative to the 0-1 transition. Self-absorption is also
attributed to significant changes in the band shape of the emission spectra. In the most
concentrated samples the 0-1 mode approaches a similar intensity to the 0-0 niode and the 0-0
mode is narrow compared to more the emission spectra of more dilute samples. From this it is
suggested that the blue ethission tail is being re-absorbed thus narrowing and reducing the

relative height of the 0-0 emission band.

Anisotropy measurements have been less conclusive. The anisotropy of the most dilute film was
recorded. In agreement with the implications of lifetime and spectral analysis, the value was
high, almost the maximum indicating that that sample is well aligned and inferring the absence

of energy transfer, which is commonly attributed to loss in polarisation. Attempts to establish a
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trend in anisotropy with dilution have been unsuccessful and instead produced evidence of
inhomogeneous patches of anisotropy across the 0.1% w/w film. It is also expected that solutions
of OF2/6 in the host may degrade over time. The causes of this are put forward as a suggestion
for further research though not for the purposes of this investigation. In view of these finding
anisotropy has been identified as an unreliable measurement for dilute samples; < 0.1% w/w
having little scientific confidence, though on a purely empirical level it may be noted that the
anisotropy measured at low concentration does support the suggestion of isolation proposed by

lifetime and spectral analysis.

A general finding of ensemble measurements of dilute ﬁlms is that it is often very difficult to
make accurate measurements using equipment designed for experiments on concentrated
samples. Low emission, characteristic of dilute films approaching isolation, made the use of a
cryostat impractical and has raised the need for specific repeatable and accurate sample
positioning within the fluorospectrometer. This is particularly necessary for anisotropy
measurements where by using polarisers emission was reduced below useful levels unless
alignment within the machine was perfect. This made repeated and comprehensive investigations

of the anisotropy of dilute samples impractical on the grounds of time.

The accuracy required for the investigation of very dilute samples clearly calls for more specific
instrumentation, which is the very focus of this report. Concerning sample preparation it is
suggested that specific equipment vis‘ designated for SMS studies, impurities are very significant
at SMS sample dilutions whereas they are unimportant in more concentrated samples prepared
for other applications. Items of general use in the group such as glassware, tweezers, spin coaters
and significantly spectrometer sample holders have been the source of frequent contamination of
samples or their emission spectra. This makes identification of spectral trends very difficult and

leads to much time being spent unproductively cleaning municipal equipment and remaking
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contaminated samples. It is therefore recommended that an area be set aside for sample

preparation of single molecule films.

The combined findings of high anisotropy, large spectral blue shift and mono-exponential
lifetime in the 1x 10"*>%% concentration films (depending on host) are compelling, suggesting
that isolation has been achieved. Bulk measurements have been taken as far as is practical and at
this stage it is considered that the work carried out into sample preparation has successfully

defined the methodology required to produce films of isolated molecules for SMS.
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4. Single Molecule Spectroscopic Methods

4.1 Single Molecule Fluorescence Spectroscopy

The complex task of detecting a single molecule amongst trillions of ostensibly transparent
matrix molecules requires two deceptively simple steps: isolating a single molecule inside the
excitation volume, and ensuring that the signal from that molecule dominates any interfering
background emission. These considerations must be carefully met through well-chosen
fluorophores and meticulous sample preparation, coupled with the construction and

implementation of a robust and reliable experimental method.

In order to detect a single molecule successfully through its fluorescence, the subject
fluorophore must have suitable photo-physical characteristics. Both the emission and
absorption spectrum of the molecule should be considered along with its absorption cross
section, fluorescence quantum yield, excited state lifetime and photo stability. Well chosen
compounds are essential if the signal is to be discerned from the noise, similarly close
attention should be given to minimising background influences such as laser shot noise, -

reflectance or out of focus fluorescence emission.

4.1.1 Signal Size

To optimise signal-to-noise, probe molecules should have strongly allowed absorption
transitions and a high fluorescence quantum yield. The efficiency of absorption is described
by the absorption cross section of the molecule which effectively relates to the area available

for photon capture. Equation 1 describes this parameter and it can be seen that apart from the
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inherent characteristics of the molecule, the absorption cross section is also strongly

influenced by the wavelength of the excitation source, being higher at longer wavelengths.

a=27r(i)2(7’) Equation 1

2z ) \T,

ot

Where:
A: excitation wavelength
v: spontaneous fluorescence rate

TNot: total frequency width of absorption.

Another useful expression for the cross section is expressed in terms of the molecular

extinction coefficient ¢, and Avogadro’s number shown in equation 2.

2.303¢
o=
NA

Equation 2

Regardless of the description, aside from the excitation wavelength, those molecules that
exhibit large values of ¢ are those with strongly allowed electric dipole transitions. In these
cases the value of o approaches the molecular size which is typically of the order of

angstroms>("2).

As excitation power increases so does the rate of photon emission until the transition becomes
optically saturated. The saturated state places a limit on the maximum value of the absorption
cross section and occurs when the average time between successive photon absorption
becomes comparable with the excited state lifetime. In this situation, the rate of absorption
becomes so high that there is insufficient time for the molecule to decay back to the ground

state before the arrival of the next incident photon, resulting in a bottleneck and reduction in
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absorption efficiency, which destroys the otherwise linear relationship between excitation

intensity and fluorescence.

Optical saturation intensity scales inversely proportionally with the fluorescence lifetime,
therefore for a typical fluorescence lifetime of the order of nanoseconds, optical saturation
only becomes problematic at frequencies above 100 MHz!?), Unfortunately however, intensity
is often additionally limited by intersystem crossing into dark states such as the triplet state'!.

Occupation of the triplet state changes the luminescence properties of the fluorophore and

reduces the maximum repetition rate to , Where kjsc is the rate of intersystem

Q2+ Eisc i)
crossing and Ty, is the lifetime of the triplet state. This places a further restriction on the
maximum absorption cross section of the molecule and makes molecules with weak triplet

bottlenecks preferable candidates for SMS to those where intersystem crossing is high.

As mentioned earlier, the fluorescence quantum yield is another important quantity to consider
in maximising signal characteristics. The fluorescence quantum yield describes the probability
of radiative decay per excitation event. It can be expressed either in terms of radiative and

non-radiative decay rates: Krag and Kqon-rad Tespectively, or in terms of the ratio of fluorescence

lifetime to radiative lifetime.
Q= K Equation 3a Q=" Equation 3b

For many fluorescent molecules, radiative transition competes with many other non-radiative
pathways where the energy of the excited state is transferred to the embedding medium via

collisional interactions or through other electronic energy transfer routes. The fluorophores
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with characteristically high photoluminescence quantum yields (PLQYs) are those with
relatively rigid structures, this configuration prevents decay routes via rotation, vibration etc...

leaving radiative decay as the primary path for relaxation™].

A factor which affects both quantum yield and absorption is the photostability of the
molecule. Photostability is arguably the most restrictive factor in any single molecule
experiment, defining the maximum number of photons that can be detected. It describes the
number of excitation cycles that a molecule can withstand before irreversible chemical
changes alter the molecule so that its fluorescent properties are destroyed. This typically
occurs after the emission of 10° photons™ though this number can vary widely and is strongly
dependent on the embedding medium. In many cases photo-destruction is associated with
photo-oxidation of the ﬂuorophore“]; an effect that can be reduced by operating in a vacuum
or flooding the sample with an inert gas such as argon or nitrogen to displace any oxygenic

molecules.
In view of these photophysical parameters the expected emission from a relaxing fluorescent

molecule can be defined in terms of the excitation power, P and frequency v, along with the

detection efficiency of the system such that!":

_ DQoP

s= Equation 4
Ahv 1
Where:
D is the collection efficiency of the detection path
h is Plank’s constant.
A is the cross-sectional area of the focussed excitation beam.
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Q is the fluorescence quantum yield.
o is the absorption cross section.

v is the excitation frequency.

4.1.2 Background

Whilst choosing a molecule with good photophysical properties is an important consideration
in SMS, it only represents one side to the successful detection of a single molecule. Reduction
of background signal is undisputedly the most important aim of most single molecule
experiments: detecting fluorescence from a single molecule is not difficult; the difficulty lies
in not detecting anything elseT Even tiny amounts of stray excitation light or external
scattering are more than enough to completely swamp a single molecule emission and careful

planning should be made to reduce its destructive effects.

In single molecule investigations, noise and background arise from a variety of physical and
mechanical sources. In any experiment, there are various contributions such as dark counts
and cosmic events which are inevitable though they are generally low and fairly constant.
Fundamentally, problems in detection are attributed to background which fluctuates; whereas
constant noise sources are easily subtracted from the emission signal, variable background
emission can easily obscure single molecule fluorescence. The main sources of constant
background offsets are DC offset and dark counts and can often be reduced by the choice of a
high quality detection system. A DC offset is often present in charged couple devices and
results in counts despite zero-light and zero-dark count conditions, while dark counts are
electronic in origin and scale linearly with integration time. Detectors that are either cooled of
have very small active areas are particularly successful in reducing these sources of noise.

Another source of inevitable noise is Poisson noise, which is inherent in any experiment
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which relies on integrated detection; it can only be reduced by statistical methods. So, with
these factors aside, the main concern of those designing and implementing SMS are those
sources which originate either in the detail of the experimental set-up, or from physical
phenomena within the sample itself, factors which can be significantly reduced by careful
optimisation of the spectroscopic and microscopic system. With regard to this, the two main
categories of background emissions will now be discussed; emission resulting from
experimental limitations: optics and lasers, and emissions arising from within the sample

itself.

Rayleigh fscatteringA of the excitation beam, residual fluorescence from optical parts and
residual excitation emission from the red-shifted spectral range (a particular problem in diode
lasers) can in the most part be suppressed by the use of highly efficient notch filters and
dichroic optics to spectrally discriminate fluorescence from scattered light. The transmission
functions of the emission and filter and dichroic beamsplitter used in this investigation are
shown in Figure 1. These high quality filters have been chosen by taking into account a
number of significant factors. Particularly important in the choice of filter, besides careful
wavelength selection to suit the laser and polymer, is the edge function. Ideally vertical edge
functions provide the most accurate filtering allowing a sharply defined transmission range,
with minimum transmission from wavelengths situated at the filter boundary. This is
particularly important in the confocal set-up as the Stokes shift between excitation and
fluorescence light is often small, requiring careful separation of the two different modes.
Another important issue is that of transmission, clearly in single molecule investigations
emission levels are characteristically very low, consequently, care should be taken to choose
filters with the highest possible transmission functions, as well as carefully optimised deep

blocking of the transmission pass-bands for maximum signal to noise ratios. It can be seen
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them using a diffraction limited excitation beam. This demand has lead to the development of
various optical designs to minimise the excitation volume and maximise fluorescence
collection, of which total internal reflection!® and epifluorescence® have become increasingly
well known. In order to collect as much fluorescence as possible, both techniques rely on a
wide collection angle, often achieved either through using parabolic mirrors or microscope
objectives with high numerical apertures. This investigation adopts the confocal approach, a
branch of epifluorescence in which the objective lens that focuses the excitation beam is also

used to collect the fluorescence.

Though it is not always possible to be selective regarding the choice of sample, it should be
noteq that non-resonant scattering intensity decreases approximately with the fourth power of
excitation wavelength. As a result fluorophores with absorption peaks in the near infrared
region are clearly superior candidates to those which require higher energy excitation, for

example, doubling the excitation wavelength increases background scattering by sixteen-fold.

Combining these discussions into a qualitative description, the signal-noise characteristics of
the system is described in equation 51",

DPQo
=%
SNR = Ahv Equation 5

‘K Dj th” +(C,P+ N,,)r)

Where:
Cs: background count rate per watt of excitation power.

t: integration time.
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The considerations for optimising the parameters in this expression have all been previously
discussed, with the exception of the detection efficiency D. In practice, the detection
efficiency is not solely dependant on the quality of the detector but is affected by the fraction
of the total emission collected by the optics, the fraction of emission which passes thorough
the filters, and finally the fractional transmission through all other optics. With complex
optical parts in use such as objective lenses, this parameter is often difficult to define, though
at the least it should be noted that unnecessary optics should be avoided and that those used

should be clean (and cleanable).
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5. Confocal Microscopy

5.1 Principles of Confocal Microscopy

Confocal Microscopy is one of the most effective methods of maximising sample emission whilst
minimising background effects. In conventional fluorescence microscopy, fluorescence is
separated from the excitation source by means of optical filtering, usually in the form of a
dichromatic mirror, which reflects the excitation and transmits the Stokes shifted fluorescence.
When the same objective that focuses the excitation beam onto the sample is also used to collect
the luminescence in conjunction with a dichroic mirror, the configuration is know as
epifluorescence. Though the COnfoca} principle is based on epifluorescence, it is specifically
defined by particular suppression of out of focus light through the addition of a confocal pinhole.
When placed at the focal point of fluorescence the pinhole aperture spatially filters out all light
emitted from outside of the excitation volume. Figure 1 illustrates this effect using the simple
example of light focussed from the focal point of one lens onto the focal point of the other. The
dotted rays represent light coming from out of focus fluorescence, this is often the result of
absorption of scattered excitation light, which causes fluorescence from impurities or other
fluorophores outside the excitation volume, whilst the solid rays emanate from the correct image
plane. The image from the out of focus beam converges at a different spatial position to the
focussed image such that the aperture the rejects the unwanted fluorescence, whilst some
unfocussed out-of plane light will pass through the pinhole, the majority is blocked resulting in

efficient attenuation of background signal.

The pinhole aperture determines the absolute depth of field of the confocal image!?), consequently
in three dimensional imaging, selection of the aperture diameter is particularly important. Smaller

pinhole size gives increasing axial resolution, though this is at the expense of transmission

67 Confocal Microscopy









5.1.2 Reflections in Optical Systems

Reflections are common in any optical system; originating from sample scatter, lens surfaces,
filters, lens holders or any number of other passive design elements. Particularly problematic are
those components that have highly reflective surfaces such as neutral density filters and detector
eleménts, which often cause back reflection of the excitation beam onto the sample and/or

multiple reflections along the optical pathway.

Reflections are particularly important in time correlated single photon counting causing
distortions to the effective instrument response function (IRF). As long as the reflections are the
same for the recorded fluorescence and the IRF, the result is simply that the recorded curve
appears distorted. Nonetheless, because of the difference in excitation and emission wavelengths
this is often not the case leading to noticeable errors in lifetime measurements and numerous
other experimental readings. Back reflections are particularly troublesome as they are often
picked up by the microscope objective and re-focussed onto the sample stimulating a second
emission event that is not correlated with the laser. If back reflection is a problem in the optical
set-up, neutral density filters can be substituted for absorptive filters. Unlike ND filters,
absorptive filters do not need collimated light and so they can be placed at an angle to the beam
to divert any back reflection away from the optical path. In practice, any design must meet a
compromise between reflections and efficiency; reflected light can be directed away from the
optical axis by tilting the critical part or by placing it in a non-collimated part of the beam, but it
must be decided whether the changes that such adaptations incur (IRF broadening etc..) can be

tolerated or not.
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5.2 Experimental

5.2.1 Experimental Set-Up

The confocal optical set-up for this investigation is shown in figure 3. This section will describe

in specific terms the instrument specifications and capabilities of the experiment.

Sample

Polyfluorene has emerged_as a particularly promising candidate for efficient blue light emitting
LEDs™!! it has a good photo luminescent quantum yield, is thermally stable and is easily
dissolvable in a variety of solvents'?l. It has been selected for its interesting photophysical
properties, which can be measured once the system is working whilst its PLQY and stability are

useful for locating and measuring molecules during calibration.

Excitation
The excitation source is a PicoQuant 390nm diode laser pulsed at 65 picoseconds. At the
maximum frequency, 40Hz, the optical power is ImW + 10%. The 390nm laser was chosen for

its well-collimated beam and suitability for polyfluorene excitation.

Dichroic

The dichroic edge filter is a Semrock Brightline dichroic beamsplitter. It is positioned at a 45°
angle to the excitation beam in order to reflect it into the microscope objective and allow the
transmission of the fluorescence. it has < 5% transmission below 400nm and greater than 90%

transmission above 400nm.
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Objective
The excitation beam is focussed using a Plan Achromat microscope objective, Numerical
Aperture 0.65, magnification x40. The working distance for a Plan Achromat with NA 0.65 is

0.56mm from the coverslip, which for the particular objective used is 0.17mm thick.

The depth of field of an objective lens gives the axial range through which the objective can be
focussed without significantly reducing the image sharpness; within this region, the image is
considered to be in focus. Depth of field is determined by a combination of wave optics at high
numerical aperture and at lower numerical aperture by the geometrical optical depth. Equation 1
gives the total depth of field:

/'In+ n ,
NA? M .NA o

d, = Equation 1

Where
n: refractive index of the imaging medium i.e. air, oil.
T detector: Tesolution of the detector

M: magnification of the objective

Using equation one, a detector resolution of 268 nanometers, the refractive index of air as 1 and

an excitation wavelength as 390nm, the depth of field of the microscope objective is:
d‘o‘ =(. 93”’”

The microscope is therefore expected to be in focus at a distance of 560 + 0.93um from the

coverslip.

* See section 7.1 for calculation of confocal resolution.
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Collection Objective

The collection objective is identical to the excitation objective [NA 0.65, magnification x40
coverslip ﬂﬁckness 0.17mm]. The choice of a high NA objective to focus the emission is intended
to increase detection efficiency; producing a very tight focal spot the maximum amount of
fluorescence is delivered to the 20pum? active area of the detector, reducing the amount of wasted

photons.

Exterior light

The enﬁre experiment is surrounded by a protective box to exclude external light. It was quickly
obvious that good SNR is difficult to achieve even in normal darkroom conditions where LEDs
on the laser and other electronic components can pollute the signal. Exclusion of background
light is fundamentally important for single molecule spectroscopy where emissions are so low,
and so the protective box was designed. It is partitioned into three compartments, which are

explained below.

Because the laser requires numerous cable connections and in some cases ventilation for the
cooling system, the laser is housed separately so that the cables can leave the box and the lid can
be removed to allow air circulation without exposing the remaining optics to exterior light. The
sample is housed separately from the detectors to form a “light-lock™ between the laser
compartment and the detector chamber. Any scatter from mirrors, the sample itself, and light that
has escaped through from the laser compartment is confined to this area, keeping the detection
chamber light-tight. The passage between the detection and sample compartments is a slot into

which the emission filter fits tightly so that only fluorescence can pass through.
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The box is designed so that each compartment is accessible via separate lids for reasons of
practicality, allowing adjustment of the stages and sample whilst the detectors are still running.
This is useful both during alignment and when manually locating molecules which can now be
done without the signal being dominated by external light. Another useful design feature is that
the partition wall is removable; this makes alterations of mirrors and other optics much more
practical, allowing adjustments without having to remove the entire box. The partition wall slides
into a deep track to ensure it is light tight at the edges and has a foam base to make it sit well with
the optical bench. Cable holes are sealed using washers and brushes and finally, any scattering
between optics and the box has been reduced by coating the box with ultra low-reflectivity (99%

matt) black paint — Mankiewitz.

Detector

There are essentially two types of detectors that are used within single molecule experimentation,
two dimensional array detectors and single element detectors. The two dimensional (CCD) array
detector is widely used in wide-field sﬁectroscopy whilst single element detectors are more

31 nonetheless both have the same requirement for high

common place in confocal systems
quantum efficiency and low background levels to conform to the tight signal to noise

requirements of single molecule spectroscopy.

The detector used in this investigation is an id Quantique id100-20 Single Photon Avalanche
Photodiode; a single element detector. The SPAD has been developed following recent
improvements in semiconductor photo-detection; it achieves ultra-sensitive detection at low
intensity, has excellent quantum efficiency and dark counts as low as 20 dark counts per

second"‘].
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The SPAD is essentially a p-n junction with a reverse bias set above the breakdown voltage
producing an electric field high enough to sustain flow of an avalanche current triggered by the
incoming photon flux!¥). The avalanche current continues until it is quenched by lowering the
current below the latch current, in the id100-20 this is achieved using an active quenching circuit;
fast transistors triggered by the breakdown pulse quickly lower then reset the bias voltage, giving
it very good time resolution. In order to reduce thermally generated dark counts and ensure fast
single photon timing the single photon avalanche photodiode is designed with a characteristically
small active area, 20um? for the id Quantique. In other fields, this is sometimes seen as a
disadvantage however in confocal experimentation the image plane can easily be made to under-
fill the detector chip. The small active area can even be used as a confocal aperture in place of the
pinhole when accurate pinhole definition is not important. Discussions of the effect of pinhole
size demonstrate that this is true when the image plane is 2D since the pinhole has the greatest
advantages for sectioning along the excitation axis rather than along the image plane®?). In this
investigation into conjugated polymers, the image plane is assumed to be 2D at single molecule
level, such that the id Quantique was chosen specifically to use the small active area as the

pinhole, as well as the good specifications it offers in terms of time resolution and noise.

The specifications of the id100-20 are described in by the manufacturer and illustrated in the
figures above. Whilst the Quantum Efficiency peaks at 500nm with 35% it is considerably lower
at the peak emission of the isolated polyfluorene, which lies at ~405§m. Nonetheless, drawbacks
in quantum efficiency are compensated by excellent time resolution and low dark counts of 40ps

and 20c/s respectively.
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sample and detection. The light must be as close to the optical axis and as well collimated as
possible to prevent reflections and interference. A summary of three of the most common
problems of ‘pulse shape are explained below and are illustrated in figure 6. The last pulse has no
pre or after pulses and its shape is almost symmetrical; a pulse with such characteristics reflects a
well-aligned system. It should be pointed out that these issues refer to problems arising after the
sample focus has been optimised i.e. it should be set to give a maximum intensity reading before

looking at the issues below.

1. Reflection: the pulse in the top left-hand corner of figure 6 is a typical after-pulse.
This is usually caused by a reflection from the ND filter passing all the way back to the
prlmary mirror and then being reflected back again onto the sample. This problem can
be resolved by tilting the ND filter so that it is just off 90° to the optical path. It was
found that tilting the filter too much could distort the excitation pulse, giving rise to a
‘vignetting’ effect as the pulse travels through different thicknesses of glass across its
diameter. Theérefore, by positioning an iris closely surrounding the excitation beam, a
very small tilt will be sufficient to remove the reflected beam from the optical path, as

the back-pulse is then blocked by the iris edge.

2. Pre-Pulse: this is not entirely understood, however, it is thought to be a result of the
excitation axis and the objective axis being mis-aligned causing reflections within the
complex lens system of the objective. Alternatively, if the sample is an oblique angle to
the objective rather than at 90° it could be that the laser is back scattered onto the silver
objective outer and then reflected back onto the sample before the arrival of the next

laser pulse causing further emission that manifests itself as a pre-pulse.
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recorded at out of focus positions. The proposed physical situations behind this problem are

shown in figure 7 whilst empirical findings to this effect are shown in figure 8.

Experiments have made it increasingly clear that difficulties arise when the subject of the image
does not lie on the optical axis, and the accuracy required to resolve this issue manually is very
difficult to achieve, particularly where single molecules are concerned. In the following sections,
a scaqning program used to build up images is described; briefly, it incorporates the focussing
program mentioned above along with x-y scanning over a 45um’ to build up a topographical
intensity picture. This can be used here to solve the problem of off axis focussing; by running this
scanning program twice - first to locate the molecule and second to take the measurement, off
axis effects can be considerably reduced. Using a rough guess at the molecule position, the first
scan can be relatively crude in terms of pixel size and objective position, having the sole purpose
of producing a molecule co-ordinate for the second scan, which is then used to set the molecule in

line with the optical axis ready for the desired photophysical experiment.

This technique is satisfactory given that the experiment is still in the early stages of development,
and using robust target molecules such as fluorescent microspheres (see later) it has produced
good results. Nonetheless, it is thought that this relatively slow method will prove to be

inadequate for single polymer molecule investigations.
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of mblecules are destroyed during the process. In this situation when a molecule is eventually
found, it is likely to be specifically quite stable and long-lived, thus representing only a small
subset of molecules from a larger distribution. Furthermore, it is often the molecules in those less
stable environments, which display the most interesting dynamics: spectral jumps or transitions
into dark states for example!'*], A final additional consideration is that manual positioning is very
tedious and time-consuming, and is difficult to perform on a large number of molecules. Rapid
automated positioning is seen to be essential for successful spectroscopy of volatile molecules
and will bring the advantage of producing large numbers of data sets, which can be analyzed

statistically.

Unfortunately, time constraints have meant that an automated system has not yet been produced,
though thought has been given to a possible structure, which is suggested here for future
reference. (Reference may be made to chapter 6 for clarification of the scanning system) A
program should be built that incorporates the steps already used at present, but with the added
advantages that automation brings in terms of speed and precision. Taking two stages, searching
and optimisation, the system should scan in the normal imaging mode until the counts rise above
a set background threshold. At this point, the step width should reduce and move into the
optimisation routine. Here the stages are scanned in the y direction, measuring the peak decay
value at each point (this is faster than using raw counts)?. Whenever the measured intensity
decreases, the step direction should be reversed, by repeating this over a number of cycles in the
x and y direction and then averaging the result, the molecule may be located, despite the effects
of noise. If the result of the average is above a pre-set threshold level, the position may then be
fixed ready for spectroscopic measurements, otherwise where noise has stimulated the

optimization routine or if photo destruction occurs, the loop terminates and resumes the search

* An idiosyncrasy of the single-photon counting module, explained more specifically in chapter 6.
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routine. This is thought to be the most efficient way of moving in on a fluorescent entity whilst

conserving as many photons as possible for subsequent measurements.

With the focussing and basic alignment considerations in place, the next stage of testing will
focus on lifetime measurements, thereby determining system performance in terms of detectable
intensity range and accuracy of lifetime readings whilst establishing any as-yet un-noticed

problems in the system.
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6. Time-Domain Lifetime Measurements

Temporally resolved photoluminescence measurements allow the observation of many dynamic
molecular events that remain hidden in the steady state. Though they often involve complicated
and expensive equipment due to the nanosecond time-scale of fluorescence, the benefits of time
resolution are significant, and many important phenomena have come to light since the
development of time resolved techniques, notably much conformational information along with
decay dynamics, quenching and resonance energy transfer, few of which can be accurately

observed through the steady state'!.

This section will describe the principles of time-resolved decay measurements and specifically
Time Correlated Single Photon Cou‘nting (TCSPC). Calibrating the TCSPC module to the
confocal microscope constitutes an important part of the experimental construction, not only is it
necessary to optimise the SPC performance, but lifetime measurements can also be used to
highlight any remaining mis-alignment or other deficiencies in the design. Reflections and
aberrations caused by inaccurate optical set-up or bad experimental procedure readily affect the
time resolved luminescence curves and may be frequently identified by certain chﬁracteristic
faults in the fluorescence decay. This is in fact a useful indication of the type of optical alterations
that are required when the experiment is not working correctly, which in other circumstances are

often very difficult to identify.

Following careful adaptation of the SPC settings to refine the instrument response function,
decays obtained from the confocal microscope will be compared to decays taken using an
established (ensemble) time resolved system in order to measure performance and accuracy. Once:
results can be produced confidently, following chapters will go on to use the single photon

counting module to measure the lifetimes of dilute polymer films.
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6.1 Fluorescence Decay ™!

Excitation of a fluorescent sample stimulates an excited state population that will immediately
begin to relax back to the ground state through a combination of radiative and non-radiative
decay mechanisms. This is described for the ideal situation of a delta-like laser pulse in equation
1. |

dn(t)
dt

=—(k,.y +k, Jn(® Equation 1

Where:
n(t):number of excited molecules at time t.
knr: non-radiative decay rate

kqq: radiative decay rate.

The decay from the excited state is a random process and results in a characteristic exponential
intensity decay over time. Since the total fluorescence emission is proportional to the number of
excited molecules, the exponential decay can be described in terms of time dependant intensity
I(t) such that:

It)=1, exp(f’%) Equation 2
Where:
Ip: intensity at time zero.

z: inverse of the total decay rate (k,uq+kn)”

Using this relationship the fluorescence lifetime <, which is the inverse of the total decay rate, can
readily be calculated from either a In scale plot of the time resolved photoluminescence or, from

the time it takes the intensity to fall to 1/e of the initial value.
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In practice this description is often too simplistic; frequently, due to various energy transfer
processes there will be more than one decay mode present in many fluorescent samples. Multiple
exponential decays are often observed in the solid state where more than one fluorophore is
present, an effect that is particularly pronounced in polymeric materials where copformational
variation and the effects of donor-acceptor systems increase the number of decay routes. Such

conﬁgurations require multiple exponential descriptions such as that of equation 3.

(—
I(t) = a,exp —t) Equation 3
i \ 7

Where:

a: decay amplitude.

Clearly, any curve can be described by a series of exponentials and so whilst multi-exponential
fits do have a place, it becomes difficult to draw conclusion from many-exponential fits as the
weighting of each component can vary widely (in relation to each other) whilst still producing the
same fit. Otherwise said, persistence in fitting .a curve with 5,6,7... exponentials does not yield a
great deal of physical information, here it is perhaps useful to note the multi-exponentiality and

conduct other measurements to investigate further.

6.2 Time Correlated Single
Photon Counting (TCSPC)

TCSPC is a digital technique, which counts photons that are time-correlated in relation to the

excitation pulse.
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In traditional systems a pulsed laser or flash lamp is used to excite the sﬁnple and stimulate
fluorescence emission. The module records the time delay between excitation and the onset of
fluorescence in one of two ways which both use a Time to Amplitude Converter (TAC). The
TAC is effectively a voltage ramp that is either triggered by the excitation synchronisation pulse
(SYNC) or the following fluorescence pulse. Then, depending on the configuration, the voltage
rises linearly until either the next fluorescence photon or sync pulse is detected (whichever
triggered the ramp the other will stop it: i.e. sync trigger-fluorescence halt). When the ramp is
halted, a signal is sent through to a Multi Channel Analyser (MCA) with a voltage directly
proportional to the time between the laser pulse and the excitation detection. The MCA then

converts the signal into a time channel using an analogue to digital converter (ADC) and adds the

result to a frequency histogram of counts versus time to produce a luminescence decay curvel®,

Most modern SPC modules favour the modified method of a fluorescence trigger rather than
using the excitation pulse, which was the original triggering sequence. The reason for this is that
the TAC is one of the main rate-limiting components in modern TCSPC, taking several
microseconds to. discharge and reset, and whilst in older experiments using relatively slow
repetition rate flash lamps the excitation-fluorescence sequence is quite sufficient, the use of
modern high repetition laser sources can overload the TAC through continuous start pulses. This
can be avoided by using the fluorescence decay as the trigger mechanism, in the reverse mode the
TAC is then only activated if an emitted photon is detected, making the system much more

efficient and reducing overload problems.

Because of the finite width of the laser and the instrument response, the raw decay curve
produced using TCSPC is a convolution of the excitation pulse and the real fluorescence decay.
In order to separate these two entities, global analysis of the instrument response function and the

measured decay curve is used to give a fitted function that represents the true decay.
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Alternatively, if the initial fast component of the decay is not important, the measured

fluorescence lifetime can be considered from times greater than the instrument response function.

The time accuracy of the single photon counting technique is determined by the transit time
spread of the single photon pulses in the detector and the trigger accuracy in the electronic
system. As a result, the timing resolution can in fact be superior to the half width of the detector

IRF, which in some avalanche photodiodes can be as large as 500ps.

As in any counting method, the accuracy of the measurement is defined by the standard deviation
of the number of collected photons for each time channel. Because all detected photons contribute:
to the decay, SPC typically has a very good signal to noise at a given intensity and measurement
time. Another advantage of singlé photon counting is that noise emanating from current leakage,
gain instability and stochastic gain mechanisms does not appear in the measured luminescence
histogram because it does not relate to the TAC, giving further improvements in the SNR

compared to other signal processing methods.

Photon counting is of course not without drawbacks and in the single photon counting method the
effect of photon pile-up is‘ an important shortcoming. Photon pile up can happen when using very
intense samples and describes the situation where the time between two or more photons arriving
is shorter than the time it takes for the detection impulse to be sent to the MCA and for the
voltage ramp to recommence. The result is that the fast decay component of the luminescence is
under-represented because the photons are lost in the dead time of the TAC. By using the pulse
inversion technique mentioned earlier, the Becker and Hickl TCSPC module used in this
investigation has very short dead time and can record up to 1 x 10 photons per second. This is an
impressive time resolution compared to other SPC modules and makes the system very useful for

fast image scanning.
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6.3 Optimising the System

In order to optimise the timing resolution, the parameters of the constant fraction discriminator
(CFD) and the time to amplitude converter (TAC) should be adjusted to meet the specific
requirements of the system. The instrument response function was used to monitor improvements

in the system and the optinium settings were chosen for reproducibility rather than the time

— 1 resolution alone. In order to avoid ground loops which
can induce high noise currents, all components were
connected to a distribution board which was then

connected into a single socket.

CFD: The constant fraction discriminator strongly

influences time resolution and is one of the most

important parts of the SPC electronics. The purpose of

— the CFD is to measure the arrival time of the
Figure 1: In order to match the CFD
as closely as possible to the detector | photoelectron pulse and transfer it to the subsequent
pulse, the trigger point is set at the
zero cross of the sum of detector pulse | glectronics. Although seemingly simple, in practice
and the inverted pulse.

= — correlating the CFD with the temporal location of the

detector pulse is often a complex task, suffering significant complications due to pulse height

variations.

To understand this effect consider that the CFD associates the arrival of a pulse when a signal of a
value x, which lies above a certain threshold, is detected. If there is then any variation in pulse
amplitude between a group of temporally identical pulses, this method will record a spread in the
measured arrival time, with large pulses crossing the threshold early and small amplitudes pulses

crossing it later.
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The method of circumventing this problem is to minimise the contribution of the pulse height
distribution. This is achieved by breaking the signal up into two parts, the pulse and an inverted
pulse delayed by ~ 1 pulse width. These pulses are then recombined by summing the input pulse
with the delayed inverted input pulse. The zero-cross point is then used as a trigger as shown in
figure 1. Since the crossover point of the two pulses is independent of pulse amplitude, this
method minimises any jitter in the temporal domain caused by amplitude jitter of the detector.
False triggering is further reduced by the use of a low threshold discriminator which rejects
pulses that are smaller than a certain limiting value. Adjusting this limit changes the effective
CFD time window and it follows that for smaller time windows the effects of random noise along

with any systematic after or pre-pulses are reduced.

The CFD threshold and zero cross voltages were adjusted to give the best possible combination of

time resolution and reproducibility.

6.3.1 TAC Parameters

The time to amplitude converter (TAC) is used to determine the temporal position of the detected
photon within the SYNC train. The TAC is effectively a voltage ramp which is triggered by an
incoming photon and stopped by the following SYNC pulse (or vice versa). In this way a voltage
that is linearly proportional to the time between photons is produced and converted to give a
temporal value. The settings on the front panel control the gradient and length of the TAC voltage
ramp, which adjusts the time scale of the recorded luminescence. Whilst the CFD parameters are
usually set for a given excitation source and electrical set-up (cables, connectors etc..) the TAC
parameters can be adapted to the fluorescence characteristics of the sample, for example some
samples with long lifetimes require a longer time range whilst other faster fluorophores can be

recorded sufficiently using a much smaller time window. The TAC settings consist of three
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Having set the TCSCP parameters to give the optimum time resolution, lifetime measurements

were tested using films of concentrated polyfluorene and of fluorescent microspheres in PVA.

Lifetime Measurements 6.4
6.4.1 Sample Preparation

OF 2/6 was dissolved at 1% into toluene (Romil) and stirred at room temperature for 5 hours. The
solution was then spun cast at 2500rpm onto clean quartz discs and stored in an inert environment

when not in use.

Films of fluorescent microbeads were prepared using Plum Purple fluorescently labelled
polystyrene microspheres purchased from Bangs Laboratories. Microspheres were mixed into a

PVA matrix at 1% and spun at 1300rpm onto clean quartz or sapphire substrates.

6.4.2 Experimental

Samples were mounted in front of the microscope objective and the focus was set using the
maximum intensity technique described previously. The fluorescence lifetime of many polymers
in the solid state varies widely depending on sample preparation, for example choice of solvent
and host have been noted to affect decay kinetics quite considerablylsl, furthermore solid state
lifetimes are notoriously complex making them difficult to describe quantitatively™. As a result
of this in order to assess the accuracy of this experiment, qualitative assessment of decay curves
has been used to compare those decays taken from the confocal system and those taken using a
single photon counting experiment already in use in the department. This system uses a

PicoQuant picosecond pulsed (65ps) diode laser to excite a bulk portion of the film; it is
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In order to test the accuracy of the confocal SPCM over longer time decays, the lifetime of a
fluorescent microsphere has been recorded. Spheres were chosen with a known lifetime of ~ 4.7
ns and measured, this time solely on the confocal SPCM yielding single exponential fluorescence
decay with a lifetime of 4.62ns-figure 4 navy trace. These results are taken as strong evidence that

the system is functioning correctly up to lifetimes of ~5ns.

Although the issues surrounding the definition of the focal distance have already been discussed,
a further important feature has been identified in the course of recording lifetime decays. Where
in earlier discussion false focussing was presented as an issue only at very low concentrations,
here at all concentrations a problem region has been identified. Specifically, setting the focus too
close to the sample can lead to a large distortion of the decay that manifests itself in a fast initial
decay of considerable amplitude. It is very noisy, but is otherwise similar in appearance to the
scattered beam though with a small decay tail, presumably a remnant of the real fluorescence.
Due to the similarity also of very concentrated sample decays with the scatter because of their
very fast initial decay components, the problem remained undetected until low concentration
films and long lived microspheres were studied, whereupon the true long decay tail was

distinguishable from the strong rapid decay of the distortion.

The source of the problem was identified as an effect of poor focus (and not of poor sample
preparation for example) by comparing two decays taken from the microsphere film. One was
taken with the objective well focussed, whilst in the other the focus was moved forward until the
fast decay effect became obvious. The results are shown in figure 4, where the correct decay is
clear and in good agreement with all specifications whilst the decay recorded of the same film at
the close objective position shown in light blue is clearly very noisy and not representative of the
real fluorescence decay. Importantly for positions just off the correct focal position there is no

real distortion just reduced intensity: the distortion occurs at a specific position.
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the global maximum, a point which will vary from sample to sample due to substrate and film
variation.
Correct focal region ~ 10.5155um

High Scattering at ~ 11.537um

This is a relative measurement for the system in its current state, and, if the objective stand should
be moved in the course of any future adjustments it should be re-evaluated. The local intensity
peak is readily identifiable and is in fact quite useful for signalling that the focal position has been

missed.

6.4.3 Experimental Calibration Conclusions

The system has been aligned to produce a repeatable IRF of 100ps at FWHM. This is 27ps
broader than the pulse width specified by the laser delivery report manual however this
considered to be acceptable when the broadening effects of the optical parts are taken into
account. The specific alignment of light passages into the microscope objectives has been
identified as a major potential source of IRF distortion and should be given particular care during

any future alterations.

Focussing has also been noted as an important part of spectroscopic measurements and must be
done with a considerable degree of accuracy to ensure valid results. The focal distance Qf the
objective lens has been calculated to be 0.73mm + 0.93um without coverslip, though current
methods of locating the focal distance rely on intensity measurements. Assuming that the
focussed excitation beam will deliver the highest excitation flux to the sample the position where
maximum luminescence intensity is observed used to infer the correct objective displacement.

Though manual positioning can be used to approximately locate this point, for accuracy, due to
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the small depth of field, a computer controlled routine has been written to scan the objective over
100pm from the manually set position to set the optimum objective-sample separation accurate
down to 0.5um. With the caveat that the sample is sufficiently concentrated that molecule
alignment is not necessary, this method has been tested and found to be both practical and
accurate. The only error posed for this technique lies in bad initial positioning of the objective by
the user. A misleading scattering effect has been identified to produce a small local intensity
maximum close to the sample yet out of the 100pm scanning range of the global maximum.
Consequently if the user sets the initial position by this point the system will not be in focus. In
order that this does not pose future problems, the danger region has been specified as has the

approximate correct initial micrometre setting for the objective.

In dilute films alignment of the target molecule with the optical axis is of the utmost importance
for setting the correct objective distance. Currently this is achieved by performing an x-y intensity
scan over the rough area containing the molecule in order produce an accurate molecule position
value for the subsequent spectroscopic measurement. Adequate at the time being, the time
consuming nature of this method is predicted to pose a problem when single polymer molecules
are under investigation because of bleaching effects. A solution has been suggested in the form of
an automated search algorithm that will locate the molecule rapidly and conserve photons for the

subsequent measurement.

The performance of the confocal system concerning lifetime measurements has been tested. By
comparing the lifetime of OF2/6 in PMMA on both this system and on a more established
standard SPC module it has been determined that the confocal system is recording accurate
lifetime measurements. As the decay of concentrated OF2/6 is very rapid, a longer lived species
was tested to check the performance of the system at long lifetimes. Fluorescent microspheres

with a known lifetime of T = 4.7ns were examined, results were found to be in excellent
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agreement with this value giving a lifetime of T = 4.62ns. In view of these findings the system is
now seen to be functioning sufficiently to be used for lifetime investigations and it is now
intended to develop scanning confocal imaging, to act in support of lifetime measurements at

single molecule level.
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7. Scanning Imaging

Scanning in modern confocal microscopy is most commonly achieved either by laser scanning
or by specimen scanning. In laser scanning, the angular position of the excitation beam on the
back of the microscope objective is adjusted through varying the angle of reflection from the
dichroic filter. As the illuminating beam moves across the microscope objective, a lateral
displacement on the sample occurs. Whilst in specimen scanning the excitation beam remains

fixed, with the specimen scanned laterally in the focal plane of the objective lens.

Specimen scanning has many important advantages over laser or beam scanning, not least that
the experimental set up is much simpler to implement and run. Importantly in specimen
- scanning, off-axis optical aberrations such as coma and astigmatism, which occur in beam
scanning, are largely minimized or absent as a result of having a constant axial illumination.
Furthermore, since the microscope is only used at one part of its field, the field curvature is not
important. Other notable advantages include the fidelity of contrast and resolution across the
scanning area, moreover, the field of view is not limited by the objective aperture but is

determined by the amplitude of the scanning stage.

7.1 Resolution ™

Optical resolution is an important consideration in any imaging system, and, as with
conventional microscopy, confocal microscopy has inherent resolution limitations stemming
from a number of fundamental physical factors. Defining the smallest detail that can be
imaged or the minimum discernable separation between two points, the resolution of a system
improves as the resolving power and numerical aperture of the objective lens increase and as

the wavelength of excitation light decreases. Fine-tuning these parameters allows optimization

102 Scanning Imaging









Taking into account that the longer detection wavelength has the effect of reducing the

resolution, the lateral confocal resolution is appr0ximated by:

1 122,

FWHM ,,, ~

Equation 3

Confocal Resolution

Where ﬂ=£’—

g
Using Equation 3 the resolution of the confocal system described here for polyfluorene

emission at 420nm is approximated to:

1 1.22-390x 107 e
390 2 2 X 065
1 +( )

FWHM,,, ~

420

=268 nm (3s.f)

7.2 Pinhole Size

Pinhole size is an important feature in any confocal design, it rejects out of focus light and
dramatically improves the axial resolution of the system, though has a lesser effect on the
lateral resolution. Studies by Wilson [*! investigated the response of a confocal nﬁcroscope toa
thin fluorescing layer as a function of pinhole size and B. His findings showed that -axial
resolution improves with decreasing pinhole size. This phenomenon introduces the question of
the minimum pinhole size that will achieve an acceptable balance between signal to noise and
resolution, to this effect Wilson noted that axial resolution does not improve considerably for

pinhole apertures less than the radius of the first zero of the Airy disc.
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If the optimum pinhole size is then taken as one Airy diameter, the actual pinhole size should
match the size of the magnified airy disc as projected onto the detection pinhole. For a
magnification factor of 40x and emission wavelength of 420nm the pinhole aperture dj, should
be set such that:

1.224,,
NA

d,s<M

1.22-420x 10'9
0.65

dp <40x

d, <31.5um
Despite dramatically improving the optical sectioning capabilities of the microscope it is
worthwhile to note that for lateral resolution the benefits are significantly less. Only at tiny
pinhole sizes is there any noticeable gain in resolution by which point intensity will have fallen
to 95% of the maximum ™). This is clearly a disadvantage in terms of signal collection and so
the use of a pinhole can be much more liberal if axial resolution is not important. This is the
case in 2D single molecule spectroscopy so in this investigation and the pinhole size is set by
the active area of the detector without the capacity for adjustment. In this way out of focus

light is largely blocked whilst the majority of emitted photons are detected.

7.3 Digitisation

Each real-life picture that is taken using the confocal scanning technique requires digitization
in order to convert the real life image into an accurate digital representation. This necessity for
digitization stems from the inherently discrete nature of any imaging process; the image is read

at a number of discrete spatial steps and displayed as a discrete function of intensity.
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Digitization should give the most detail possible within the limits of practical experimentation.
In this section digitisation considerations and settings will be explained and calculated for both

the spatial and intensity domains.

7.3.1 Spatial Digitisation

Following Nyquist’s sampling theorem an object should be sampled with at least twice the
highest frequency of the sample in order to avoid aliasing and artefacts. In the case of the
confocal microscope, the Nyquist frequency is not determined by the infinite detail of the

specimen but by the PSF of the system: half the confocal FWHM.

For excitation at 390nm, detection at 420nm, NA = 0.65 the maximum resolution is 268nm

(above) hence Nyquist sampling / pixel size < 134nm.

7.3.2 Intensity Digitisation!”

To determine the number of intensity levels required to represent the acquired image the
minimum detectable difference in the intensity domain is used. This quantity is related directly
to the noise of the detection process and the detection system - defined principally by Poisson
Noise and the noise within the detector such as darklc()untsv, read out noise, thermal noise etc...

The combination of these factors results in the minimum intensity resolution 7,

Tor =N pos + N Equation4
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It can be seen from equation 4 that as the number of detected photons increases, the intensity
resolution falls, furthermore the resolution is not evenly spaced in terms of detected photons.

For a given maximum signal Np,s, the number of meaningful intensity levels is:

N, =2-([Npo =N,

Whilst the number of grey / colour levels required to represent N; intensity levels is:

=
R

Equation 5

?I

7.4 Stage Control Software

A control program has been designed to run the scanning stages and record the fluorescence
lifetime and fluorescence intensity. Although current investigations only run using one detector,
the program is built to record fluorescence lifetimes from two detectors when connected, so that
polarisation dependant studies can be carried out in future. The programme is written using

National Instruments LabVIEW software.

The LabVIEW program integrates control sub programs that are supplied along with both the
SPCM and the PI stage control, using them to produce lifetime and image information. The
program performs initialisation, scanning and lifetime measurements sequentially and saves the
data produced to file for analysis. The sequences will be explained here in order and are shown
in detail in the appendix. The numbers referred to within the description are indicated on figure

3.
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1. Initialisation of the Single Photon Counting Module.
This performs a number of operations that are not directly visible by the user but are required
to run before any measurements can be taken. This stage connects the program up with the
SPCM and reads in the operating parameters from an initialisation file, re-calculates
parameters depending on hardware restrictions and sends the parameters to the SPC control
register. It checks that the SPC hardware is operating correctly and will send out an error

message if any problems are detected.

Once this is complete the memory is then configured for the particular module type to set the
number of detector channels and the ADC resolution, which can be from 64 to 4090. (ADC
resolution defines the number of points per decay curve). Th1s makes sure that when the
lifetime information is read in to the memory it is configured to match the number of points
and number of curves that it receives. The details of the memory configuration are displayed

on the front panel at point 1.

2. Initialisation of the Pl Stage Control.
Again this process is required as the initial communicétion with the stage control. It opens up
an interface so that the user can specify the type of connection — RS-232 or GPIB and the
port number. This system uses a GPIB on port 4. It also has options for the number of
systems and setting the time out. These do not need to be altered and should be set to 1. Once
this has been completed it checks the presence of the three axes, reports back and turns the
system online. The indicators at point 2 show if the axes are functioning and gives their
status. If they do not read back properly check the connectors and make sure the power
switches next to the input cables are on. It then moves each axis to 0.0um and is ready to be

used.
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3. Focussing.
A dialogue box will appear and ask the user to choose a step width for the stage controlling
the objective lens. This value is set in microns and can be any value between 0.01ym and
100pm. Before you start the program the position of the x-y plane during focussing must be
entered, it might be chosen for example to be at the centre of the subject, the position values,
in microns should be entered at point 3' and can range from 0 to 45um in each plane. The
input values are then read into the PI system which will position the sample and then scan
the objective forward over 100um at the input step width. At each step the SPC module
reads the ADC reading and writes it to an array. Once the objective scan is complete, the
program converts the array-index to a position and plots the intensity as a function of
position shown in the top left corner of figure 3. Simultaneously the maximum intensity
position is selected from the array and is sent to the PI controller which moves the objective

to that position. The z-axis is now fixed for the rest of the experiment.

The focal position should have been set by hand to an approximate focus before running the
experiment, if for any reason this is sufficient and fine focussing is not required enter 100pm

as the step width and the program will perform only one step and reset the objective to zero.

The time taken to focus the objective is extended considerably by the time needed for the
SPC module to read the rates values, if the program runs too fast, the rate value for the ADC
cannot be collected and the error “Rafes Not Ready” is displayed. A time delay has been
incorporated into the measurement stage to avoid this problem however it does make
focussing slow and the use of an ND filter during this process should be considered to avoid

bleaching the subject molecule.

! There must always be a value in each box; if the point of focus is not important, arbitrary values should be
entered.
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Once focussing is complete the user is prompted to save the focussing information to file,
this can be bypassed by clicking cancel in the save dialogue. The program will then display
a warning saying the file has not been saved and offer to continue or stop, clicking continue

sets the program to run as normal.

. Lifetime Measurement and Image.

The active area should be set before the focussing stage is complete in the from and to boxes
at point 4 as the stages will be set to these positions immediately upon completing the focus
stage. The step width in pm and collection time are also set here and define the pixel size
and dwell time. When these parameters are input the Go button should be pushed down to

start readings.

Measurements are taken directly by the SPC module; the lifetime is measured and displayed
on the front panel in the lower left graph. The signal from the lifetime is then passed through
a filter which smoothes the curve and displays another smoothed lifetime in the top right
hand corner. Whilst the raw lifetime is available for lifetime analysis, the smoothed curve is
used to build up the image profile by recording the maximum intensity of the decay. At each
position the maximum count value is taken and put into an array. When the scan reaches the
maximum y value it leaves the measurement loop and is moved one step in the x-direction,
the y scan repeats and the intensity maxima are recorded into a new line of the array. In this

way a 3 dimensional intensity profile is constructed.

The reason that the lifetime is smoothed is to reduce the impact of noise which distorts
images at low intensity. This distortion often occurs when there is no luminescence decay
when because of scattering and system noise etc.. there are often a number of counts still

recorded. Due to Poisson noise over the whole time range occasionally these counts include
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high resolution scans would take too long to complete. The lifetime reading is a much faster
measurement to take; the minimum dwell time is limited by the step response time of the PI

servo to 0.35s per pixel.

By conducting a position check at the end of each y and x line scan the program registers
that the scan is complete when the read back has reached the final x-y position values
entered at point 4. This comparison has a small margin of error built into it to accommodate
fluctuations in the position read back and to account for the possibility that the step width
chosen is not a multiple of the chosen line length, so it would stop for example if the final
position was 40 and the read-back was 40+0.2. When running fast scans it is advisable for
the user to go into the program and alter this error buffer to about half the step width as
when the system is moving quickly it is possible that it will step over the maximum error
and consequently never receive the stop command, in which case it will keep trying to

increase in that dimension and the programme will need to be started again.

5. Building the image and end.
Once the entire area has been scanned the array containing the intensity maxima from the
smoothed lifetimes is converted into an intensity image seen in the lower right corner. A
dial\ogue box prompts the user to save the array data in ASCII format so that analysis can be

carried out. The system then switches offline.

7.5 Results

Samples were mounted on a 50 x 50 pm? closed loop scan bed (Physik Instrumente) A digital

instruments controller was linked to the stages and operated by a labview program. The speed

113 Scanning Imaging












areas of fluorescence have merged, although this apparent change could be a result of the focus
of the objective, which is different between the two images. Any effects brought about by
sagging or movement of the scanning stage can be ruled out as the position sensor on the piezo
control records actual not relative position, and as the stage position was identical for both scans
the movement is thought to be a result of either the entire sample or of the individual AlQs
molecule. Movement of the substrate is not thought to be the cause either, since if the disc were
slipping in its mounting the movement would only be noted on occasion as would be a random
effect. As it is, molecular position has been consistently observed to decrease in several similarly
made AlQ; samples suggesting that the explanation lies in movement of the molecule in relation
to the substrate over time. This is not unlikely especially upon taking into account the heating

effects of the laser and the fact that the AlQ; is not fixed by a host or covering layer.

Movement of the sample clearly requires addressing if any optical sectioning or repeated images
of a single spot are required. Particularly important for sharp images is the definition of a focal
co-ordinate, so that the correct focal distance is selected. It had been hoped that a layer of Zinc
Selenide could be evaporated over the AlQ; moleculés to fix them in place, however,
evaporation of the Zinc Selenide layer was not possible using our evaporating oven and so it was

decided to take on a different molecule for imaging.

7.5.2 Fluorescent Microspheres

Having made initial imaging attempts with AlQ; it was clear that a more standard subject
molecule was required to characterise the microscope accurately. With a view to this a batch of
polystyrene microspheres with fluorescent labelling were purchased from Bangs Laboratories,

Inc.
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microscope image, whilst there is also the possibility of wave-guiding of the excitation pulse
through the host matrix, which is expected to broaden the apparent size of the object, and wave-
guiding of the emission, which is expected to raise the background levels when imaging bright

objects.

Images were taken using the confocal scanning laser system. The first step in imaging was to
manually locate and focus on a bright spot in the film and take a rough scan over that area. This
was done with a fast scan speed and a step size of Ium to give a location of the bead within thg
scanning area. Following the initial scan the area immediately containing the beads was scanned
again, quickly and at the same step width to check that the bead positions were constant and that
fluorescence was still detectable. In the first scans it was very obvious that the beads were not
sufficiently immobilised with significant motion over the course of minutes. These beads had
been put into a host of PVA and water at 1%. To stop motion of the beads new samples were

made in a host of 5% PV A to water which was tested in the same way and found to be sufficient.

When testing the bead immobilisation problems of bleaching became apparent, with the count
rate dropping considerably over two scans of the same bead, from 180 cps to 22 cps for example
then bleaching in the third attempt. To overcome this problem a neutral density filter was put in
the excitation path and tilted off axis to avoid reflections. It was found that photobleaching is
considerably reduced if the emission is limited to below 5x10* cps. With the ND filter in place a
new area was scanned- figure 9. Following the initial rough scan scanning it was assumed that
the beads would not have moved and the program was run a second time this time at high
resolution focussing on the position of the lower right molecule. The step width of the objective

is set tol um and the x-y scanning step width is 0.14um, the resolution limit.
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7.5.5 Focal Position

It was found that when locating and focussing on a bead, the focal position in the x-y plane is
particularly 'important. Figure 12 shows the progression of images made over a fresh groﬁp of
microbeads. A rough scan was made to locate the molecules showing a cluster of beads with
approximately symmetrical bead images. Though when a bead was singled out and focussed on
at high resolution the image was much distorted, displaying a sickle shaped image of the bead.
This was initially thought to be a problem of alignment of the optical path; however, since these
effects have been largely unseen in previous images an identical scan was taken this time with an
adjusted point of focus to sit more precisely on the centre of the bead. The effect of getting the

focus on the centre of the bead is evident: in the final scan the profile is vastly improved.

Following adjustments of the optical parts the resolution is considered to be optimised for the
current sample of microbeads in PVA. There are still questions over the broadening of the
intensity profile greater than the PSF of the excitation point (figure 11) however, it is expected
that this broadening is due to wave guiding and scattering of the excitation beam inside the thick
host film accompanied by scattering from the back of the quartz disc. To eliminate these effects
from the investigation a set of microbeads with the same dye labelling but of 0.5um diameter
have been purchased. Films of fluorescent microspheres have been prepared in the same way as
the 2um beads though the PVA host concentration has been reduced to 1%. The reduced film
thickness is hoped to reduce the scattering around the bead seen in previous images. The
diameter of the 0.5um beads is close to the diffraction limit of the experiment and so the ability

to image these beads sharply is seen as an important bench-mark.

Figure 13 is an image of the 0.5um beads in PVA 1%, taken using an optical microscope, here it

can be seen that as with the 2um bead films, a dark perimeter round the bead is still evident. As
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they should be suitably immobilised in very thin PVA films as opposed to the thick matrices
required for the 2um and 0.5um beads, this should reduce scattering effects considerably and if
the system is functioning perfectly they should appear as bright areas limited by the size of the

PSF.

7.6 Conclusions

Images taken of fluorescent microbeads dispersed in PVA have been used to consolidate the
alignment of the optical system and test imaging capabilities. Following minor adjustments to the
detection objective and to the beam path images are now being produced with a high degree of

symmetry which is taken as evidence that the experimental alignment is now optimised.

All images of microbeads in PVA are affected by peripheral scattering though this is attributed to
the scattering effects of the PVA host on the excitation beam. Beads of 2um in films of 5% PVA
have been imaged producing a profile of 2.3um at the full width at half maximum. This is in

agreement with the actual bead size within the limits of the confocal PSF- 268nm.

Following the successful images of 2um beads, the position dependant fluorescence intensity of
500nm beads dispersed in PVA was measured. Here because the beads were smaller the
thickness of the PVA host was lowered to 1% to reduce excitation scattering within the host.

This measure successfully reduced the depth of the peripheral ring from ~2pum to 1.2pm.

Although many attempts have been made to improve the image resolution by adjusting the focus
of both the sample and detection objectives and by carefully checking the collimation and
alignment, images of 0.5um beads are consistently larger than the upper limit defined by the

resolution of the system of 0.768um. The reason for this lack of resolution is thought to be due to
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the shape of the excitation beam, which is elliptical rather than circular and is poorly defined at
the edges. There has not been time to solve this problem during the course of this report, though
it is thought that the use of an excitation pinhole will provide significant improvements to image

quality. To this effect a Sum confocal pinhole and two 8cm lenses have been purchased.

Unable to image 500nm beads it is evident that the confocal microscope is as yet not accurate
enough for single polymer molecule imaging. Nonetheless, significant progress has been made
towards this goal, with the current resolution lying at ~ 600nm. It is thought that the
incorporation of the excitation pinhole will give the resolution of the system the final
improvements it needs, wherein it will then be possible to spatially discriminate between
molecules, and accurately position them for spectroscopic measurements. Many of the initial
steps for other spectroscopic measurements have already been made and are described in the
appendix, the optical set up for focussing light onto a cooled CCD for wide-field images has
already been successfully tested, and a recently repaired monochromator has been incorporated

and calibrated along with a cooled CCD to produce time resolved spectra.

The system is though to be very close to producing exciting results, pending the improvement of
the resolution and the development of an automated positioning program, spectral measurements
of single molecules can then begin almost immediately and work on positioning and perfecting
the optics for wide field imaging can be carried out. With these capabilities in place along with
the already tested capacity for lifetime measurements the system will certainly be a valuable
multifaceted spectroscopic device. It will permit the investigation of phenomena at the forefront
of polymer photophysics, allowing this group the exciting prospect of dynamic observation of

polymers and other luminescent materials at the ultimate level of the single molecule.

130 Scanning Imaging



7.7 References

1. NT-MDT and http://www.ntmdt.ru/SPM-
Techhiques/Basics/3_SOM/3_2_Confocal_Microscopy/text23 1.html, Scanning
Optical Microscopy. 1998.

2. http://micro.magnet.fsu.edu/primer/anatomy/numaperture.html, Microscope
Objectives Numerical Aperture and Resolution. 1998.

3. Miller, M., Imtroduction to confocal fluorescence microscopy. 2006,
Washington: SPIE- The International Society of Optical Engineering. 42-49.

4. Hecht, E., Optics. Third ed. 1998: Addison Wesley. 694.

5. Wilson, T., The role of the pinhole in confocal imaging systems., in Handbook of
Biological Confocal Microscopy, 1.B. Pawley, Editor. 1995, Plenum Press: New
York. p. 167-182.

6. Centonze, V. and J. Pawley, Tutorial on practical confocal microscopy and the
use of the confocal test specimen., in Handbook of Biologfcal Confocal
Microscopy., J.B. Pawley, Editor. 1995, Plenum Press: New York. p. 549-568.

7. Miiller, M., Digitization, in Introduction to confocal fluorescence microscopy.
2006, SPIE- The International Society of Optical Engineering: Washington. p.
63-69.

8. Bohmer, M., et al., Time-resolved confocal scanning device for ultrasensitive
fluorescence detection. Review of Scientific Instruments, 2001. 72(11): p. 4145-

4152.

131 Scanning Imaging















