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“I believe that these mysteries are not separate entities but are in
fact complimentary verses of the same song. Now, | cannot hear

it yet, but | can feel it and that is enough for me to proceed.”

Dale Cooper, Twin Peaks



ABSTRACT
Energy Transfer Processes in Supramolecular Light-Harvesting Systems
Amy L. Stevens, Balliol College, submitted for DPhil Michaelmas term 2011

This dissertation attempts to understand how energy transfer in a molecular wire and a spherical organic
assembly are affected by molecular structure. The molecular wire is a DNA-hybrid structure composed of
a strand of thymine bases appended by a cyanine dye. Hydrogen bonded to each base is a naphthalene-
derivative molecule. Using time-integrated photoluminescence and time-correlated single photon counting
measurements, energy transfer from the naphthalene donors to the cyanine acceptors was confirmed,
and its dependence on temperature and DNA-template length investigated. Donor-thymine bonding
was disrupted at temperatures above ~25°C resulting in poor donor template decoration and low rates
of energy transfer. Increasing numbers of donors attach to the scaffold, forming an orderly array, as
the template length increases due to the stabilising effects of the donor-donor Testacking interactions.
Conversely, modelled energy transfer rates fall as the scaffold length increases because of the longer
donor-acceptor distances involved. Therefore, the energy transfer rate was greatest for a template built
from 30 thymines.

The spherical organic assemblies (nanoparticles) are formed by fast injection of a small volume of molec-
ularly dissolved fluorene-derivative amphiphilic molecules into a polar solvent. The amphiphilic molecules
contained either a naphthalene (donor) or a benzothiadiazole (acceptor) core. The donor-acceptor mixed
nanoparticles resemble an amorphous polymer film and were modelled as such using the Forster reso-
nance energy transfer theory. The Forster radii extracted from the measurements depends intricately
on the donor-acceptor spectral overlap and distance. The latter effect was controlled by the stacking
interactions between the molecules.

Altering the morphology of the structural units is the key to optimising energy transfer in molecular
structures. To achieve efficient organic molecule-based devices, the importance of this property needs to

be fully appreciated and effectively exploited.
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Chapter 1

Introduction

Organic molecules are poised to become important electronic devices in the near future. Organic
material properties have been exploited for use in solar cells[80, 116], thin-film transistors[113],
field-effect transistors[9], light-emitting devices[185, 116], molecular wires[33, 11, 166], and
chemical and biological sensors[185, 119]. The advantage of these materials is the ease with
which their properties can be manipulated through careful engineering of their chemical structures[31].
However, the real driving force pushing development in the field of organic materials is the po-
tential to produce ultra-low cost devices. This potential needs to be captured through innovative
large-scale fabrication techniques such as improved solution deposition methods[188] or roll-to-
roll thermal transfer processes[57]. Another key requirement is improved device performance.
Organic semiconductors suffer from small carrier mobilities due to the hopping mechanism of
photoexcitations from conjugated region to conjugated region. Hence, the morphology of the
materials, either amorphous or crystalline, results in mobilities ranging from <1cm?V—1s71toin

excess of 40 cm?V 1571, respectively[116, 103], from which single-crystal devices with mobilities
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up to 30cm?V-1s~1 have been fabricated[66, 104, 145, 77]. Another morphology-dependent
process is the interaction of nearby conjugated chains. For example, insulating a conjugated
polymer chain with nonconjugated insulating macrocycles failed to prevent interchain interac-
tions which resulted in distorted excitation dynamics[33]. Clearly, if device performance is to
be improved, it is important to understand the role of morphology in these materials. This

dissertation aims to examine the role of morphology in some new molecular systems.

Chapter 2 contains background material relating to organic semiconductors, especially their
self-assembling ability, and the theories that have been developed to describe their optical prop-

erties.

In Chapter 3, time-integrated photoluminescence and time-correlated single photon count-
ing techniques are discussed, with reference to experimental setups and nonlinear laser physics
principles. The techniques examined in this chapter are used to generate the results presented

in the rest of the thesis.

The first organic samples investigated were the self-assembling DNA-hybrid structures in
Chapter 4. These structures are composed of diaminopurine-equipped naphthalene derivatives
that are hydrogen-bonded along a single-stranded oligothymine template. By performing time-
resolved measurements of the naphthalene donor luminescence decay in the absence and pres-
ence of a cyanine dye acceptor bonded covalently to the 5" end of the oligothymine, the role

of temperature and DNA template length on the energy transfer from donors to the acceptor



was examined. The energy transfer rate depended on the template length in a complex way.
Hence, in order to replicate the observed transfer dynamics, a model assuming Forster energy
transfer occurs between donors and acceptors was constructed whose geometric arrangement
had been determined through Molecular Dynamics simulations of the whole assembly struc-
ture. This model is discussed in Chapter 5. The simulated and the experimental data, taken
together, shed light on the energy transfer rate's template dependence. This is in spite of the
simplicity of the model. These results suggested that efficient energy transfer, in excess of that
expected from simple Forster calculations, is feasible even for long DNA-templated assemblies
of Testacked conjugated chromophores. Such structures may therefore act as molecular wires
transporting energy from one end to another. However, it is interesting that the order of the

donor array is crucial to achieve efficient energy transfer.

Smaller nanoparticle systems, formed from fluorene-derivative amphiphiles, were investi-
gated in chapters 6 and 7. Nanoparticles are interesting systems to study because of their large
range of potential uses, especially in biology as probes to track and image specific biomolecules.
In Chapter 6, nanoparticles were formed from these amphiphiles by injecting a small volume
of molecularly dissolved non-polar amphiphile solution into a large volume of polar solvent.
Nanoparticles form as a natural consequence of trying to reduce the energy of the system by
limiting hydrophobic interactions between the non-polar molecule end and the polar solvent.
The core group in the amphiphile molecules was a naphthalene or a benzothiadiazole such that
the resulting chromophore acted as a donor or acceptor, respectively. The stacking in the donor-

only or acceptor-only nanoparticles was investigated and it was shown that the stability of the



6 Introduction

samples depended on the molecules’ ability to stack intimately.

The scope of invesigation was widened to include nanoparticles containing a mixture of donor
and acceptor amphiphiles in Chapter 7. Time-integrated and time-resolved measurements were
performed on the samples as a function of the percentage of acceptors in the nanoparticles. The
nanoparticles resembled an amorphous polymer film and were modelled as such using the Forster
resonance energy transfer theory. Forster radii were extracted from three sources: photolumi-
nescence intensities, photoluminescence decays, and donor / acceptor spectral overlap. Again,
the results were found to depend critically on the stacking interactions between the amphiphiles.
The morphology of the molecules in the nanoparticle system has a clear bearing on the energy
transfer efficiency and, hence, the fluorescence intensities of the nanoparticles. This, in turn,

determines their usefulness as probes and environmental sensors.

In Chapter 8, the specific photophysics results and general themes of the dissertation are
summarised. Some space is dedicated to future experiments that follow naturally from the re-

sults presented in the thesis.



Chapter 2

Background theory

This chapter reviews the fundamental optical properties of conjugated polymer materials, and
the models used to describe energy transport within them. A brief treatise is given on self-

assembly and interchain interactions.

2.1 Conjugated material properties

2.1.1 Nature of the fundamental excitations

In conjugated compounds, electrons from unhybridised p-like atomic states of sp>-hybridised car-
bon atoms cooperate to form large delocalised orbitals called Tt orbitals[60, 158, 116, 166, 80].
These orbitals spread out across the whole molecule, promote electron conduction[166], and
are highly polarisable[80, 11]. Conjugated compounds occur as small molecules, polymers, or

biological materials with a well-defined molecular weight, an indeterminate number of molecu-
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lar repeat units, and a high level of complexity, respectively[57]. For all their differences, the

Tkconjugation is the origin of the electronic and optical properties of all these compounds[37].

Energy difference
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Figure 2.1: Adapted from [158]. Two electronic statesdenotes a Franck-Condon transitidn,
represents a zero-phonon transition, wavy arrow is a radiationlesstimanbetween vibrational
states of the upper electronic levelis the emission or fluorescence transition, with the distance
betweenry, andry, representing the configurational coordinate displacement of the upgter s

relative to the ground electronic state.
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The Temolecular orbitals define the electronic levels of the highest occupied molecular
(HOMO) and lowest unoccupied molecular (LUMO) orbitals[116]. The HOMO-LUMO band
gap, a result of the so-called Peierls instability[158, 201] (1D chains) or Jahn-Teller effect[142]
(molecules), is typically 1.5 to 3 eV which permits excitation of conjugated compounds by light
in the visible region[80, 197]. Upon excitation, an electron is promoted to the conduction band
leaving behind an empty electron state (hole) in the otherwise filled valence band. The electron
and hole can mutually interact via the Coulombic attraction to form a tightly-bound excitonic
state. This electrically neutral electron-hole pair, for the case of Frenkel excitons, has a bind-
ing energy of ~1eV and is localised on a single molecule at a time. It can ‘hop’ to other
molecules on a chain (intrachain hopping) or other molecules on an adjacent chain (interchain
hopping)[57, 55, 197]. Other photoexcitations that can occur and travel throughout the mate-
rial are larger-diameter more weakly bound excitons, i.e. charge-transfer states, charge carriers,
i.e. electrons or holes[57], and polarons[185]. Other excitations such as solitons, present in some

conjugated materials, have energy levels between the HOMO and LUMO levels[55].

2.1.2 Shape of the spectra

The total energy of a molecule in its ground state and excited state, respectively, is

E = E,+E/+F (2.2)
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where the subscripts represent the electronic (€), vibrational (v), and rotational (r) energy
components[28]. The Born-Oppenheimer approximation assumes that the wavefunctions of
ground and excited vibronic states can be separated into electronic and vibrational components
because of the large disparity between electronic and nuclear masses[158]. Electrons can move
from the ground state Sp to the first excited singlet state Si, by absorbing a photon with an
energy higher than the HOMO-LUMO gap. Higher excited states Sy, S3 do exist, but they decay
at an extremely rapid rate, by internal conversion, into the S; state[17]. Hence, an absorption
transition is defined as

AE = E| — By (2.3)

where X is either the electronic or vibrational energy component, as the rotational energy is

negligibly small in comparison|[28].

In Teconjugated systems, the bond lengths are modulated by the Teelectron densities on
the bonds. Upon energy absorption, the Teelectron densities change which modifies the bond
lengths[116]. This strong connection between electronic structure and geometric structure is
known as electron-vibration coupling[116, 197], and assigns corresponding vibronic shoulders to
each electronic absorption band[181]. Figure 2.1 represents these as vibronic levels (u=0,1,...)
inside an electronic manifold. The absorption transition is given by the vertical ‘a’ arrow in
the diagram. This is a consequence of the Franck-Condon principle, which assumes that the
electronic transitions are so rapid compared to motions of the nuclei setting up the molecu-
lar skeleton that the positions of the nuclei can be taken as constant during the electronic

transition[197]. After the ‘a’ absorption transition, in Figure 2.1, the excitation loses vibrational
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energy before decaying to the ground state (‘c’ arrow in Figure). The difference between the
0-vibration absorption band and the O-vibration emission band is called Stokes shift. The shape
of the fluorescence emission spectrum will generally be similar to the shape of the first absorp-
tion band (although in mirror image relationship to it) because the distribution of levels in the
first excited state, which is responsible for the shape of the first absorption band, is generally
similar to the distribution of levels in the ground state, which is responsible for the shape of the

fluorescence band[152].

Instead of decaying back to the ground state and emitting fluorescence, the energy can cross
to a triplet state, through a process known as intersystem crossing[158, 28]. The singlet state
has a total spin multiplicity of zero[116]; the triplet state, a total spin multiplicity of three[142].
This transition is forbidden[158] unless a heavy metal atom is present to enhance the spin-orbit
coupling and partially allow the transfer[185, 98]. In this case, the excitation decays to the
lowest vibrational level in the triplet state and then decays to the ground state with the emission

of phosphorescence.

2.1.3 Photoexcitation migration

In a real polymer chain, the photoexcitations are not delocalised over the entire chain, but rather
over just a few repeat units of the backbone. Hence a conjugated polymer chain is visualised as
a series of linked chromophores, each with a different extent of Trelectron delocalisation[181].

Dynamic localisation of an excitation, due to feedback to the electronic system from the changed



12 Background theory

positions of the nuclei, causes horizontal kinks and torsions in the chain to act as separators

for spectral units[19]. This is shown at the top of Figure 2.2 where on a timescale of ~1 ps,

the kinks in the chain, combined with the nuclear motion, have partitioned the chain into con-

jugated segments[170]. On shorter timescales (<1 ps), the initially extended exciton localises

on a shorter, more planar section of the polymer chain due to structural relaxation of excited

segments along high frequency stretching modes of double and single carbon bonds[170].

Reprinted with
permission from:
Ruseckas, A. et al.
(2005). 'Ultrafast
depolarization of the
fluorescence in a
conjugated polymer’,
Phys. Rev. B,
115214. © 2005 The
American Physical
Society

Figure 2.2: The polymer backbone is shown in brown. At longer timégs}, exciton migration

is mitigated by weak dipole-dipole coupling, while at short time&@Q0 fs), the exciton is localised

on a bent conjugated segment. From [170].

Since excitons are neutral species, their motion is left unperturbed by any electric field,

and they diffuse via random hops[116] between dipole-dipole coupled conjugated segments.

If an exciton hops many times, its migration can be described using a random-walk

based

diffusion formalism[161]. If the mean free path of the exciton is short (~1lattice spacing), it


http://dx.doi.org/10.1103/PhysRevB.72.115214
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hops incoherently through the lattice and is scattered at each molecule[161]. The probability,
however, that an exciton will spontaneously recombine (with the emission of a photon) limits
the hopping time. There is a tendency for the excitons to diffuse to molecular regions with lower
excitation or decay energy[197]. Each domain provides unoccupied states around the LUMO
and HOMO level for electrons and holes, respectively. In a crude approximation, the temporal
decay of the mean energy (E)(t) of photoexcitations generated at random within a Gaussian

density of states should follow

(E)(t) ~ I <tt) (2.4)

0
with the dwell time, to, characterising the average time for a single hop[115]. Forster resonance
energy transfer is a single-step radiationless energy transfer process[58, 76]. As mentioned in
Subsection 2.1.1, the energy can migrate along the backbone, referred to as intrachain migration,
or between chains, referred to as interchain migration. Intrachain migration requires physical
reorientation of the polymer segments to facilitate communication between regions of broken
conjugation which takes time and is likely to be thermally activated. However, interchain energy
transfer requires only physical proximity of conjugated segments that are strongly dipole-dipole

coupled[181]. The Forster energy transfer mechanism will be described in detail in Section 2.4.

2.2 Self-assembly

Self-assembly, as pioneered by J.M. Lehn, and others, has fast become a staple tool used in

the control of complex supramolecular systems [123, 124, 125]. When governed by molecular
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recognition, self-assembly can produce systems with specific architectural and functional fea-
tures determined by the interactions of the molecular components of the resulting aggregates
[34, 184, 191]. The ensuant supramolecular systems are used as novel materials for devices, or
as model systems in which to study properties such as energy transport or the effect of disor-
der in a system. It has even been proposed that organogels[35, 7, 218] self-assembling in vivo
can regenerate optic tracts, resulting in vision recovery[78]. Typical interactions encountered
in the supramolecular systems, such as hydrogen bonding, hydrophobic, hydrophilic and TeTT
interactions, are weak and highly temperature dependent. Other important factors are steric
constraints and cooperative binding, wherein the interaction of one molecule with a macromolec-
ular system increases the affinity for binding other molecules to this system [69]. Self-assembly
is a particularly attractive technique because of the ease of sample preparation from solution
to a drop-casted film, and the scope for up-scaling the technique to produce a large number of

molecular nanostructures with well-defined morphologies [223].

221 Self-assembling impetus

Equilibrium thermodynamics requires that in an aggregated molecular system in solution, the
chemical potential of all identical molecules in different aggregates be the same[89]. This

requirement leads to[89, 102]

N
Xy =N [XleXp(slk;TsN)} : (2.5)

where Xy is the volume fraction of solute molecules in an aggregate with N molecules, X is

the volume fraction of free solute molecules, €y is the free energy change when a molecule is
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removed from the bulk and placed into an aggregate of N molecules, €; is the free energy of an
isolated molecule, kg is Boltzmann's constant, and T is temperature. Hence, if €y > €1, most
of the solute molecules will be present in solution as isolated molecules. On the other hand,
aggregates will form if ey < €1 [102]. As a first approximation for micellar structures, €y, as a
function of N, is determined by the geometric shape of the aggregate. Finite structures develop
in lieu of phase separation, simply because for some N, €y is minimised[89]. More generally,
self-assembly thermodynamics and intra-aggregate forces, such as those mentioned above, de-
termine the equilibrium structures formed[89]. These self-assembled particles can coalesce over
time[171], for example, so the molecular structure has to be designed carefully to prevent time-

dependent changes of the system properties.

2.2.2 Scaffold incorporation

An additional aid in the design of self-assembled systems is the inclusion of a scaffold to fix the
positions of the functional units, thereby aiding stability and reducing disorder, in these so-called
“templated systems”[144, 12]. DNA is one example of a template found in nature as the for-
mation of double-stranded DNA (dsDNA) is itself a cooperative self-assembly process [96, 41].
Since the advent of DNA origami, where long DNA scaffold strands are folded into designer
shapes with the help of short staple strands [167, 223], DNA has been used as a scaffold to form
complex shapes [51] and upon which nanoparticles and other materials may be bound with high
reproducibility [151, 156]. DNA can act as a scaffold for assembly of pendant chromophores

[140], chromophores bound in the minor groove [69], or chromophores incorporated between
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the bases in single-stranded DNA (ssDNA) before hybridisation with the complementary ssDNA
[68, 203]. More generally, hydrogen-bonding between specific nucleic bases has been utilized to
form ‘DNA-like’ self-assembled stacked structures [90, 91]. These examples indicate that the
properties of specific binding sites and of high monodispersity make DNA an attractive structure
for arranging chromophores. Chromophores that harness the specific bonding mechanisms to
DNA, such as multivalent guests that bond to DNA with high efficiencies [93], can be designed.
This results in the synthesis of samples with specific packing orders that enhance the electronic

and optical properties of a material [217].

2.2.3 Energy transport in templated systems

DNA-templated systems have been used in a multitude of ways, for example, as force sensors
[186], molecular beacons [101], and molecular wires [173, 70]. All of these applications rely
on dipole-dipole resonance energy transfer between luminescent dye molecules and much effort
has thus been devoted to understanding and improving such processes. This mechanism was
mentioned in Subsection 2.1.3 and will be discussed further in Section 2.4. For force sensors and
molecular beacons, resonance energy transfer is detected in order to determine a change in dis-
tance between two dye molecules, a process which can be improved, e.g. by using a dye-quencher
pair that can form a ground state complex [100, 101], or by using a fluorescent base analogue
such as 2-aminopurine [189, 139] as one of the dye molecules. Molecular wires, on the other
hand, are designed to allow energy to travel effectively between their ends — a process referred

to as energy transport. Molecular wires are most commonly constructed from dsDNA to which
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dyes are either covalently bound [173], or intercalated between the nucleic bases [70], or bound
in the major or minor groove. However, efficiencies of energy transfer between the incorporated
dyes are still limited by structural defects and varying conformations of the wire [173]. In ad-
dition, exact determination of the dye positions in the wires into which they are intercalated or
groove bound is still difficult as the interchromophore distance is a function of the intercalator
density [70]. Furthermore, intercalation by large dye molecules leads to local DNA-unwinding
sites which can affect the structural integrity of the DNA [70]. These problems have been sur-
mounted through the design of a new DNA-scaffolded supramolecular structure. This structure

will be examined in detail in chapters 4 and 5.
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Figure 2.3: H- and J-aggregates at left and right of diagram, resplctihe optical splitting

between the allowed transitions in both aggregat®é.isrom Ref. 42.

Reprinted with permission from John Wiley & Sons from: Cornil. J. et al. (2001). 'Interchain
Interactions in Organic T-Conjugated Materials: Impact on Electronic Structure, Optical Response,
and Charge Transport', Advanced Materials 13(14), 1053-1067. © 2001 WILEY-VCH Verlag
GmbH, Weinheim, Fed. Rep. of Germany.
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2.3 Interchain interactions

The intermolecular forces between molecules in a solid are highly directional and spatially
complex, being based on the overlap of the frontier Temolecular orbitals between adjacent
molecules[116]. A small distance change between adjacent molecules can cause their wavefunc-
tions to move in or out of phase with one another. This can drastically affect the bandwidths
and, hence, the emission wavelength of the structure[67]. Thus, it is important to understand

and control the intermolecular forces in a device based on Teconjugated structures.

2.3.1 General considerations for dimers

Interchain coupling can be explained by molecular exciton theories in terms of dipole coupling
of segments approximating the Coulomb potential[110]. The simplest case is that of a cofacial
dimer in which two chains are separated by an interchain distance d[111]. The total Hamiltonian

of this system is[42]

Htot = Hi+Hz+Hig, (2.6)

where Hy is the Hamiltonian of isolated chain X and Hj2 describes the interchain interactions.
The Hamiltonian of the interchain interactions is a slight perturbation of the system[158, 42]
and so, at first order, can be neglected. Accordingly, the interaction of the lowest energy

optically-allowed excited state of the chains leads to

Wt (WiWy + WiWs), (2.7)

_t
V2
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where W} is the lowest excited state and Wy is the ground state of chain x[42]. In a cofacial
dimer the lowest excited state of the dimer corresponds to the antisymmetric combination
of the wavefunctions, i.e. W=, shown on the left of Figure 2.3. The two dipoles effectively
“cancel out” and the lower excited state becomes optically forbidden. The whole oscillator
strength is concentrated in the higher excited state, W™, instead[42]. This is known as a H-
aggregate[110, 39]. The energy splitting between the two excited states, as estimated from

first-order perturbation theory is[42]

W = (WF[Hot|[WF) — (W [Hiot| W), (2.8)

which is the difference between the energies of the symmetric and antisymmetric combinations.

In polymers with transition dipole moments in head-to-tail, parallel (right and left of Figure
2.3, respectively), and oblique arrangements, an N-fold exciton degeneracy exists before excited-
state interactions. The intermolecular dipole-dipole interaction of transition dipoles causes an
electrostatic perturbation which produces an exciton band of N discrete exciton states. How-
ever, only one or very few of the available exciton states are optically allowed[110]. For the
head-to-tail case, the highest-energy exciton band component corresponds to excitation nodes
between each molecular unit with a net transition moment of zero. This corresponds to a
repulsive electrostatic interaction between each transition dipole. Hence, this exciton state is
forbidden[110, 111]. Therefore J-type aggregates correspond to a spectral redshift[7, 38]; H-
type aggregates, a spectral blueshift[48, 79]. The so-called “dark” states are important because

if a triplet level lies below a forbidden lowest exciton level in an exciton band, greatly enhanced
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triplet-state excitation can occur. The normal singlet-state emission of the molecule will be

totally quenched in this case[110].

2.3.2 Interchain species and their spectral signatures

Aggregates occur when the Teelectrons of conjugated molecular systems are neutrally delocalised
over multiple segments in both the ground and excited states, i.e. the extent of Tedelocalisation
is significantly altered from that of a single chromophore[181]. If the Trelectrons are shared
equally in the excited state but not in the ground state, the interchain species is termed an
excimer. Such an excited state complex is stable as a result of resonance contributions from
exciton and charge-transfer configurations: 1(A*A) < 1(AA*) « 1(A~A*) « 1(ATA™), where
A is a chromophore. The relative contributions (to the excimer wave function) from exciton
and charge transfer may vary for different materials[99]. A polaron pair is a charge-separated
interchain species with a radical cation (hole polaron) on one segment and a radical anion (elec-
tron polaron) on the adjacent segment. Two different molecules sharing an interchain excited
state with a partial degree of charge transfer character is referred to as an exciplex[181]. This

complex is only stable in the excited state[99].

In general, photoluminescence spectral redshifts[129, 215, 130, 27, 220, 212, 20] betray the
presence of interchain interactions in a molecular system. Energy funnels very efficiently to
the lowest energy segments, formed by electron delocalisation across adjacent chains, where a

long-wavelength photon is released[81, 38]. A large Stokes shift can result from the stabilisation
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energy of ~ 0.5 to 0.7eV of the interchain species in oligomer thin films[99]. Long radiative
lifetimes of the delocalised interchain excited state, taken with the multitude of nonradiative
deexcitation pathways available, lead to low quantum yields for the interchain emission[181].
The number of interchain species present in a Teconjugated sample can be changed upon form-
ing a film from a solution, annealing the film, changing casting solvents, and changing the
sample temperature[181]. Strategies to stop interchain species forming include threading the
oligomer backbone with nonconjugated insulating macrocycles via hydrophobic interactions dur-

ing polymerisation[33] and changing the oligomer side chains.

2.3.3 The effect on lifetimes

As mentioned in Subsection 2.3.2, the lifetime of the interchain species can differ sharply from
that of the monomer species. This was studied for stilbene molecules occurring as cofacial
dimers in Ref. 43. It was found that the interaction strengths depend intricately on the rel-
ative strengths of the overlap between the wave functions of the adjacent molecules. For an
intermolecular separation greater than 7 A, there is only weak coupling of the molecular orbitals.
The situation is as in the left of Figure 2.3 where the transition between the lowest excited
state to the ground state is forbidden and the excitation is localised on only one of the weakly-
coupled molecules at any time. Below a chain separation of ~7 A, the molecular orbitals of the
dimer start to delocalise over the two chains, such that they are strongly coupled. Correlated
quantum-chemical calculations[43] suggest that the first excited state in a dimer is self-localised,

i.e. possesses strong intrachain character, where the electron is located close to the hole in the
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centre of the chain. The probability of finding the exciton on the second chain, or of creating an
interchain exciton, is low but increases exponentially as the distance between the chains dimin-
ishes. Hence, even at short distances, the equilibrium geometry in the lowest excited state is not
symmetric with respect to the two chains. This relaxes the selection rules and a small transition
dipole moment between the ground state and the lowest excited state exists and is redshifted
with respect to that in the isolated molecule. Hence, increases in radiative lifetimes upon ag-
gregation formation[126] are due to weak coupling between the ground and the (redshifted)
lowest excited states, yielding small radiative decay rates, or the migration of excitations to-

ward regions where the molecules are of lowest energy before emission of a photon occurs[42, 43].

2.4 Mechanisms of energy transfer

In Subsection 2.2.3, resonance energy transfer between self-assembled chromophores in a DNA
scaffolded system was shown to be crucial to their use. Hence, an in-depth understanding of

such transfer processes is important.

24.1 Excitonic coupling

The most general expression for the rate of energy transfer between an excited donor and a

ground-state acceptor, Kpa, can be derived from time-dependent perturbation theory and the
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Fermi golden rule[120]:
1
oo = 5= Vaol? [ aa (@) fo () do (2.9)

where Vap is the excitonic coupling matrix element and the spectral overlap is between the
donor’s emission fp (W) and the acceptor's absorption 0 (w). In Forster's approach, the exci-
tonic coupling is represented by a multipole interaction between the transition dipoles, each
located at the centre of the respective molecule, truncated after the dipolar term (point-
dipole approximation)[120]. An alternative mechanism to Forster resonance energy transfer
is Dexter-type energy transfer. The electronic coupling (Vpa) is dominated, in this case, by
electronic exchange interactions mediated by the overlap between donor and acceptor orbitals.
Hence, the energy transfer depends heavily on distance: e 9, where d is the donor-acceptor

distance[120, 82, 121].

2.4.2 Forster energy transfer between a donor-acceptor pair

Based on the weak coupling limit of radiationless transitions, Forster[59] derived the rate con-

stant for the transfer process involving a single donor-acceptor pair to be

1 6
Koo = <':°> , (2.10)

where Tp is the mean lifetime of the excited donor, Ry is the critical transfer distance for which
excitation transfer and spontaneous deactivation are of equal probability, and R is the distance
between the donor and the acceptor species[58, 59, 75]. Equation 2.10 implies that the transfer

rate is independent of exciting wavelength, and is thus only valid if the donor molecule is in the
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lowest vibrational level of its excited state[22]. Also, the size of the molecules is restricted to
being smaller than intermolecular separations when such point-dipole models are used to calcu-

late the electronic coupling that promotes energy transfer from one molecule to another[22, 153].

The Forster radius, Ry, is calculated from[59, 153, 22, 75]

1
6

fo (V) €a (V) dV (2.11)

~ [9000 In10k%gp [ 1
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where the dipole orientation factor is K2, @p is the fluorescence quantum yield of the donor in the
absence of energy transfer, n is the refractive index of the material at the peak of the integrand,
N is Avogadro's constant, fp (V) is the fluorescence spectrum of the donor with integrated
intensity normalised to unity on a wavenumber scale, and €a (V) is the molar decadic extinction
coefficient of the acceptor. The dipole orientation factor incorporates the relative directions of
the acceptor and donor transition dipole moments through|[50]

N N 2
K2 = [(d-a) —3(d-7) (@-7) (2.12)

where d is the vector in the direction of the donor transition dipole moment, & is the vector in

the direction of the acceptor transition dipole moment, T is the vector that connects the centres

of the two transition dipole moments, and the length of each of the vectors ||d||, ||&]|, and ||F||

is equal to 1.
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2.4.3 Kinetic rate equations and transfer efficiency

Reprinted (adapted) with
permission from : Powell, R. C.
& Soos, Z. G. (1975). 'Singlet
exciton energy transfer in
organic solids', Journal of
Luminescence 11(1-2), 1-45.
© 1975 Elsevier B.V., with
permission from Elsevier.
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Figure 2.4: A schematic of the singlet energy statey of the donor and of the acceptéta.

Adapted from Ref. 161.

From Figure 2.4, the intensity of the donor fluorescence, at frequency wp, is proportional to np,
the number of excited donors created by exciting the Teconjugated system. Correspondingly,
the acceptor fluorescence, at hwa, is proportional to np, the number of excited acceptors. It is
assumed that there are many more donors (Np) than acceptors (Na), and many more acceptors
than excitons (Np). Hence, direct excitation of the acceptors, and exciton-exciton collisions and

other biexciton effects are neglected. These conditions lead to a set of rate equations

MO — 6t) - ono(t) - kt)no() 2.19
O~ K mo() ~ Bama(t) 2.14)

where Bp (=Tp%) and Ba (=T,?) are the fluorescence decay rates — inclusive of radiative and
nonradiative processes but in the absence of energy transfer — for the donor and the acceptor,

respectively, G(t) is the generation rate of donor excitons, assumed to be proportional to the
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instantaneous intensity of the excitation pulse, and K is the energy-transfer probability per unit

time[161, 159, 160].

Equations 2.13 and 2.14 can be used to describe the kinetics of the fluorescence intensity for
the dipole-dipole model where the donors and acceptors are distributed randomly in space[160].

For a &-function excitation at time tg = 0, the number of excited donors created is

Np(Na,t) = np(0) exp [—BDt — /Ot k(t’)dt’} (2.15)

where np(0) is the initial excited donor concentration[161]. Here, K(t) is time-dependent which
arises from its donor-acceptor separation dependence. The efficiency of energy transfer thus
decreases with time[159, 114, 137]. Assuming that the time-dependence of k 0 t=1/2 (see
Subsection 2.4.4), the last term of Equation 2.15 can be integrated[161]. The integral of

np(Nat) over time yields the donor fluorescence intensity Ip(Y)

In(y) =10(0) [1— /2y exply?] erfe(y)| (2.16)

VTICa

where y= 7@ Ca is the concentration of acceptors, Cy is the “critical concentration” defined

2 Y

as Co = (4/3mR3) 1, and the complementary error function erfc(y) = 1— <\/ﬁ> / exp(—u?)du[161,
0

204, 160, 74]. The average number of acceptor molecules in a sphere of radius Ry is represented

by 4/3CaTiR3[204]. Similarly the fraction of photons emitted from the acceptor is

Ia(Y) = I1a(0) /2y exply?] erfc(y). (2.17)
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2.4.4 Forster energy transfer in a donor-acceptor ensemble

The energy transfer needs to be extended from transfer between single donors and acceptors to
transfer between ensembles of donor and acceptor molecules. The survival probability G(t) of
the donor molecule, i.e. the probability that the donor is still excited at time t after excitation
at tg =0, is the sum over all possible rate constants kpa; see Equation 2.10. For a random
distribution of donors and acceptors, the time dependent np(t) and na(t), derived from equations

2.13 and 2.14, are[161, 160]

no(t) = np(0)exp[—Pp+t—y(mPpt??)] (2.18)

() = VB expl-Bal | explBag] o () Y20, (2.19)

where Y is defined as in Subsection 2.4.3. From this, the time-dependent transfer rate for the

donor-acceptor ensemble (DAE) is extracted as

koae(t) = 2yBg /2. (2.20)

Excited donors located in proximity to acceptors transfer their energy and have a swift decline in
number compared to those farther away. Hence, the random distribution of donors and acceptors
present at time tg = 0 becomes less random with elapsing time, as fewer excited donors reside near
acceptors. Hence, the characteristic t=1/2 time dependence for energy transfer from randomly
distributed immobile donors to randomly distributed immobile acceptors describes a slower and

slower rate of energy transfer as the excitations near each acceptor become depleted[161, 160].
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2.4.5 Dimensionality

The fluorescence of a donor molecule surrounded with n acceptor molecules distributed at ran-

dom in a large spherical volume (Rsphere > Rp), can be described by[204]

1/2
io(t) = iD<0>exp[—t—2v<t> ] , (2.21)

185) 105
also, where ip and ip(0) describe the fluorescence intensity at a time t and at tg =0, respectively,
and Tp and Yy have been defined previously. This equation is valid for randomly distributed ac-
ceptors in three dimensions. If the dimension is less than three, the equation must be generalised
to

d/6
in(t) = iD<0>exp[—TtD—2v<t> (2.22)

b

r1—-d/6)
2

of the unit sphere of dimension d (V1 = 2; Vo = T, V3 = 411/3), and " is the gamma function[204].

where d is dimension 1, 2, or 3 and Y is given by y= CAVng. Here, Vy is the volume
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Chapter 3

Experimental procedure

Laser spectroscopy can be used to probe the responses of matter to light. Time-integrated
photoluminescence (TIPL) spectroscopy and time-correlated single photon counting (TCSPC)
are invoked in subsequent chapters to elucidate fundamental properties of supramolecular as-
semblies. In this chapter, the pertinent features of these procedures and their experimental

implementation are elucidated.

3.1 Time-integrated photoluminescence

Time-integrated photoluminescence (TIPL) spectroscopy has become a fundamental tool in the
characterisation of basic properties of newly-synthesised materials. Intensities and frequencies of
energy-level transitions; the presence or absence of vibronic features; peak shifts upon changing

sample conditions; e.g. temperature or type of solvent; and other quantitative and qualitative
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information can be detected using TIPL spectroscopy.
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Figure 3.1: The N&" energy levels in a yttrium vanadate crystal. A schematic diagram of a four-

level laser system is shown in the inset. Adapted from Ref. 193.

3.1.1 Pump laser

To measure a compound'’s photoluminescence (PL) spectrum, a tunable, monochromatic, stable
excitation source is necessary. In this case, the source is a Ti:Sapphire Tsunami laser pumped
by a solid-state Millennia laser. In the Millennia pump laser, the active material — that is, a
material that amplifies light under favourable conditions — is a neodymium yttrium vanadate
crystal (Nd:YVQy4). Population inversion[169] can occur in the crystal because the ground and

excited energy levels of the doped Nd*" ions form a so-called “four-level system”.
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The inset in Figure 3.1 shows a four-level laser system. For population inversion to occur,
the electronic decay from the excited state (E4) to the metastable E3 energy level, and the
deexcitation of state Ex must occur on very short timescales. Hence, the relatively long-lived
E3 level is over occupied and stimulated emission can occur from this state[169]. The energy
levels in Figure 3.1 refer to the Nd3* ion. The grey states at high energy are the absorption
bands. Photoexcitations quickly drop to the #F3), level where they are long-lived (~60 ps[193]).

The lasing transition (highlighted in red) to the 4I11/2 state occurs with emission of a 1064 nm

photon[63].
Shutter LBO
Output< I Vi [I — High
Beam I \ [E— Reflector
Output
Coupler

High
Reflector

Nd:YVO, Diode pump

Figure 3.2: The X-shaped cavity of thillennia pump laser. Adapted from Ref. 193.

To sustain the lasing action, the active medium is kept within a cavity; see Figure 3.2.
The Nd:YVOy4 crystal is end-pumped with a 40W fibre-coupled diode bar, hence emitting
1064 nm[193]. This light is resonated in the cavity, amplified, and frequency doubled to 532 nm

in a non-critically phase-matched, temperature-tuned lithium triborate (LBO) crystal[193]. The
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resulting green beam is directed out of the laser and used to pump a Ti:Sapphire Tsunami laser.

3.1.2 Frequency doubling

Second harmonic generation in a nonlinear crystal produced frequency-doubled green light as
the Millennia’s output. The nonlinear LBO[187] crystal has a similar bond structure to BBO[53]
and has the double advantage of a high nonlinear coefficient and a high damage threshold. In
classical physics, light sets into motion oscillations of harmonic electronic dipoles. These dipoles
coherently re-emit the light and, in turn, light propagates through the material[169]. However,
when the light excitation energy is extremely high the oscillators become strongly anharmonic.
This so-called “dipole approximation” is the polynomial expansion of the macroscopic polarisa-

tion of the material, namely

P=xYey E + x?e-EE + ... (3.1)

where E is the applied electric field, €y is the permittivity of free space, X! is the linear
susceptibility of the material, and X@ is the second-order susceptibility tensor that governs
second-harmonic generation[169]. This tensor depends on the orientation of the optic axis
and the polarisation of the electric field[219]. When two photons that have the same angular
frequency (w) propagate through a suitable material, second harmonic generation occurs as the
photons mix together to get a single photon with twice the frequency of the original photons.

For the ideal case of a plane wave propagating in a material, the intensity of the second harmonic
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[(20) is
in (%))
AZ) (3.2)

where |(w) is the incident intensity, A is a constant that depends on the index of refrac-
tion, | is the length of material, Xézf)f is the material-dependent effective susceptibility, and
Kk is the wavenumber[169]. After propagating a distance | in a crystal, the dephasing quantity
AKI = (ko —2kq)l, where Ky and kp are the wavenumbers of the fundamental and second-harmonic
beam respectively[154], must be equal to zero for constructive interference to occur[169]. This

is known as the phase matching condition. Dephasing is overcome by propagating the light

waves in a birefringent crystal where the index of refraction is directionally dependent.

3.1.3 Laser tunability

The Ti:Sapphire Tsunami is the laser used in the experiment to excite the sample because of
its broad tuning range, large gain cross section, good thermal conductivity, large bandwidth,
and high repetition rate[174, 108, 194]. The active medium is composed of a Al,O3 crystal
where the AI3* ions are replaced, at certain sites, by Ti®* (titanium) ions. The 5-fold degen-
erate 3D-electron energy levels of the Ti®* ion are split by the crystal field of the Al,O3 host
and spin-orbit coupling into a doubly degenerate ground state and a doubly degenerate first
excited state[143, 194]. There is strong coupling between the vibrational energy states of the
Al>03 host and the electronic energy states of the active Ti®*[61]. Hence, the doubly-peaked

vibrationally-broadened fluorescence spectrum (600-1000 nm) of the Ti3* ions yields a large tun-
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ing range[8]1. The tuning length depends on the laser cavity properties, for example, the mirror

coatings[143, 8, 194].
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Figure 3.3: The cavity of the Ti.Sapphire laser. The prism dispersion/sliélagth selector as-
sembly, the high reflector, and the output coupler can be manually adjustbe iser. Adapted

from Ref. 194.

To achieve lasing from the Ti:Sapphire cavity upon continuous-wave (CW) pumping us-
ing the Millennia Nd:YVQy, laser, the unsaturated round-trip CW gain must be greater than
the round-trip loss[194]. A high gain is attained when the density of Ti®* ions in the laser
crystal is high and the pumping and cavity oscillating mode overlap is high. In Figure 3.3,
the Brewster-angled Ti:Sapphire rod is shown positioned to the left-hand side of the 10-mirror
cavity[194]. The laser medium is long because of the small pump absorption cross section of

Ti:Sapphire[107]. The folded cavity arrangement is needed because of the high repetition rate

IThe fluorescence decay time at 300 K.8.2ps[143, 8].
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of the laser (~80 MHz = 3.75m). The pumping beam enters the cavity through an input Brew-
ster window. This beam and the oscillating laser mode are focussed and overlapped through a
narrow volume in the active medium[194, 107], while the residual pump beam is dumped at the
second cavity focus mirror. Using a small volume of the active medium maintains the large gain
by reducing energy scattering loss in the rod. It is necessary also to match the astigmatism?
in the cavity mode, induced by the Brewster-angled rod, by introducing astigmatism into the

pump beam through use of an appropriately-angled concave mirror[194, 175, 107]. The resul-

tant output beam is collimated and expanded to normal size.

Ultrashort pulses are produced using a regenerative mode-locking technique3. A Brewster-
angled acousto-optic modulator (AOM, see Figure 3.3), driven by a radio-frequency (RF) sig-
nal derived from the cavity, introduces into the cavity controlled loss through diffraction[107].
The intense, short pulses produce nonlinear effects in the long laser crystal such as self-phase
modulation[194]. Also, extra positive group velocity dispersion (GVD), above that from the
other optical components, is introduced into the cavity. Prism pairs compensate for this ef-
fect by producing negative GVD so that subpicosecond pulses can be generated. This will be
discussed further in Subsection 3.1.4. The wavelengths of the light are spatially spread by the
prism pairs. By translating a slit in the middle of the prism pair, the output light wavelength is

tuned. The width of the slit affects the bandwidth of the output pulse[194]. An overall tuning

2Astigmatism is where the position of the minimum laser beam radius is diffdmntifferent transverse

directions[154]. It needs to be compensated for to maintain high gain.
3Mode-locking is initiated by causing a sudden cavity-length change sutcaresating an intracavity prism, moving

an external cavity mirror, or tapping on the laser lid[107].
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range of the combined Millennia (5.5W pump power) and Ti:Sapphire Tsunami laser assembly

from 736 nm to 950 nm was achieved with a pulse width of 100fs.

3.1.4 Short-duration pulses and mode-locking

Ultrashort pulses, on the order of femtoseconds, are important for the investigation of molecular
short-time phenomena and of the dynamics of physical, chemical, and biological processes[196,
61]. The typical instantaneous intensity-fluctuating multimode* output of a laser consists of
resonance frequencies of the cavity for which the optical amplification (gain) is greater than
the cavity losses[169, 61]. The gain-bandwidth, i.e. the width of the frequency range that can
be amplified, which depends on the atomic energy levels of the laser medium[194], is inversely
related to pulse duration by the uncertainty principle[61, 194]. Hence, the minimum requirement
for the generation of short pulses is that the spectral bandwidth must be broad. To obtain the
ultrashort high intensity laser pulse, the phase differences between the modes are fixed, so-called
mode-locking. This yields a succession of single pulses with a repetition rate of 2L/c, where L

is the cavity length[194, 61, 169].

Although many mode-locking techniques exist, the method utilised in the Ti:Sapphire Tsunami
laser is regenerative mode-locking[194]. Mode-locking requires that a type of modulation (pe-
riodic loss) be applied to the laser radiation which has a period equal to the cavity round

trip time[61, 169, 107]. The advantage of regenerative mode-locking is that the frequency

4There can be as many as™dkcillating modes in a Ti:Sapphire laser[169].
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used to drive the modulator is derived from the laser cavity so that if the laser cavity length
changes slightly, the driver frequency adjusts accordingly. Figure 3.3 shows the amplitude mod-
ulator (AOM) to the left of the output coupler. A piezoelectric transducer is attached to
one of the AOM’s surfaces and, together with reflection from the AOM'’s surfaces, produces a
standing acoustic wave within the modulator at the cavity-derived RF frequency[54]. Hence,
a time-dependent refractive index grating perpendicular to the light propagation direction is
produced[194]. Upon interaction of the laser light with this grating, some of the light is diffracted
out of the cavity which introduces the necessary time-dependent loss[194]. The initial jumble
of longitudinal modes are partially phase-locked by the AOM which produces mode beating.
This beating signal is detected, amplified, divided by two, reamplified, and fed to the modu-
lator. Hence, the modulator will always have a maximum in transmission when the pulse is
present[107]. The AOM is run off resonance with a diffraction efficiency to 1%[194]. To achieve
the shortest possible pulses, however, pulse broadening effects in the cavity need to be compen-

sated for.

The two primary causes of pulse broadening are group velocity dispersion (GVD) and self-
phase modulation (SPM). GVD occurs because the index of refraction of any material is fre-
quency dependent. Each frequency in the pulse experiences a slightly different index of refraction
which, in turn, affects the velocity of each frequency, and causes a spreading of the pulse[61].
Pulses acquire a positive chirp (low leads the high frequencies) as they pass through materi-
als in the cavity at visible and near-IR wavelengths[194]. SPM results from the nonlinearity

of the refractive indices of intracavity media at high pulse intensities, due to the optical Kerr
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effect[61, 169]. As the pulse propagates through the Ti:Sapphire material, the leading edge
experiences a higher and higher index of refraction. This causes a delay in the individual os-
cillations of the electric field, resulting in a broadened, positively-chirped pulse[194]. These
effects can be counter-acted by introducing prism-pairs into the beam. These prism-pairs pro-
vide negative group-velocity dispersion that is both low loss and easily adjusted from negative
through to positive values, and occurs with no transverse displacement of the temporally dis-
persed rays[56, 107, 194]. Using these techniques, Ti:Sapphire lasers have generated pulses as

short as 8fs[61], while the laser described here produces pulses of ~100 fs.

3.1.5 Experimental details

Nd:YAG
OAP
BS oF

Sample L
P Polariser F Filter
B Beam-splitter WP Wave plate
L Lens BS Laser beam shape at sample
C Crystal Spec Spectrometer

G Glan-Thompson prism Block Beam block

Figure 3.4: Schematic diagram of the laser setup used to capture time-indeghat®lumines-

cence.
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To measure time-integrated photoluminescence of a sample, the setup in Figure 3.4 is used.
The pulsed red laser light emerging from the Ti:Sapphire laser is split at the first beam-splitter
(B) into an excitation and gate beam. The gate beam is further split to provide the spectrom-
eter (Spec) with an intensity fraction so that the beam profile can be monitored. The rest of
the beam is dumped (Block). The excitation beam is frequency doubled using a set of two
lenses (L) and a BBO crystal (C). The filter (F) and Glan-Thompson (G) prism[154] remove
any residual red laser light from the excitation beam. The Glan-Thompson and half-wave plate
(WP) combination before the sample allow adjustment of the beam'’s polarisation direction and
power. The excitation beam enters the cuvette near to its right edge and the emerging photo-
luminescence is collected by two off-axis parabolic mirrors (OAPs) along a trajectory orthogonal

to the excitation.
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Figure 3.5: Response curves for the spectrometer/CCD combinationeatgaing a lamp of known
spectral distribution. The listed wavelengths are the central wavelengthdb response curve. The

extracted photoluminescence spectra are corrected using thesq Tb2yes
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This trajectory reduces fluorescence reabsorption errors[14]. The photoluminescence is colli-
mated, dispersed in a monochromator, and imaged onto a nitrogen-cooled charge-coupled device
(CCD). The TRIAX 190 spectrometer can present one wavelength at a time from its exit slit, or
a range of wavelengths at the exit focal plane for detection by an array detector[207]. The CCD
has a 26 pmx26 um pixel size, and a 26.6 mm x6.7 mm imaging area, a low dark current, and a
relatively flat response from 250 nm to 900 nm with an average quantum efficiency of 40%[206].

The response curves for the spectrometer/CCD combination are presented in Figure 3.5.
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Figure 3.6: Beamwidth measurement. Experimental data (black dots) andi&afits(red line).

The beam width at the sample stage is 210 um (FWHM), see Figure 3.6, and was measured
using a knife-edge method. A knife edge is moved perpendicular to the direction of propagation
of the laser beam while the total transmitted power is measured as a function of the knife-
edge position[47]. The resulting length-dependent power plot was differentiated and fitted with

a Gaussian function to get the FWHM. The measurement was repeated for different laser powers.
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3.2 Time-Correlated Single Photon Counting
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Figure 3.7: The principle of time-correlated single photon counting apated Ref. 16. The
number of times the detector is triggered into searching for a photon (depistgeey pulses) is
N. N is large enough such that a low-noise histogram, partitioned into identical tiarenets

t1, to, ..., tw (M ~ 10°) where each corresponds to a different photon arrival time, is acquired.
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Time-resolved spectroscopy is the study of dynamical processes, such as energy transfer,
in materials by means of spectroscopic techniques. These processes occur over very short
timescales, e.g. electronic relaxation, nuclear relaxation and charge transfer all occur in molecules
on a timescale of between one femtosecond and one nanosecond[74, 182, 196, 182]. The time-
correlated single photon counting (TCSPC) technique does not suffer from gain noise or elec-

tronic noise and has a higher time-resolution than any analogue recording method[16].

3.2.1 General principle

A reference pulse from the laser ("start pulse”) triggers the start of a timer in the TCSPC elec-
tronics. The timer stops when fluorescence photons from the laser-excited sample impinge on a
fast detector ("stop pulse”). The arrival of single fluorescence photons in the detector channel
at a certain time is illustrated in Figure 3.7. As the experiment is repeated and the number of
photons sensed reaches N, where N is a suitably large number, a histogram of the photon arrival
times is constructed. This reflects the photoluminescence (PL) decay of the original waveform
— compare the top and bottom of Figure 3.7. Multiple measurement cycles is implemented
easily through the use of a pulsed laser. However, the probability of registering more than one
photon per measurement cycle must be low so that later arriving photons in the same detection
period are not missed, leading to an over-representation of early time photons and a distorted PL
decay waveform[155, 16]. This is achieved by attenuating the light level at the sample[155]. In
modern high-repetition rate systems, the start-stop pulses are reversed, i.e. a fluorescent photon

from the sample triggers the start of the timer, while the following laser pulse stops the timer.
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This will be explained in more detail in Subsection 3.2.2 below.
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Figure 3.8: A schematic diagram of the components of which a TCSPC systeamigosed.

Adapted from Ref. 16.

3.2.2 Specific tasks of the electronic components

The inputs of the TCSPC system are a reference pulse from a laser and a PL single-photon
signal from a detector; see Figure 3.8. For the Ti:Sapphire laser, a fast Silicon-PIN (planar
diffused diode) photodiode® is used to get an electrical timing reference signal from the optical
pulse train[155]. In the photomultiplier tube (PMT), a single incident photon releases an elec-
tron from the photocathode which is amplified, by liberating extra electrons through collisions
with successive dynodes, and accelerated towards the anode. The gain can reach values of 10°

to 10P, the response is very fast (few nanoseconds), but the quantum efficiency is about 0.5

5A PIN diode consists of a single crystal having an intrinsic (undopedpmesandwiched between p- and n-type
regions, regions with an excess of holes or electrons, respectiiadyndmber of electron-hole pairs produced, when a

bias potential is applied across the detector, is dependent on the ef#rgyraident photons[142].
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usually[16, 155]. The output pulse is called the single electron response (SER) which varies in
amplitude from pulse to pulse because of the random nature of the signal amplification process

in the PMT[16].

A constant fraction discriminator (CFD) triggers on both pulses. To achieve accurate time
measurements, accurate triggering, that does not depend on the pulse amplitude, is required[16].
The CFD fulfills this requirement by triggering on the zero cross point of the sum of the input
pulse and the delayed/inverted input pulse[155, 16]. Additionally, the CFD rejects input pulses
smaller than a threshold value, thus suppressing noise from the environment, from preamplifiers,
and small background pulses from the detector[16]. The output pulses of the CFDs are used as
start and stop pulses of the time-to-amplitude converter (TAC), as shown in Figure 3.8. This
consists of a highly linear ramp generator, usually a capacitor, that is started by one signal
and stopped by the other[155, 192]. Hence, the final voltage at the capacitor represents the
time between start and stop pulses[16]. The voltage is fed to a biased amplifier (Amp) which
selects a smaller time window of the TAC range, and then fed to an analogue to digital con-
verter (ADC)[16]. The ADC resolves the TAC signal into thousands of identical time channels
(identical within 1% or better)[16]. Varying time-channel widths result in a systematic variation
in the number of photons in the channels which distorts the final result. The ADC converts
the amplified TAC signal into the address of the memory corresponding to the time of the pho-
ton. By incrementing the data contents of the addressed location the photon distribution builds

up[16, 155].
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Fast PMTs can manage count rates of up to ~107 counts per second[155, 16]. If the light
intensity per signal period is constrained between 0.01-0.1 photons, lasers with repetition rates
of 50-100 MHz have count rates near 10® photons per second[16]. The way to side-step this
overloading problem is by starting the TAC when a photon is detected and stopping it with the
next reference pulse from the light source, i.e. reversing the start and stop pulses. Hence, the
TAC only has to work at the rate of the photon detection events which is much lower than the

rate of the excitation pulses.

3.2.3 Experimental details

FGL C L F SiPIN

PB PB Spec

Sample L

Figure 3.9: Schematic diagram of the laser setup during the time correlatéel givagon counting

experiments.

The experimental setup shown in Figure 3.9 varies from the TIPL setup (Figure 3.4) in two
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ways. First, the gate beam is incident on a photodiode which provides the TCSPC Becker &
Hickl SPC-130 electronics with a reference pulse train. Secondly, the PL emerging from the
OAPs is directed onto a Peltier-cooled photomultiplier tube (PMC-100 from Becker & Hickl).
The PMT can detect wavelengths in the range 300-900 nm and has a dark count® of 200-500s~*

(counts per second) at 22°C.
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Figure 3.10: Green line: decay of the photoluminescence of a cyaningpg@nded to a strand of
40-thymine bases which to each is attached a naphthalene-derivativautapbecl3C, measured
with the time-correlated single photon counting (TCSPC) technique. Re@dldigle: instrument
response function (IRF) for the TCSPC system. Inset: long-time deddlie sample and IRF up

to 8ns.

The instrument response function (IRF) of the system would be infinitely narrow if the system

was ideal. However, the excitation pulse, the detectors, and the electronics are far from infinitely

60utput pulses from PMTs unrelated to light input[155].
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sharp and infinitely accurate, respectively[155]. The total IRF is the convolution of all the IRFs
from the non-ideal system components[155]. For an analogue signal recording technique, the
width of the IRF cannot be narrower than the single electron response (SER), which is 1.5ns
for the PMC-100[16]. However, the time resolution of TCSPC depends on the accuracy at
which the time of the individual photons can be determined, i.e. the spread in PMT transit
times[192, 16]. The transit time spread (TTS) is determined mainly by the variation in electron
transit times of the electrons to the anode in the PMT, and to a lesser extent by the emission
at the photocathode, and the timing jitter of the subsequent electronics[16]. Hence, the IRF
width is 180 ps (FWHM) for the TCSPC system, which is much shorter than the SER width[16].
The IRF, an example of which is shown in Figure 3.10, is measured by placing a scattering
medium in the sample compartment and detecting this scattered light, which simulates a Dirac
delta function 8(t)[118], with the TCSPC system[155]. Better resolution can be achieved by
using a deconvolution technique to mathematically disentangle the IRF and the true fluorescence

lifetime of a sample[147, 118, 13, 192].

3.3 Synthesis of samples

The samples investigated in the following chapters were synthesised by the Functional Organic
Materials Group at the Eindhoven University of Technology. A host-guest material was studied
in Chapter 4 and Chapter 5. The host, single-stranded DNA (with or without a dye molecule
attached at one end), was supplied purified and freeze-dried by MWG Biotech Ag[168]. The

achiral naphthalene guest derivative, equipped with a diaminopurine hydrogen-bonding unit, was
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synthesised via a convergent route involving reactants such as commercial 2,6-diaminopurine and
6-bromo-2-naphthol[95]. The amphiphilic molecules, used in the conjugated nanoparticle study
in chapters 6 and 7, were synthesised according to Ref. 1, Ref. 6, and Ref. 105. The procedure

used to form nanoparticles from these molecules is described fully in sections 6.2 and 7.2.
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Chapter 4

Energy transfer in ssDNA-templated

stacks of naphthalene chromophores

4.1 Introduction

DNA-templated chromophore assemblies can overcome some of the difficulties associated with
dye-intercalated DNA systems, as mentioned in Chapter 2. This is accomplished through direct
hydrogen bonding of diaminopurine-equipped naphthalene derivatives to the bases of single DNA
strands. The advantage of this type of system is that the naphthalene chromophores are posi-
tioned along the DNA template into well-defined chiral assemblies in solution[95]. By choosing
DNA templates with a single Cy3.5 acceptor dye covalently attached to one end, energy transfer
from randomly-placed excitations on the DNA-bonded naphthalene assemblies to the assembly

end was investigated.
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4.2 Samples
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Figure 4.1: Left, Top. Schematic representing the self-assembly of diaorinegnaphthalene
derivatives (NP) along a single-stranded oligothymine template. Samplegpvegrared in ultrapure
water with an NP concentration of 1.6 mM and an oligothymine template concenttiasiboorre-
sponded to a thymine base concentration of 0.4 mM. The final structure abtasea right-handed
helical nature at low<€20°C ) temperatures. Bottom. UV-Vis absorption and photoluminescence
spectra for the NP donor (red dashed and solid lines, respectivalythanCy3.5 acceptor when
attached to a 20-base oligothymine (black dashed and solid lines, respgctRight. Chemical

structures of NP and cyanine dye Cy3.5 bonded to the 5’ end of the oligatly
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The system under investigation self-assembles under the auspices of a collective of different
chemical bonds, as schematically shown in Figure 4.1. Blue bars represent the non-chiral di-
aminopurine naphthalene derivative (NP) chromophores, whose synthesis has been detailed in
Ref. 95. The black strand represents the single-stranded (ss) DNA template, denoted by Thn,
which consists of n thymine bases. Paramount in driving the template-NP binding is the triple
hydrogen bonding of NP, via its diaminopurine end, to the pyrimidine unit of each thymine basis.
The hydrogen bonding groups of these molecules are indicated by red bars in Figure 4.1. The
synthetic design criteria and characterisation for this and for a similar supramolecular system
have been described in detail in Refs. 95, 168, and Refs. 92, 94, respectively. A complex range
of intermolecular interactions influence the assembly process, which can be affected by even
small changes in the molecular structure of the individual components[94]. Ethylene oxide side
groups were selected for NP to facilitate solubility in water, while termination of the molecule
with a hydroxy group was chosen to inhibit both NP aggregation and also further aggregation
of the whole DNA hybrid complex[97, 92, 94]. In addition, the NP donor was designed expressly
to incorporate a diaminopurine hydrogen bonding unit, because the diaminopurine's large T&
conjugation area strengthens the donor-donor interactions — in turn, promoting stabilisation of

the assembly, especially for long template lengths[95].

Previous characterisation of these assembled systems has revealed that the hydrogen bonding
of NP to the template is weaker than bonds between complementary bases in double-stranded
(ds) DNA, and highly specific[95]: NPs did not bind to strands of adenine or cytosine bases,

and dsDNA was formed in preference to retention of the NP-oligothymine aggregates when
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a strand of complementary adenine bases was added to solutions containing the templated
assembly[95, 97]. Together, molecular modelling and morphological studies show that the stack-
ing geometry and resulting chiral order strongly depend on the nature of the chromophore. For
naphthalene-based systems, the relatively weak interactions between such molecules yield assem-
bled supramolecules resembling the dsDNA B-helix structure[198]. A simple one-dimensional
Ising model has been used to demonstrate that the interplay between the energies involved in
donor-oligothymine (guest-host) and donor-donor (guest-guest) binding has a strong influence
on the formation of the aggregates[94]. Spectroscopic evidence for the formation of templated
assemblies has also been presented: upon mixing the donor with the template, the absorp-
tion band was found to be blue-shifted and mitigated in intensity while the circular dichroism!
spectrum exhibited a positive Cotton-effect in the naphthalene absorption region[95]. These
results are indicative of the formation of chiral aggregates[203], with the oligothymine tem-
plate inducing a right-handed helical structure as NP binds to it. The length and thickness
of 20-base templated assemblies, containing diaminotriazine hydrogen bonding naphthalenes,
have been determined to be approximately 7 nm and 3.5 — 4 nm, respectively, based on a com-

bination of cyro-transmission electron microscopy (cryoTEM), angle-dependent dynamic light

scattering (DLS), atomic force microscopy (AFM), and molecular dynamical modelling[94, 198].

1Spectroscopic method measuring the difference in absorbance céneftright- handed circularly polarised light
by a material, as a function of wavelength. Chiral molecules and biomekeetth secondary structures show circular

dichroism in their absorption bands[142].
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To permit investigations of energy transfer in the DNA templated assemblies, an acceptor
Cy3.5 cyanine dye (yellow bar in Figure 4.1) was covalently bonded to the phosphate group
at the 5’ end of the ssDNA. Cyanine dyes are characterised by two heterocyclic components
connected by a polymethine bridge. They benefit from large extinction coefficients; moderate
fluorescence quantum yields; and widespread applicability as photosensitisers, stains, and fluo-
rescent probes[69]. The absorption and photoluminescence spectra shown in Figure 4.1 contain
a cyanine dye absorption peak at 589 nm and an emission peak at 612 nm. For NP, absorption is
found to peak at 344 nm and emission broadly around 480 nm. The spectral overlap between the
NP donor chromophore emission and the Cy3.5 acceptor absorption should thus permit efficient

energy transfer from the former to the latter chromophore.

In order to assess the dependence of energy transfer on the assembly length, samples con-
taining oligothymines with different numbers of bases n were used, with n being either 10, 20,
30, 40, or 60. To allow accurate relative measurement a complex (NP-Tn-Cy3.5), an acceptor
(Tn-Cy3.5), and a donor (NP-Tn) sample for each oligothymine length were prepared. Here, the
acceptor sample comprised a Cy3.5 acceptor dye covalently bonded to the 5’ end of the n-base
oligothymine; the donor sample an n-base oligothymine template decorated with NP donors;
and the complex sample a Cy3.5 dye bonded to the donor-decorated n-base oligothymine tem-
plate. Samples were prepared in ultrapure water with an NP concentration of 1.6 mM and
an oligothymine template concentration that corresponded to a thymine base concentration of
0.4 mM. Therefore, each base site was available to an average of four NPs in order to promote

filling of the template binding sites at low temperatures[95]. In the absence of the template,
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NP is dissolved molecularly at this solution concentration, i.e. aggregation effects should not be

expected[95].

4.3 Experimental details

Time-integrated measurements using the experimental setup shown in Figure 3.4 and time-
resolved measurements using the TCSPC technique, see Chapter 3, were performed on the
DNA-hybrid samples. During the measurements, the sample solutions were held in micro-
cuvettes (internal dimensions of 1mm x1mm x40mm) mounted on a temperature-controlled
stage that allowed adustments between 15°C and 90°C with an accuracy of 1°C. The samples
were excited at 375 nm with an excitation power of 30 YW using the frequency-doubled pulsed
output from the Ti:Sapphire Tsunami laser described in Chapter 3. The excitation wavelength
was chosen to excite predominantly the NPs. The excitation power and collection time (25s per
TCSPC scan) was set so that sample degradation was reduced to an acceptable minimum. This
was helped further by moving the sample stage vertically so that fresh solution was excited for
each measurement. In addition, the low excitation powers and high pulse repetition rate meant
that measurements were taken in a linear regime, with significantly fewer than one excitation per
assembly at any given time. Heating the samples was a fully reversible process[94], as confirmed
by the recovery of TIPL peak heights upon heating, cooling, and re-testing each sample. When
not in use for short durations, the samples were stored in a darkened environment in air at room

temperature, and returned to a freezer at other times.
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Figure 4.2: (a) Time-integrated photoluminescence of the “complex” (H®dy3.5; solid line),
the “acceptor” (B0-Cy3.5; dashed line), and the “donor” (NPT, dotted line) at 15C. (b) Time-
integrated photoluminescence of the 40-base “donor” (dotted lines)&bdsgk “acceptor” (dashed

lines) for different temperatures.
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Figure 4.3: (a) Time-resolved photoluminescence of Cy3.5 attached tdhasteligothymine (the
“acceptor”) for different temperatures, detected at the peak (62@hthge emission spectrum. (b)
PL decay of a 40-base oligothymine-NP assembly lacking the Cy3.5 dyedimet”) for different

temperatures, detected near the peak (507 nm) of the emission spectrum.
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4.4 Results and discussion

441 TIPL

Initial measurements of TIPL spectra for donor, acceptor and complex samples were performed
and relative donor peak quenching and acceptor peak enhancing for the complexes at low tem-
peratures was observed; see Figure 4.2(a). This is in qualitative agreement with energy transfer
between Cy3.5 and NP when integrated in the complex. As mentioned in Section 4.3, all TIPL
peak heights recovered fully when cycling the samples thermally between 15°C and 70°C, thus
confirming that supramolecular assembly is a reversible process for this system. A slight red shift
with decreasing temperature was identified for the donor peak in Figure 4.2(b), in accordance
with aggregation[111] of the NPs, induced by the oligothymine template at low temperatures.
In addition, the figure showes that both the donor and acceptor peak intensities decrease with
increasing temperature, which complicates a quantitative assessment of energy transfer based
on such data alone. The subsequent analysis is based, accordingly, on measurements of the

time-resolved emission recorded for the donor, acceptor and complex samples.

442 Donor and acceptor decay dynamics

For an accurate assessment of energy transfer in the DNA-templated complexes, the PL decay
dynamics of the donor and the acceptor in the absence of the other species was measured and
analysed. To investigate the effect of temperature on the lifetimes of the donor (NP-Tn) and

acceptor (Tn-Cy3.5) samples, TCSPC measurements were performed for n=40 for a range of
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different temperatures.
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Figure 4.4: PL decay lifetimes for (a) the acceptod@Cy3.5) and (b) the donor (NP4D) as a
function of temperature, extracted from the PL decay curves shown umd=g3 by fitting a mono-
exponential function to the data within the range 0.4 ns (TCSPC peak) toréd@s3y3.5) or 1.5 to

5ns (NP-B0). Solid lines are guides to the eye.
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Figure 4.3 shows the normalised PL decays of (a) the acceptor sample, detected at 620 nm,
and (b) the donor sample, detected at 507 nm. While the acceptor PL decay is mono-exponential,
the donor PL is slightly non-exponential concomitant with the presence of both aggregated NP
on the template and excess molecularly-dissolved NP. Both species show faster PL decay with
increasing temperature. To quantify the changes in lifetimes, these data were fitted with single
exponentials and the resulting lifetimes displayed in Figure 4.4 as a function of temperature for

both the acceptor (ta) and the donor (1p).

Figure 4.4(a) indicates that the lifetime of Cy3.5 bound to the DNA template decreases
almost linearly from its value of 2.1ns at 15°C to 0.7 ns at 70°C, suggesting increasingly ef-
ficient non-radiative excitation pathways at higher temperatures. It is not thermodynamically
favourable for the dye to be quenched via photoinduced electron transfer by the thymine bases of
the template[71, 172], as shown in a study of the relative excited-state reduction potential of a
Cy3 dye and oxidation potentials of various nucleobases[202]. Collisions with solvent molecules
and intramolecular vibrations may make a contribution to such effects. However, the observed
trend is most likely caused by changes in photoisomerisation which has been shown to provide
an efficient nonradiative-deactivation pathway for cyanine dyes, especially those with short poly-
methine chains[172]. In this process, the polymethine linkers adopt an all-trans configuration
in solution until, upon absorption of light, the dyes isomerise from the first excited singlet state
to a ground state photoisomer which adopts a mono cis conformation[172]. The isomerisation
occurs via a partially twisted intermediate excited state. The cis photoisomer undergoes a ther-

mal back isomerisation to yield the ground state trans isomer[135]. Attaching a cyanine dye to
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a bulky substituent, such as a long oligothymine molecule, increases the activation energy of

isomerisation, thus increasing the lifetime of the dye[172].

3.0

26

24+

£
- 22}

1.8+

r (b
2.8 ®)

1 6 1 " 1 " 1 " 1 " 1
10 20 30 40 50
Length (no. of thymines)

60

Figure 4.5: (a) Acceptor ([FCy3.5) and (b) donor (NP1l lifetimes for different oligothymine

lengthsn, extracted through mono-exponential fitting to the PL decays measurdsi@tat the
emission peak wavelengths. Solid lines are guides to the eye.
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Comparable effects have been previously witnessed for the similar dye Cy3, which in solution
has a lifetime of ~0.2ns that increases to ~2ns when Cy3 is attached to ssDNA[85, 172].
Isomerisation is an activated process that depends strongly on the temperature of the medium

such that a decrease in lifetime with temperature, as shown in Figure 4.4(a), is to be expected.

Figure 4.4(b) implies the temperature-dependence of the NP donor lifetime Tp, which ex-
hibits a sharp decrease between 15°C and 30°C superimposed on a more subtle linear decrease
towards higher temperature. The lifetime of aggregated NP is longer than that for unbound
NP, therefore the initial sharp decrease of Tp indicates the detachment of NP from the olig-
othymine once the complex dissolves around the transition temperature. These trends in donor
lifetimes are matched by those found in circular dichroism (CD) measurements (vide infra): as
the temperature is raised above ~25-30°C the CD signal disappears in accordance with the dis-
solution of helical aggregates of NP, as previously observed in similar complexes[94]. The small,
linear decrease of donor lifetime with temperature is likely to be again caused by an increasingly

efficient non-radiative pathway, possibly involving the solvent and relaxation of vibrational states.

The dependence of the acceptor and donor lifetimes (at 15°C) on oligothymine-template
length was determined using the same procedure as described above. The results are displayed
in Figure 4.5, which indicates that the acceptor has a length-independent lifetime with an av-
erage of 2.33ns. This is in excellent agreement with the value of 2.31 ns reported for a Cy3.5
dye attached to ssDNA consisting of approximately 30 bases[101]. It has been reported also

that the lifetimes of acceptor molecules attached to dsDNA hairpin structures are constant as
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the base pair domain length varies[128]. The donor lifetime, on the other hand, increases from
~1.8 ns for short (n=10) oligothymines to ~2.6 ns for long (n>40) oligothymines. As already
mentioned, the donor lifetime depends on the degree of templated assembly of NP and, hence,
the ordering and distribution of the NPs on the template. On short templates, similar naphtha-
lene derivatives have been shown to be arranged in a disordered assembly with varying distances
between conjugated units along the template[198]. CD spectra corroborate this theory as smaller
templates exhibit low peak intensities (vide infra) showing that the donors barely bind to the
10-base oligothymine thus decreasing the donor PL lifetime. The cooperative nature of the as-
sembly means that a minimum template size is clearly needed to stabilise the hybrid complex[95].
There is theoretical evidence that, at low temperatures, short templates in solution are either
filled with similar naphthalene derivatives or empty. Mixed forms are not favoured because of
a lack of combinatorial entropy as fewer mutually distinguishable distributions of bound guest
molecules are possible[94]. In contrast, temperature-dependent UV absorption experiments for
similar DNA-templated complexes show that stronger guest-guest interactions exist for longer
templates, which increases the stability of the stack and the ordering of the donors along the
template[94]. It is important to note that the diaminopurine-naphthalene derivative donors used
in this study have a stronger guest-guest, and weaker host-guest, interaction energy than the
similar diaminotriazine-naphthalene derivatives mentioned above[95]. Hence, it can be assumed
that the donor arrangement on short templates is disordered and that donors may have only

limited binding to short templates.
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443 Energy transfer dynamics in donor-acceptor complexes
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Figure 4.6: Photoluminescence decay of the accept60-(Jy3.5) and the complex (NP6D-
Cy3.5) sample, measured at 620 nm for (a) low’(@band (b) high (50C) temperature. At 5@,

the complex has dissociated with the donors molecularly dissolved in solution.
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In order to assess the rate at which energy transfer occurred between naphthalene and Cy3.5
chromophores, measurements of (A) the Cy3.5 PL decay on the template with and without NP
attached (i.e. for acceptor vs. complex samples), and (B) the NP luminescence decay on the
template with and without Cy3.5 attached (i.e. for donor vs. complex samples) for all template
lengths were performed. Figure 4.6 shows an example of such data for the 60-base oligothymine
for Case A at two different temperatures, 15°C and 50°C, at which the complexes are respectively
either assembled or fully molecularly dissolved. At low temperature, the Cy3.5 luminescence is
longer lived when NP is present, suggesting energy transfer from NP to Cy3.5 occurs. However,
this discrepancy is not fully removed when the complexes are dissociated at 50°C. It is unlikely
that significant energy transfer occurs from dissociated NP to the Cy3.5 dyes at the low solution
concentrations employed. Instead, the higher viscosity of the complex solution caused by the
presence of NP may induce interactions that affect the photoisomerisation of the dye[127], and

hence modify the Cy3.5 lifetime.

Figure 4.7 shows the peak-normalised PL decay for NP donors in the presence of the 60-base
oligothymine template with and without the covalently-bonded acceptor dye (Case B) at 15°C
and 50°C. These data demonstrate that the lifetime of the donors is shorter in the presence
rather than in the absence of Cy3.5 acceptors. This difference disappears when the solution
temperature is raised beyond the point at which the complexes dissociate. Both the lengthening
of the acceptor lifetime in the presence of donors, and the shortening of the donor lifetime in
the presence of acceptors over the same timescale, provide strong evidence for the occurrence of

energy transfer between the donor and the acceptor when complexes form at low temperatures.
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Figure 4.7: Photoluminescence decay of the donor (EB}rEnd the complex (NP-G0-Cy3.5)

sample, measured at 507 nm for (a) low 1@C% and (b) high (50C) temperature. At high tem-

peratures, the donor and complex samples have dissociated (namedrdissud diss complex,

respectively); see the text for details.
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In order to obtain more quantitative information on the transfer rates involved, the changes
in NP luminescence in the presence and absence of Cy3.5 (Case B) were analysed to avoid
complications caused by direct acceptor excitation and solution viscosity changes affecting the

acceptor lifetime, as mentioned above.

444 Removal of excess donor background

The additional decay path induced by the Forster radiative energy transfer mechanism for
donor excitons must be considered when describing the de-excitation of the donor through
all mechanisms[76, 134, 137]. In the absence of acceptors, the time-dependent PL decay of the

donor bound to the template is

Ip(t) =1Ip exp<TD_(tt)> , (4.1)

where IAD is the intensity at time t =0, and Tp the donor ensemble lifetime, which may be time

dependent. In the presence of acceptors, the time-dependent PL decay of the donor is given by

lc(t) = Icexp [t <<TDl(t)> +kET(t)>} ) (4.2)

where Ic is the complexes’ PL intensity at t = 0 and Ket(t) is the energy transfer rate to the
acceptors. However, as mentioned in sections 4.2, 4.4.2, and 4.4.3, an excess of three donors
per DNA binding site was added in order to ensure that the sites are more likely to be filled
effectively[95]. In order to obtain Ip and Ic from the measured data, the PL background arising
from the presence of the unbound donors was removed carefully, which was facilitated by taking

into account that at temperatures over 50°C all NP molecules are not hydrogen-bonded to the
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template.

At low temperatures T (e.g. 15°C), the PL decay from the donor can thus be described by

] ~ O t t
135¢ =1p [nboundNégu%d eXp<— ) + NreeNios eXp<— )] : (4.3)
TD,bound D, free

Here Tp pound and Tp, free are the lifetimes of excitations on NP bound to the template, and those
on excess, unbound NP, respectively, Nég’;%d and N%gg are the numbers of free and bound NP
donors excited in the imaged volume of solution (at 15°C), and Npound and Nree the quantum

efficiencies of emission of the free and bound NP, respectively. At elevated temperatures (e.g.

50°C), all NP are detached from the templates, and the donor PL decay is given by

50°0C _ " 50°C
Ip”~ = lIpNtreeNfree exp(—

> . (4.4)

D, free

It is assumed implicitly that r]}f;(e: = r]??;g because the largest intensity changes in donor PL
(Figure 4.2(b)) and the largest donor lifetime changes (Figure 4.4(b)) occur over the temperature
range of NP detachment from the template. The underlying changes to the quantum efficiencies
of emission of the free NP as the temperature increases are negligibly small in comparison. As
mentioned above, energy transfer at a rate kgt(t) has to be considered as an additional de-

excitation pathway for NP in the complex, and the PL decay at low temperatures can be

described by

0 ~ t
|é5 Cc_ Ic [nboundNégfﬁdEXp<— - kETt) + r]freeN%LrsgeC EXp<_TD ¢ )] ) (4.5)
,free

TD,bound

At high temperatures, again all NP are detached from the template which leads to the suppres-



68 Energy transfer in ssDNA-templated stacks of naphthalene chromophores

sion of energy transfer and all luminescence originates from unbound NP, i.e.

50°C
I

) . (4.6)

i 50°C
=lc n freeNfree exp <_
D, free

Using equations 4.3 to 4.6, the energy transfer dynamics IgT can now be extracted by calculating

first the PL decay components associated only with NP bound to the templates, as

15°C

_15c_ Vfree s0c _ 1 15C t

X = ID - 50°C ID - ID r]boundNboundeXp<— ) (47)
Nfree TD,bOUnd
and
15C ¢
_|15C ree \5°C _ " 15°C

Y=Ig""—epcld =l r1bound'\|bounde><p<—T - kETt> : (4.8)

free D,bound

From Eqns. 4.7 and 4.8 the energy transfer dynamics, where the only cause for donor de-

excitation is energy transfer to acceptors[76], can then be determined through

Y -
leT = X [erel ety (4.9)
fre

provided that the fraction f = L0 is known. In general f can be directly calculated from
free

the absorption coefficients O15¢c and Osgc of the cold and hot solutions. However, for the
experiments presented here, the absorption coefficients were small compared to the length of the
imaged volume and the two absorption coefficients were very similar at the excitation wavelength

used. For these cases, f is simply given by the concentration ratio

c
f_ free (4.10)
Ctree + Cbound

i.e. it is the fraction f=0.75 of NP molecules that are free (unbound) even at low (15°C) tem-

perature as a result of the addition of excess NP.
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Figure 4.8: Photoluminescence (PL) decays illustrating the procedurkveéadvon removing the
excess NP contribution from the assembled NP photoluminescence detegutoon. 11°°C is the
PL decay of an-base oligothymine-NP assembly at a low temperaturéGlfor example), where
nis the number of thymined$3%C is the PL decay of a-base oligothymine-NP assembly at a high
enough temperature at which all NP are assumed not to be bonded to théyhgee. X is the

NP-excess corrected decay solely from excitations on NP hydrogedekl to the template.

It is assumed that at temperatures of 50°C and over, all NP molecules present in the samples
are not hydrogen-bonded to the template. TCSPC delay traces confirmed this assumption: the
non-normalised intensities of the donor samples for arbitrary oligothymine length (at a detec-

tion wavelength of 507 nm) converged to a baseline PL decay that did not change significantly
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between 50°C and 70°C. Another indication that the assemblies have fragmented at 50°C is the
flattening of the temperature-dependence of Tp values at this temperature; see Figure 4.4(b).
For a given low temperature T (e.g. for 15°C as described above), the transfer dynamics were
thus calculated using equations 4.3 to 4.9 with 50°C as the high-temperature reference point
for which all NP are assumed to be free. Figure 4.8 illustrates the results of such calculations

for T=15°C.

445 Experimental rates of energy transfer

Figure 4.9 shows the extracted energy transfer dynamics gt for complexes formed at 15°C for
a number of different template lengths. The transfer dynamics accelerate from complexes with
template length of =10 base pairs towards those with n=30 bases, for which they are fastest,
and then reduce again towards complexes with N=60 bases. In addition, the shape of the curves

can be described in all cases by a stretched exponential, i.e.

d
ler(t) = ferexp [— (f) ] (4.11)

0

Comparison with Eqn. 4.9 yields an energy transfer rate ket :td_ltad where Tg and d are time
constants affecting the time-dependent rate of energy transfer ket. Such time-dependent energy
transfer rates are very commonly observed for complex systems[24, 76, 153] and may arise from
a multitude of causes, such as exciton diffusion or inhomogeneous chromophore arrangement in
the system. When acceptors are randomly distributed throughout an arrangement of donors, the
energy transfer dynamics have been shown to adopt the stretched-exponential behaviour[153]

described by Eqn. 4.11 because of the range of donor-acceptor distances present.
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Figure 4.9: Energy transfer dynamics reflecting the NP emission decaygesidely from energy
transfer to Cy3.5. The curves are derived from the donor PL transé&mwhich some are shown
in Figure 4.7, by removing the contribution arising from excess unattactredrd from intrinsic

donor excitation decay, as described in the text. Solid lines are fits to theslatpthe stretched-

exponential function given by Equation 4.11.

In this case, the exponent d directly relates to the dimensionality A of the system[15, 29],
with A =6d. For such systems, decreasing dimensionality for fixed acceptor concentrations leads
to an increasing emphasis of fast initial PL decay as well as very slow PL decay components,
a behaviour attributed to the increasing dominance of nearest-neighbours in the trapping of

excitation energy[24, 137]. Equation 4.11 was fitted to the energy transfer curves as in Figure
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4.9, and it is found that for all temperatures and template lengths for which stable assemblies
form, d = 0.6 + 0.1. This value suggests a “dimensionality” of A = 3.6 + 0.6. However, for the
DNA-templated system under investigation here, the constant d cannot be directly linked with
system dimensionality, as the acceptor chromophores are not randomly distributed but attached
solely to the end of a strand of donors. As detailed in Chapter 5, a model was developed that

incorporates a realistic structure of the complexes.

The value of energy transfer rate constant Tgl was also extracted for the value of d = 0.6,
and is displayed in Figure 4.10 (blue squares) as a function of DNA-template length. 14 is found
to be strongly template-dependent: it is initially low for short oligothymines and rises with an
increase in the length of the oligothymine template, then peaks for the 30-thymine strand with
Tal ~0.05ns™1, and subsequently decays towards longer (>60) template lengths. This complex
behaviour arises from the contributions of two counteracting effects. For short templates, in-
complete attachment of NP to the template suppresses the energy transfer[95], while for long
templates, an increase in donor-acceptor distances also leads to a reduction. Therefore, an
overall maximum in transfer efficiency can be expected for a particular template length. Figure
4.10 (green circles) shows the CD amplitude measured for complex samples of different lengths
(NP-Tn-Cy3.5), at 15°C and a detection wavelength of 358 nm, near the peak of the donor
absorption. A sharp onset in the CD amplitude arising from the Cotton effect can be clearly

seen between N ~20-30 matching the similar rise in energy transfer rate constant over that range.
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Figure 4.10: Blue filled squares: energy transfer rate cons@htextracted from stretched-
exponential fits to the energy transfer dynamics shown in Figure 4.9, pladtedfunction of the
numbem of oligothymine bases forming the template. Green filled circles: circular denrsignal

at 358 nm as a function of oligothymine lengtlat 15C. The solid lines are guides to the eye.

In addition, the influence of solution temperature on the energy transfer was investigated
by extracting the transfer dynamics, correcting as described in Section 4.4.4 for excess donor
and intrinsic donor PL, for the 40-base oligothymine sample. The resulting decay curves were
again fitted with Eqn. 4.11 for d = 0.6, and the resulting Tal values displayed in Figure 4.11
as a function of temperature. The energy transfer rate parameter shows a strong correlation

with the CD amplitude measured for the same complexes. As the system becomes more dis-
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ordered at high temperatures and finally dissociates, the transfer rate constant Tal tends to zero.
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Figure 4.11: Solid squares: experimentally determined energy trantﬂem'raetann(gl) extracted
from fits of a stretched exponential (Equation 4.11) to the energy tradgf@amics for a 40-base
oligothymine (see Figure 4.9), as a function of temperature. The greenliselis the circular

dichroism signal measured at 354 nm as a function of temperature.

45 Conclusion

The energy transfer has been investigated in a system comprising naphthalene donor chro-

mophores attached via hydrogen bonding to a DNA template decorated with a Cy3.5 acceptor
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molecule at one end. The efficiency of energy transfer from donor to acceptor depends intricately
on temperature and template length, both of which have a strong influence on the extent to
which the template is populated with an ordered donor assembly. Circular dichroism and donor
lifetime data show that the assemblies dissociate over a fairly narrow (+£5°C) temperature range
centred around 25°C. Energy transfer rates decline to zero over the same range, as the tempera-
ture is raised, indicating that ordered assembly is a prerequisite for energy transfer. In addition,
the energy transfer efficiency is found to exhibit a complex dependence on template length,
with transfer rates increasing initially with template length towards an optimum for n=30, and
then declining again towards n=60. In Chapter 5, the energy transfer dynamics as a function
of template length are modelled and lead to further insights about this complex DNA-hybrid

system.
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Chapter 5

Modelling energy transfer in

DNA-hybrid assemblies

5.1 Introduction

To complement the experimental results discussed in Chapter 4, a model was formulated for
the ensemble-averaged Forster energy transfer rates between the naphthalene donors and Cy3.5
acceptors. This was based on assembly geometries extracted from molecular dynamics sim-
ulations of the DNA-templated structures. In Chapter 4, the dependence of energy transfer
on temperature and DNA-template length was found to affect profoundly the extent to which
the DNA template is populated with an ordered array of donors. Especially complex was the
counteracting effects of inefficient filling of short templates and a reduction in energy transfer
due to long donor-acceptor distances in the case of long templates. It is this latter effect that

shall be explored in this chapter.
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5.2 Elucidation of assemblies’ structure

5.2.1 Molecular modelling

Distances (A)

Figure 5.1: Left. Schematic depiction of the approach used in the moddiildagcthe Forster
resonance energy transfer in the DNA-templated complexes. The gigyssthe oligothymine
template, each blue rectangle represents an NP donor, and the yellowisttideacceptor Cy3.5
dye. Random excitation of an NP chromophore is followed by possiblgegtensfer to the Cy3.5

dye positioned at the DNA end. Right. Example of a geometry-optimized steuftiuthe 10-base
DNA-assemblies extracted from molecular simulations, as described in théltextcounter-ions

are not shown for the sake of clarity. The geometries obtained for thensgsvere used to extract
the distanceg between thé-th NP chromophore and the Cy3.5 dye centre which were used for the

calculation of the individual transfer rates.
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[ Naphthalene (of it"donor)

Figure 5.2: Schematic of the donor-acceptor complex structure consistm@g3.5 dye cova-
lently bonded to the end of a strand of 40 thymine bases. 40 naphthalemaagirore donors
are arranged at intervals along the length of the strand. The acceptuptibn transition dipole
across the polymethine bridge is representedioyne " donor emission transition dipole across
the long axis of the'! naphthalene, byj; the distance from the center of the acceptor dipole to
the center of the donor dipoler;, which was extracted from the shown atomic positions using

=2 [W+v—(G+0)].

Simulations have been performed of Forster energy transfer from individual NP donors to

Cy3.5 acceptors using geometry-optimised structures of the DNA-templated assemblies extracted
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from molecular modelling. These calculations were carried out on systems made of 10 — 40
oligomer donors, each being hydrogen-bonded to a thymine base of a single-stranded DNA. The
single-stranded DNA was end-capped with the cyanine-based molecule Cy3.5 covalently bonded
to the final phosphate group. The starting structures of both the guest and the dye were built in
extended conformation. The ssDNA structure was constructed in the canonical B-helix structure
with sodium (Na+) counter-ions along the phosphate backbone and the stack of guests was
built in Watson-Crick base pairing, following the simulations described in Ref 198. Molecular
Dynamics simulations were carried out using the CHARMM force field in the canonical ensemble
at 288 K (Berendsen thermostat) in implicit solvent model on a 10 nanoseconds timescale with
a 1 femtosecond time step. Figure 5.1 shows a geometry-optimised starting conformation for the
10-base complex, which has been used to construct longer assemblies and model the transfer

rates.

5.2.2 Extraction of atom coordinates using visual molecular dynamics (VMD)

software

To model the energy transfer dynamics the real geometric assembly geometry of the com-
plexes was taken into account by calculating donor-acceptor distances r; and orientation fac-
tors K; for each donor-acceptor pair. For this purpose, the vectors representing each donor
dipole moment direction, d, the acceptor dipole moment, & and that connecting the centres

of these moments, Tj, were determined using atom positions, relative to a common origin, in
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the geometry-optimised 40-donor complex from molecular simulations; see Appendix B for a
list of the extracted coordinates. Figure 5.2 illustrates how these vectors were extracted for a
particular i-th base donor and acceptor combination. For the calculations of the energy transfer

dynamics described in Section 5.3, rj and K; were determined from these vectors using

,_[ad  @man]

K? = s = r = ||Fi| (5.1)
R E A TR E N

where ||d|| is the norm or length of a vector &; see Equation 2.12 in Chapter 2. The geometry-
optimised assembly, shown on the right in Figure 5.1, was inputted into the visual molecular
dynamics (VMD) program. This program has been specifically designed to display and analyse
large biomolecular molecules and polymers[84]. From the VMD-displayed molecular model of
the DNA-assemblies, atom coordinates were extracted. Figure 5.3 indicates how the DNA-

assemblies appear in the VMD program.

Table 5.1 lists the values of rj and K; obtained in this manner for the modelled assembly
containing N=40 bases. It is interesting to note that for the realistic simulated structure exam-
ined here, the first NP of the template is not necessarily the closest to the Cy3.5 acceptor dye.
Furthermore, full Molecular Dynamics simulation of the 10-base system on the 10 ns timescale
reveals the structure globally collapses, i.e. the diaminopurines of the donors do not strictly
remain H-bonded in Watson-Crick arrangement because of the base-flipping, naphthalene reori-

entation, and coiling of the ethylene oxide groups.
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Figure 5.3: The geometry-optimised DNA-hybrid assemblies, in this casebadd®eomplex sam-
ple (NP-TLO-Cy3.5), visualised via the visual molecular dynamics program. The indiViaiom

positions in the structure can be readily identified.

5.3 Modelling procedure

5.3.1 Summing over Forster contributions across the DNA assembly

In order to isolate the dynamics of donor de-excitation due strictly to energy transfer, the total

emission intensity liota Was calculated:

P4

1

oai(t) = o 3 10, (5.2)
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where lj(t) is the contribution from the it NP donor on the template. For each individual donor,
the energy transfer rate is given by Equation 2.10, with the individual donor-acceptor distances
ri being defined as the distance from the centre of the Cy3.5 acceptor electronic transition dipole

to the centre of the naphthalene chromophore transition dipole contained in each donor:

N N\ 6
ltotal(t) = :\(}_ZGXP <_'[BtAD <Rr‘|"> ) . (5.3)
RAD

Here, Tp™" is the intrinsic or radiative lifetime of donors in the absence of acceptors, and R
is the distance at which energy transfer between the i" donor and the acceptor is as likely to

occur as radiative recombination of the donor exciton[59].

5.3.2 The Forster radius for each donor

The radiative Forster radius Ry for each donor i was calculated using[59]

1
9000 In10k? =1 _ . ]® 1
Roj — [1281'[5n4lN [ s 1o ea®) 67| —pok/ (5.4)

Here, k? is the dipole orientation constant for the ith donor with respect to the acceptor, N is the
refractive index of the material at the peak of the integrand, N is Avogadro’s constant, fp (V) is
the fluorescence spectrum of the bound NP donor with integrated intensity normalised to unity
on a wavenumber scale, and €a (V) is the molar decadic extinction coefficient of the acceptor
(1.5x 10°Lmol~tcm™? at the peak of the spectrum)[59, 75]. The integral depending on donor
emission and acceptor absorption was determined by discrete summation over the experimental
data products and also (in order to estimate the errors borne of this method) by numerical inte-
gration of functions fitted to the donor and acceptor spectra, which yielded very similar results.

The refractive index n was taken to be 1.33 — that of bulk water — as done previously for the
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case of fluorescein[146]. Substituting these for parameters in Equation 5.4 returns a value of pg

= 31+1A.

Ki2 is related to the relative orientation of the acceptor absorption and it"-donor emission

transition moments. The lowest-energy singlet absorption and emission transitions in naph-
thalene are polarised along the long axis of the molecule, a Ly state in Pariser notation[150].
This was established in the late 1950s[157, 117, 141, 149, 44] and has been supported by more
recent experimental[25] and theoretical[73, 190] investigations. For cyanine dyes, the TETT" tran-
sition moment lies along the in-plane long axis of the molecule defined by the polymethine
chain[85, 86, 127, 148, 165]. If the donor or acceptor re-orient rapidly within the lifetimes of
their excited states, then the value of k2 for this system is 2/3; otherwise, a range of values
are obtained depending on the relative donor-acceptor pair orientation[136, 75]. Several past
studies on systems with cyanine dyes attached to ss- or ds-DNA via a flexible 3 or 6 carbon
tether have explored the attachment mode of these dyes. Experiments have probed the activa-
tion energies of the isomerisation of free and tethered cyanine dyes[135, 72], the anisotropy of
tethered dyes[146, 172, 165], and the modulation of FRET efficiencies after varying the number
of base pairs between cyanine dyes attached to opposite ends of a DNA helix[85]. The emerging
consensus is that cyanine dyes stack rigidly across the terminal base pair of the DNA similar
to the way an additional base pair would[86]. The dye is held in position by a combination of
hydrophobic and attractive electrostatic forces[146, 69], and TeTt stacking, especially for purine
bases[71]. Hence, a separate Ki2 value is calculated for each donor-acceptor pair such that the

specific geometric arrangement for each naphthalene donor dipole and the acceptor dipole pair
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is preserved:

~

NCEIE (5.5)

>
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Here, & and dj are unit vectors in the direction of the acceptor and it donor transition dipoles,
respectively, and fj =T;/rj is the unit vector in the direction connecting the centre of the accep-
tor dipole and the centre of the it" donor dipole, where rj = ||Fi|| is the donor-acceptor dipole
separation as used in Eqn. 5.3. These vectors are determined by using atom positions, relative
to a common origin, in the geometry-optimised 40-donor complex from molecular simulations;
see Section 5.2.2. Figure 5.1 shows as an example the calculated structure for a shorter 10-unit
complex for ease of viewing. Thus, the calculated K? values obtained from this procedure reflect
the real structure of the complexes.

TRAD was calculated from the experimentally determined lifetime Tp of the excited donor

using Tp = Np - TRAP, where np is the quantum yield of the bound NP donors. The quan-
tum efficiency of the bound donors, Np, used in the calculations was determined using Nisc =
0.25Np + 0.75N50ec in representation of the relative presences of bound and free donors in so-
lution at low temperature, where Nisc is the quantum efficiency measured for the solutions

at 15°C and nsgc that measured at 50°C, yielding Np=0.9. The quantum efficiencies were

obtained by measuring the power entering and exiting the samples for different temperatures.

Eqn. 5.3 realistically assumes that each NP on the template has, on average, the same
probability of being excited. Subsequently, energy transfer causes a decay in the excited-NP

ensemble population, which leads to a non-random distribution as donors close to the acceptor
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transfer their excitation faster than those further away.
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Figure 5.4: (a) Energy transfer rate constagﬂ extracted from stretched-exponential fits to the

energy transfer dynamics shown in Figure 4.9, plotted as a function ofithbem of oligothymine

bases forming the template. (b) Green filled circles: Circular dichroism Isagnags4 nm as a

function of oligothymine lengtm at 15°C. Maroon filled triangles: values for the energy transfer

rate constant extracted from a model based@nster energy transfer in complexes whose structure

had been determined through molecular dynamics simulations, as describedt@éxtthThe rate

constant was obtained by fitting stretched exponentials to the simulated draargfer dynamics

and is plotted as a function of oligothymine length. The solid lines are guides &y¢he
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The ensemble transfer rate thus decreases with increasing time after excitation as only those
excitations survive that are located far from acceptors[75, 76]. Hence, these effects cause a

time-dependence in the ensemble transfer rate, as observed experimentally for these samples.

5.3.3 Modelling specifics

In order to obtain the simulated energy transfer dynamics for the donor, Equation 5.3 was eval-
uated at 0.02 ns intervals between 0 and 6 ns, using donor-acceptor distances derived from the
fi vectors and K? values evaluated from Equation 5.5; see Table 5.1 for a list of ||Fi|| and k2
values. Donor de-excitation curves were calculated for template lengths n ranging between 10
and 40 with corresponding TRAP values of 1.95 ns to 3.03 ns. The resulting curves are displayed in
Figure 5.5(b) together with the experimental data (Figure 5.5(a)). The calculated curves again
show stretched-exponential behaviour, however, they appear to show a much more pronounced
dependence on template length than the experimental curves. To allow comparison of numerical
values Equation 4.11 was also fitted, with d = 0.6, to the simulated donor decay curves. The

values extracted for the energy transfer rate constants, Tal, are given in Table 5.2 together with

those previously determined from experimental data (see Figure 5.4(a)).

5.4 Results: experimental vs. calculated rates of energy transfer

The calculated rate of energy transfer was plotted in Figure 5.4(b) (maroon triangles) to high-

light the strong influence of template length on energy transfer in the system. These theoretical
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values of Tgl decline sharply for template lengths n >10-20. Hence, the energy transfer is very
fast for the short templates, assuming that they are fully populated with donors. However, as
the distances between the donor and acceptor increase, the rate of energy transfer drops. The
sharp onset in the CD amplitude (Figure 5.4(b), green filled circles) was discussed in Section
4.45 in the previous chapter. The resulting interplay between completeness of assembly and
donor-acceptor separation thus leads to the observed peak in energy transfer rates around n~ 30

in these systems.

Figure 5.2 and Figure 5.5 clearly show that the calculated transfer rate, T&éam, overestimates
the experimental transfer rate, Tgéxp, for the shortest template length; and underestimates it
for the longer template lengths. The former is not unexpected because the model is insensitive
to effects of disorder, due to poorly formed assemblies, slowing energy transfer in the assem-
blies. Hence, T&éalc is too high in particular for the shorter (10-20 base) templates, for which
such effects are strong. However, one would expect experimental and simulated values to con-
verge for long template lengths, for which the assemblies are expected to be fully formed and
well-ordered[95]. The point-dipole approximation incorporated into the Forster model may be
inappropriate for the fraction of donor molecules very near to the acceptor molecule as the donor-
acceptor distances here become comparable to the extent of the excitations themselves[180, 22].
However, such effects are likely to be insignificant for the longer (40-base) templates for which

most donors are far from the acceptor.
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Figure 5.5: (a) Experimental and (b) calculated energy transfer dysdmicomplexes contain-
ing oligothymine templates of lengths ranging from 10 to 40 bases. The caltwartees were

extracted from the model described in this chapter.

Bimolecular processes such as exciton-exciton annihilation have been shown to have an effect
on excitation transfer dynamics[45], however, the low laser fluence used to excite the samples in
our study means that such processes are highly unlikely to occur. Most likely, excitation transfer
between donors along the direction of the template contributes to the energy transfer to the

assembly end. Such donor homo-transfer of excitations has been observed and modelled for
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non-templated, hydrogen-bonded chiral assemblies of conjugated molecules[21, 34] for which it
was shown to depend strongly on the extent of order in the assembly. Transfers of this kind
may be either dominated again by dipole-dipole coupling between transition moments confined
to individual donor chromophores[179] or be of a semi-coherent type, involving delocalisation
of excitations across more than one donor molecule[21]. Comparison between the simulated
and measured energy transfer rates (Table 5.2) suggests that for the longer (n > 40) templated
assemblies such effects become increasingly significant and therefore need to be included in more

comprehensive theoretical modelling.

5.5 Conclusion

This chapter and the previous chapter show that energy transfer in DNA-templated assemblies
is influenced by a number of complex factors. Adoption of these materials for nano-scale sensors
and wires thus requires an understanding of the processes that lead to cooperative assembly and

order, and their influence on the transfer of excitations within these systems.
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[ ri (nm) K? i r; (nm) K?

1 1.95 2.40685 21 7.21 0.28361
2 1.98 1.28356 22 7.42 0.00002
3 1.69 0.50905 23 7.63 0.20985
4 1.58 0.62685 24 7.78 0.98464
5 1.60 0.73086 25 8.10 1.19226
6 1.80 0.29898 26 8.40 0.47828
7 1.99 0.06079 27 8.74 0.00006
8 2.42 0.26614 28 9.09 0.22375
9 3.65 0.09963 29 10.00 0.96288
10 3.80 0.28050 30 10.32 0.72603
11 3.92 0.11810 31 10.46 0.31253
12 4.39 0.00050 32 10.62 0.00043
13 4.55 0.18688 33 11.02 0.07953
14 4.54 0.47728 34 11.41 0.97169
15 4.80 0.90628 35 11.44 0.75733
16 5.20 0.18459 36 11.91 0.05555
17 5.44 0.08336 37 12.27 0.00219
18 6.44 0.10414 38 12.78 0.66885
19 6.72 0.88967 39 13.17 1.03577
20 6.92 0.95725 40 13.33 0.73948

Table 5.1: Separations between the center of the dipole on the acceptor chromophore and the
center of the dipole on the naphthalene of thelonor molecule, as shown in Figure 5kZ, which
was calculated with Egn. 5.1, defines the orientation dependence of tyg@cand donor dipoles

on the Frster radius as described in the text.
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No. of thymines Taéxp(n?l) T&éam (nsh
10 <1073 0.281
20 <1073 0.025
30 0.050 0.009
40 0.039 0.005

Table 5.2: Experimental and theoretical energy transfer rates cons@ggandra}:am, obtained

upon fitting Equation 4.11 to the energy transfer dynamics shown in Figure 5.5
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Chapter 6

Fluorene-based organic amphiphile

nanoparticles

6.1 Introduction

Conjugated nanoparticles (CNPs) are used increasingly to investigate biological systems. Con-
jugated polymers, oligomers, and a host of molecules suffixed by hydrophobic and hydrophilic
tails tend to form CNPs under appropriate conditions. The interactions present, whether T&
stacking, Van der Waals, or hydrophobic effects[106], the ratio of hydrophobic to hydrophilic
parts of the molecule[105], the side chain and tail architecture[2, 27, 221], and the concentration
of molecules present[12] determine the shapes[164] the self-assembled systems adopt. Typical
diameters of spherical polymer CNPs are tens of to several hundreds of nanometres[129, 81].
The CNPs have been used to target, track[220], and image specific biomolecules[163]. For ex-

ample, polymer-loaded surfactant CNPs were functionalised with folic acid to selectively target
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and image cancer cells[129]. Utilised as sensors, the CNPs capture the state of the cellular
environment, for example, the pH[32] and the oxygen levels[211]. CNPs have several advan-
tages over quantum dots or conventional probes. CNPs are not cytotoxic[81, 211] and do not
impair a cell's functionality[225, 163]. If molecular packing is controlled carefully, enhanced
emission, rather than quenching, is observed in high concentrations of oligomeric fluorophores
in CNPs[106, 27]. Polymeric CNPs have large multiphoton cross-sections[88, 163] and are sev-
eral orders of magnitude brighter than conventional fluorescent dyes and quantum dots[214]
when imaged using multiphoton fluorescence microscopy techniques[49]. These techniques are
ideal for use in biological environments due to the high spatial resolution and signal to noise
ratio, and the low photodamage[214] they achieve. In this chapter the spectral characteristics

and stability behaviour of fluorene-based organic CNPs were determined.

6.2 Samples and experimental details

In this and the next chapter, the properties of amphiphilic fluorene derivatives have been ex-
plored, the synthesis of which has been described elsewhere[105]. These amphiphiles incorporate
chromophores into their structures, see Figure 6.1 (top), so that separate encapsulated probes,
that could perturb the CNP structure[131], are not required. An electron rich naphthalene or an
electron-withdrawing benzothiadiazole unit[120, 88] is covalently bonded between two fluorenes,
depicted, in Figure 6.1, as a blue or a green disk, respectively, between two yellow squares. In-

troducing these aromatic molecules does not affect the rigidity of the oligomer backbone[36].
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Chiral branched alkane side chains are attached to the fluorenes to prevent photooxidation to

9-fluorenone[3, 6] and to enhance solubility in organic solvents. The hydrophilic ethylene glycol

wedges and hydrophobic alkane chains tails are displayed as blue and yellow strands in Figure

6.1, respectively. Amide linkers between the chromophores and the wedges introduce hydrogen

bonding as an additional ordering interaction[5].

Ampl-B

w
PR OSSN

S e T

5\\%\\\\}\1 W
£

el
. Injection
in THF in water

— / 1.0
E 4
—: 8.0x10
g 0.8
=
= 6.0x10*
5 06
o
5 .
8 4.0x10 0.4
[=
kel
B 2.0x10° 02
=
L
5 0.0 L 1 t 1 0.0
§ 300 400 500 600 700

Wavelength (nm)

PL Intensity (Arb. Units)

Ampl-N

OO

NH
d O OO

O g OO

Pl
~= -
Injection
in THF in water
e ; T T f 51.0
o
5 8.0x10*
5 {038
§ 6.0x10* | 06
e 40.
17}
3 4.0x10*}
c 4104
il
g
4
% 2.0x10° | 102
1}
&
§ 0.0 . . L L 0.0
300 400 500 600 700

Wavelength (nm)

PL Intensity (Arb. Units)

Figure 6.1: Top. Chemical structures of (a) the acceptor (Amp1-B)latté donor (Ampl-N) am-

phiphiles. Middle. Cartoon representations of a single amphiphile, moleculadplved in THF,

and a nanoparticle, formed upon injecting the molecularly dissolved amphiphitesiltrapure

water. Bottom. UV-vis and time-integrated photoluminescence spectra of nalgcdissolved

amphiphiles in THF and nanoparticles in water. The photoluminescenceaspeetscaled so that

the peak of the molecularly dissolved donor spectrum, at 419 nm, is set to 1.



96 Fluorene-based organic amphiphile nanoparticles

Single-component (1CNP) CNPs were manufactured, in such a way that each nanoparticle
contained only donor amphiphiles (Amp1-N) or only acceptor amphiphiles (Amp1-B), by the fast
injection method|[215, 4]. In step 1, shown in Figure 6.2, a 1 mM stock solution was prepared
by dissolving donors, or acceptors, in THF. A small amount (15 L) of each stock solution was
injected quickly into a large excess (5 mL) of ultrapure water to yield donor CNPs and acceptor
CNPs with diameters of ~80nm[105] (step 2). Then, the separate preformed CNP solutions
were mixed (step 3). Despite the low concentration of the CNP solutions, nanoparticles formed
because of the low critical aggregation concentration value[102, 164], in the region of ~107° M.
Evidence of CNP formation is given by the TEM image of the acceptor 1CNP in Figure 7.1 in
Section 7.2. Additionally, the lack of an edge-type structure indicates that amorphous nanopar-

ticles form.

Room temperature time-integrated photoluminescence (TIPL) and time-correlated single-
photon counting (TCSPC) measurements were conducted on the CNPs using the experimental
setups described in Ref. 195 and in detail in Chapter 3. The samples were placed in cuvettes
with a light path of 10x 4mm on a temperature-controlled stage and excited with 50 pW of a
pulsed laser output at a wavelength of 375 nm. The wavelength was chosen to excite predom-
inantly the donor 1CNPs. The collection time of 20s per TCSPC scan and sample convection
due to the reasonably large cuvette volumes negate sample degradation. A 400nm LED was

used to visually inspect the quality of the samples.
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Figure 6.2: Preparation of single-component nanoparticles by the f@sttiom method.
Naphthalene-containing (Amp1-N) and benzothiadiazole-containing (AB)pdmphiphiles are
shown schematically in the top left corner. An acceptor nanoparticle, wdhinm radius, is de-

picted in the red square.

6.3 Results and discussion

6.3.1 Forming nanoparticles from molecularly dissolved amphiphiles

The molecularly dissolved stock solutions of acceptors and donors show local absorption peaks
in Figure 6.1 (bottom) at 340/435nm and at 341 nm, respectively. Also identifiable are the
photoluminescence (PL) spectra maxima that occur at 562 nm and 419 nm for the acceptor and
donor stock solutions, respectively. The molecularly dissolved amphiphiles do not interact with
one another[81]. Their spectral characteristics are determined by the bandgaps[2] which are con-

trolled by the chemical structures of the chromophores[4]. Hence, the lower wavelength acceptor
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peaks correspond to the TETT" transition[181] of the fluorene unit; the higher wavelength peaks,
the benzothiadiazole ring[4, 208, 213]. The donor peaks correspond to the fluorene-naphthalene

chromophore[4, 112, 26, 213, 208] and a vibronic PL red shoulder[81, 181] is visible also.
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Figure 6.3: Normalised time-resolved photoluminescence decays of amphiptolecularly dis-
solved in THF and of amphiphile nanoparticles in ultrapure water. The dategtieelengths of (a)
the acceptor amphiphile emission and (b) the donor amphiphile emission arensth430 nm,

respectively. Refer to Table 6.1 for lifetimes extracted from these decays
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As detailed in Section 6.2, when a small amount of the nonpolar solutions of these molecules
is injected quickly into a large volume of polar solvent the molecules form CNPs. The main
driving force for this self-assembling process is the need to reduce the energy of the system
by limiting the unfavourable interactions between the amphiphiles’ hydrophobic alkane side
chains and the polar solvent[102]. More generally, the forces that encourage the amphiphiles
to coagulate are hydrophobic and interfacial tension forces at the hydrocarbon-water boundary,
and van der Waals and hydrogen bonding forces between the hydrophobic cores[102, 89, 215].
Steric constraints and hydration forces between the hydrophilic-chain ends limit the closeness of
approach of the amphiphiles[89]. Equation 2.5 combines elegantly these complimentary forces
into the free energy difference of an isolated molecule compared to the energy change when a
molecule is taken from bulk and put into an aggregate[102].

Upon attaining a minimum free energy, a thermodynamically-arrested phase separation[102]

occurs wherein a certain number of amphiphiles assemble into appropriately-shaped structures[89].

For the amphiphiles studied here, CNPs are formed with radii of ~40 nm[105]. The sensitivity
of the confined amphiphiles to the presence of other molecules affects their spectral character-
istics. In the acceptor amphiphile case, upon forming CNPs, the absorption peaks blueshift to
335 and 428 nm, the PL peak blueshifts to 546 nm, and the quantum vyield stays constant at
85%; see Table 6.2. Peak shifts and intensity decreases in the spectra imply the emergence of an

aggregated state in which the adjacent chromophores interact electronically[205, 218]. H-type
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Donor

Sample Type Tp (NS) Ta (NS)

Molecularly Dissolved| 0.372+ 0.005 | 3.965+ 0.159

Nanoparticles 0.451+ 0.005| 6.127+ 0.303

Table 6.1: Acceptort) and donortp) lifetimes for amphiphiles molecularly dissolved in THF and
for amphiphile nanoparticles in ultrapure water. Lifetimes were extracted tihe decays shown in
Figure 6.3 by fitting a monoexponential function=£ Ae~ (/7)) from the peak to 1 ns past the peak

of the decays.

aggregation is inferred from spectral blueshifts[38, 48, 110]; see Chapter 2. The donor absorp-
tion blueshifts to 337 nm, while its PL redshifts to 425 nm and the two-peak vibronic progression
is smeared into a single peak[98] upon CNP formation. The peaks all lower in intensity, the
Stokes shift increases, and the quantum yield increases from 20 to 40%; see Table 6.2. These
observations allude to the establishment of an aggregated[129, 39, 130, 218, 88|, dense, glassy
phase[212, 213, 99]. Figure 7.4 in Chapter 7 illustrates the circular dichroism (CD) data for the
1CNP donor and acceptor samples as navy and red lines, respectively. A bisignate Cotton effect
is observed for both cases, although larger for the acceptor CNPs. It is believed that chiral

aggregate domains form[79, 62, 2].
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Sample Type Donor Quantum Yield (%
Molecularly Dissolved 20 85
Nanopatrticles 40 85

Annealed Nanopatrticle 50 85

[72)

Table 6.2: Quantum yields of the amphiphilic molecules, from Ref. 105, in Tid&lgcularly

dissolved), water (nanoparticles), and after a postformation treatnesddgure (annealed).

The detection wavelengths of the time-resolved TCSPC measurements were set near the PL
emission peaks shown in Figure 6.1, i.e. 545 and 430 nm for the acceptor and donor samples,
respectively. Figure 6.3 and Table 6.1 both show that lifetimes increase upon amphiphile aggre-
gation. The acceptor lifetime increases from 4 ns to 6 ns while the donor lifetime increases from
0.37 ns to 0.45ns upon CNP formation. This is close to a lifetime of 0.33 ns found for another
fluorene derivative (poly-dihexylfluorene) CNP with a detection wavelength of 420 nm[216]. An
increase in PL lifetimes, accompanied by the multiexponential nature of the decays, is attributed
to aggregation and interchain state formation[99, 14]; see Chapter 2. As mentioned above, the
donor PL is redshifted which can indicate an increase in the planarity of conjugated backbones
upon formation of the solid state[43, 42]. Hence, two counteracting effects are present upon
injection of the molecules into a hydrophilic environment: aggregation and planarisation of the
molecules. Aggregation lowers the radiative oscillator strength of the molecules leading to longer
PL lifetimes and lower PL efficiencies, while planarisation reduces the non-radiative recombina-

tion pathways available to the molecular excitations. This reduction lengthens the PL lifetimes
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but raises the radiation efficiencies. The emission efficiencies are evidently the key to unravelling

the impacts of these effects on the nanoparticles.
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Figure 6.4 (a) Time-integrated and (b) normalised time-resolved photoluoeines spectra of

freshly made and 2-week old acceptor and donor nanoparticles. Téetida wavelengths of the

acceptor and donor amphiphile photoluminescence emission are 545 nr@Ganich drespectively.

From Table 6.2, the quantum efficiency for the molecularly dissolved acceptor amphiphile is

much higher than for the donor. Calculations have established that the torsional angle between

the fluorene and benzothiadiazole units (~40°) is much smaller than between the fluorene and



6.3 Results and discussion 103

naphthalene units (~71°)[200, 5]. The large torsional angle along the conjugated path of the
donor molecule promotes an increased intersystem crossing rate, i.e. a larger nonradiative rate,
and an accompanying enhanced quantum efficiency. The large twist between moieties enables
O-Tt orbital mixing that gives rise to efficient spin-orbit coupling[23]. Upon aggregation of the
donor amphiphile, a substantial reduction in intersystem crossing rates is expected due to molec-
ular planarisation, in agreement with the enhanced emission observed in the presence of largely
unchanged absorption; see Figure 6.1. For the acceptor molecule, aggregation is the dominating
effect upon formation of a solid state and the PL lifetime increases with no concomitant increase

in quantum efficiency.

6.3.2 Stability of freshly-made nanoparticles

Figure 6.4(a) shows the longer-wavelength and shorter-wavelength acceptor and donor PL spec-
tra, respectively, for fresh samples (tested within 24 hrs. of CNP formation) and old ones (same
batch tested 14 days later). Figure 6.4(b) displays the samples’ corresponding time-resolved
decays. The acceptor time-integrated emission spectra and time-resolved emission transients do
not change over the 2 week period. Therefore, the acceptor samples seem stable and resistant to
structural changes over this time period. However, the donor emission peak intensity increases
over time, while its lifetime remains constant. This hints at some slight structural changes that

reorganise the extent to which donors interact with one another.
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nanoparticles at 2€, heated to 90C during the annealing process, and cooled t6C2post-
annealing. The detection wavelength for the time-resolved photoluminesdegays is near the

peak of the acceptor emission at 545 nm.
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Figure 6.6: (a) Time-integrated and (b) normalised time-resolved photoluceines of donor

nanoparticles at 2@, heated to 90C during the annealing process, and cooled t6C2post-

annealing. The detection wavelength for the time-resolved photoluminesdegays is near the

peak of the donor emission at 430 nm.

6.3.3 Effect of annealing

The excitation laser beam is blocked during the annealing procedure.

The heating stage is

turned on and heated to 90°C. The cuvette is placed on the heating stage so that the CNP
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sample is heated at 90°C for ~10 minutes. The cuvette is then removed and the stage is cooled
to 20°C. The cuvette is replaced on the sample stage and the sample is measured immediately.
Figure 6.5(a) shows the CNP emission spectra for the unannealed acceptor sample measured
at 20°C, for the sample during annealing at 90°C, and for the sample after annealing at 20°C.
Figure 6.5(b) displays the corresponding acceptor emission decays detected at 545 nm. A small
rise and a 5 nm blueshift is revealed by comparing the pre- and post-annealed acceptor PL peaks.
However, there is no change in the decay lifetimes or the quantum yield; see Table 6.2. From
these results, high acceptor CNP stability upon heating[4] with no pronounced morphological

change[2] is inferred, although, the molecules may rearrange slightly.

The annealing procedure, described above for the acceptor samples, was performed on the
donor CNPs. Both the emission peak intensities and the emission decays changed substantially
upon annealing; see Figure 6.6. The donor peak emission intensity decreases during the anneal-
ing process, but is more than double the initial peak intensity post annealing. Additionally, the
peak blueshifts by 6 nm and the quantum yield increases from 40 to 50%[105]. In Figure 6.6(b),
the donor lifetime drops dramatically during annealing but recovers and lengthens overall after
annealing compared to the pre-annealed lifetime. Repeating the annealing procedure does not
elicit further change of the emission properties of the donor, or acceptor, CNPs. Increased non-
radiative deexcitation pathways produce the emission properties, shown in Figure 6.6, for the
donor CNPs at 90°C. The annealing-induced donor lifetime increase suggests that the donors are
more tightly bound or that the aggregated regions have increased in size. The emission blueshift

precludes planarisation of the units that constitute the amphiphile[3]. Annealed polymer films
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show increased PL from interchain species[181]. It is clear that the initially formed metastable

state has changed irreversibly into a thermodynamically stable state[2] which involves some large

rearrangements of the amphiphilic molecules.
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Figure 6.7: (a) Time-integrated and (b) normalised time-resolved photoluoeines spectra of
freshly made and annealed, and 9 day old annealed acceptor and doopatrticles. The detection

wavelengths of the acceptor and donor amphiphile photoluminescence enassiéd45nm and

430 nm, respectively.
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Figure 6.7 shows the (a) PL emission spectra and (b) PL emission decay transients for ac-
ceptor and donor post-annealed samples. The “Freshly An" samples were annealed within 24 hrs
of CNPs being formed and re-tested 9days later (“Old An"). Annealing increases the stability
of the nanoparticles because no PL intensity differences or PL lifetime differences were visible

for either the acceptor or donor samples. See Figure 6.4 for a comparison.

6.4 Conclusion

Nanoparticles have been formed from fluorene derivative amphiphiles. The nanoparticles occur
as “thin-film-like" untextured aggregates that are dipole-dipole coupled such that Trelectrons
can delocalise between different chromophores[181, 27, 111, 81]. This was supported by the
spectral changes and lifetime increases upon CNP formation. It has been shown that rapid
injection can lead to metastable aggregates trapped in less organised structures[199]. However,
the CNPs were relatively stable over a period of 2 weeks, which suggests that the interactions
between the aggregate amphiphiles are strong[99]. This is certainly the case for the acceptor-
type amphiphiles. Upon annealing the donor-type CNPs at high temperatures, the emission
spectra and decays changed dramatically. This post-deposition treatment organises the donor
amphiphiles into a more thermodynamically stable state[2]. Hence, the emission properties of
the annealed CNPs show no subsequent changes after measurements were repeated after 9 days.
The electronic properties of the amphiphiles are intricately-related to the arrangement and,

hence, the chemical structure of the amphiphiles, including Teconjugation and the interaction
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accessibility of the chromophores[3, 171, 181, 37, 48, 200].
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Chapter [

Morphology-dependent energy
transfer dynamics in mixed

nanoparticles

7.1 Introduction

The Forster radius Ry — the critical transfer distance for which excitation transfer and sponta-
neous deactivation are of equal probability — is a useful length in biological, and in particular
cellular, environments[59, 75]. Indeed, some biological systems have already been explored
through the lens of energy transfer[64, 120, 82, 83, 30, 222, 138] in which molecular packing
plays a large role. Hence, in this chapter the effect of oligomer packing on energy transfer has

been investigated. Conjugated nanoparticles (CNPs) provide an ideal testing ground because of
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the intimate contact of the chromophores.
1-Component CNPs
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Figure 7.1: Top. Preparation of single-component nanoparticles. tNaphe-containing and
benzothiadiazole-containing amphiphiles are shown schematically in the topoleer and an
acceptor nanoparticle, witk40 nm radius, is depicted in the red square. The TEM image is of
acceptor nanopatrticles. Bottom. Preparation of two-component ndiobger A mixed nanoparti-
cle, in which yellow and blue bands are used to highlight its mixed compositiongigrsin the red

square. See text for details.
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7.2 Samples and experimental details

The formation of single-component CNPs (1CNPs) was described thoroughly in Section 6.2.
It was concluded in Chapter 6 that the amphiphilic molecules aggregate upon being injected
into polar solvents with a corresponding increase of photoluminescence lifetimes upon CNP for-
mation. Hence, energy transfer processes will depend not only on the spectral characteristics
of the donor-acceptor pair but also on their arrangement[162, 208]. Forming CNPs from our
amphiphiles enabled us to study this effect, while simultaneously enhancing their solubility in

water[83].

For so-called two-component (2CNP) CNPs, each nanoparticle is composed of a mixture of
donors and acceptors. They were formed by injecting mixed stock solutions (with various donor
to acceptor ratios) into water, as shown in the bottom of Figure 7.1. The experiments were
conducted as described in Section 6.2. However, all the results presented in this chapter are for
freshly-made 1CNP and 2CNP samples, i.e. no postformation treatments have taken place, as
annealing conjugated oligomer samples changes their organisation[2] and affects their electronic

properties[181].

7.3 Results and Discussion

Figure 7.2 displays time-integrated photoluminescence (TIPL) results for (a) 1CNP and (b)

2CNP samples. All the spectra are normalised. For 1ICNPs, the donor emission peaks at 425 nm
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and the acceptor molecules emit broadly around 550 nm, in agreement with literature[213, 5, 3,
36, 132]. As the acceptor fraction in the CNPs increases, the donor emission decreases with a

corresponding acceptor emission increase.
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Figure 7.2: Normalised time-integrated photoluminescence spectra of &lyfrmade single-
component nanoparticles (LCNP) and (b) freshly made two-compor@aparticles (2CNP) as

a function of the percentage of acceptor molecules present. The sangoeexeited at 375 nm.
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Figure 7.3: Time-integrated photoluminescence intensities at donor ((a)b)usavy/yellow) and
acceptor ((a) yellow; (b) dark yellow/cyan) emission wavelengths (#83@&nd 575 nm, respec-
tively) as a function of acceptor percentage in (a) single-componeipaaticles (1CNP) and (b)
two-component nanoparticles (2CNP). The acceptor concentratira{€ach acceptor percentage

is shown. The fitting curves (solid lines) have been normalised in (a) and (b
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No peak shifts are visible. For 2CNPs, the donor emission peaks at 425 nm and rapidly reduces
in intensity upon introduction of acceptors until, at an acceptor fraction of 2%, it can no longer
be resolved. At low acceptor fractions (<0.5%), the 2CNP acceptor peak is at 525 nm with an
intensity similar to that of the donor peak. The acceptor intensity peaks at 4%. Beyond that

maximum, the lower acceptor peaks redshift to 550 nm.

To probe the concentration-dependent evolution of the nanoparticle PL intensities in more
detail, the PL intensities were plotted at two wavelengths (see Figure 7.2) as a function of the
percentage of acceptors present in the sample. The navy and yellow disks in Figure 7.3(a) are
the 1CNP PL intensities at 430 nm and 575 nm, respectively. The acceptor concentration (Ca)
depends on the number of moles of acceptor and donor per sample and assumes an CNP density
of a polymer film (~1gecm~3)[133]. The lines in Figure 7.3(a) are fits to the experimental data
and cross at an acceptor fraction of 50%. This is expected if the difference in quantum yields
of the acceptors and donors have been ignored by appropriate scaling and there are no energy

transfer processes occurring[4].

In fact, the favourable overlap between the donor-only emission spectrum (Figure 7.2(b),
navy curve) and the acceptor-only absorption spectrum (Figure 7.4(a), yellow curve) should pro-
mote energy transfer and yield a large Forster radius. Forster theory was applied to the CNPs
since their diameters are much larger than exciton diffusion lengths in organic films[183, 213].
Stern-Volmer quenching theory has been applied to CNPs[14] also but is less appropriate when

the small numbers of acceptors present result in significant particle-to-particle variations in
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quenching efficiency[213]. Hence, the Forster radius, cf. Equation 5.4, was invoked. The CNPs
resemble an amorphous polymer film, which has a refractive index of 1.5[133, 40] and a K value
of 0.48[136, 15]. In this case, the Forster radius for donor-acceptor transfer is 2.9 nm, consistent
with dye-incorporated CNP systems[216], and for donor-donor homotransfer is 1.5 nm; see Table
7.1. The low concentration of CNPs in water (3 UM) implies that interparticle donor to acceptor

energy transfer is not possible[213, 212]. Therefore, no energy transfer occurs in the 1CNP

samples.
Transfer Type n K READ (nm) | @p | Ry (nm)
D-A 1.5 0.845,/2/3 3.4 04 2.9
D-D 15| 0.845,/2/3 1.7 0.4 15

Table 7.1: Radiative &rster radius (§°) and total Brster radius (B of the nanoparticles cal-
culated from the overlap of the donor’s emission spectrum and the acsegiisorption spectrum,
with variables that include the refractive indey,(the orientation of the acceptor and donor dipole

momentsK), and the quantum yield of the donaby).

The donor peak 2CNP PL intensities from Figure 7.2(b) are plotted in Figure 7.3(b) (disks
with navy exteriors and yellow interiors). To arrive at intensities for the acceptors, the donor
peaks were removed from the PL spectrum for each CNP acceptor fraction, by scaling the

100% donor time-integrated PL spectrum to the donor peaks of the other (<100% donor)
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spectra before subtracting the first from the latter. After integrating the remaining spectra, the
outcome is Figure 7.2(b) — see the cyan disks with dark yellow circumferences. This achieves
greater accuracy than choosing the intensity values at a fixed acceptor emission wavelength,
by compensating for redshifting of the acceptor peak. The data deviates from the linear case
of the 1CNPs and the donor and acceptor data cross at an acceptor fraction of 0.7-0.8%.
This enhancement of acceptor emission and quenching of donor emission is due to efficient
intraparticle energy transfer. In order to extract a Forster radius, functions based on an ensemble

of donors and acceptors randomly distributed and integrated over time[161]

wm(X) = B (1— [anexzu— erf(X))D (7.1)

X)) = B (fn)(exz(l— erf(X))) , (7.2)

were fitted to the donor and acceptor 2CNP data, respectively; see equations 2.16, 2.17. B is a
scaling factor; ®p and Py are the radiative efficiencies of the donors (in absence of acceptors)
and acceptors (in absence of donors), respectively; and X = 3.71I§CA. The donor and acceptor
fits are shown in Figure 7.3(b) as navy and yellow lines. The corresponding Forster radius, 3.97
£ 0.03nm, implies very efficient energy transfer above that calculated for the spectral overlap
of the molecules. In other CNP systems, the observation of greatly enhanced acceptor emission
under small incorporation amounts[208, 213, 79, 46, 83] informs the conclusion that each ac-

ceptor quenches many donors[213, 222].
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Figure 7.4: (a) UV-Vis absorption spectra of the 100% donor amphipbifgaining nanoparticle
(navy line) and the 100% acceptor amphiphile-containing nanoparticle fy&tle). The cartoons
depict the spherical nature of the nanopatrticles. (b) Molar circularaigin data of two-component
nanoparticle (2CNP) samples as a function of wavelength. The nawy, ggHdow, dark yellow,
orange, and red lines correspond to acceptor fractions of 0, 0.5, 501 and 100%, respectively.
The inset shows the normalised integrafedntensities of the 2CNPs from 430 nm to 500 nm, i.e.

from the acceptor absorption peak.
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Figure 7.5: The fraction of stacked acceptors in two-component naiicpsa as a function of
acceptor percentage and acceptor concentration. The donor fiwapofr the nanoparticle time-
integrated photoluminescence spectra has been removed and the reqdtitrg sormalised, as
shown in the inset. These spectra are then fitted with a sum of “stackeefitacand “unstacked”

acceptor functions from which the proportion of stacked acceptorbeaxtracted.

Next, the acceptor peak shifts in Figure 7.2 were investigated. To isolate acceptor-only

effects, the same procedure as for the intensity study was used. However, instead of integrating,
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the resulting spectra were normalised (inset of Figure 7.5). There is a distinct redshift of the
spectra as the acceptor fraction increases. The 0.03% acceptor spectrum is defined as repre-
senting the acceptors dispersed evenly throughout the mostly-donor CNPs; the 100% acceptor
spectrum, fully stacked acceptors in the CNPs. The normalised spectra of various acceptor

fractions were then fitted with
[A1 x (100% stacked spectrum)]+ [A2 x (0.03% unstacked spectrum)] (7.3)

where A; and A, are amplitudes. The fraction of stacked acceptors is , which is shown

Aq
(AL +A2)

in Figure 7.5 in terms of acceptor fraction and acceptor concentration.

At low acceptor concentrations, the acceptors are uniformly distributed in the donor CNPs[213].
At high acceptor fractions, the pronounced redshift and PL intensity decrease suggest that low
energy, weakly fluorescent aggregates have formed[129, 81, 83, 79, 205, 39, 218, 181, 216, 110,
111] due to TeTT stacking of the rigid conjugated part of the acceptor amphiphile[4, 40] into
domains[39, 27]. The equal amount of conjugated region to side chains suggests that untex-
tured aggregates form, confirmed by the TEM image (Figure 7.2). Figure 7.4 shows the (b)
molar circular dichroism (CD) spectrum with the corresponding (a) absorption spectra. The
inset shows the results of integrating over the CD signals from 430 to 500 nm, i.e. the acceptor
absorption region. The strengthening of the CD signal at the acceptor absorption peak and
the bisignate Cotton effect, positive at high energy and negative at low energy, suggest that

the side chains introduce some helicity into the formation of acceptor aggregate domains[79, 20].
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Figure 7.6: Normalised time-resolved photoluminescence decays of (8-simgponent nanopar-
ticles (1CNP) and (b) two-component nanopatrticles (2CNP) at the donission peak wavelength
(430 nm). The acceptor proportions in the 1CNP samples are 0, 1, 160235, and 90% and

in the 2CNP samples are 0, 0.02, 0.12, 1, 2, and 5%. The dashed oepvesant the instrument
response function. The insets show donor lifetin@sé a function of acceptor proportion, for all

samples tested. The blue line in the inset in (a) is the average of the 1CNP lifetings v
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To examine further the dynamics of the CNPs, TCSPC experiments were conducted on the
samples. Figure 7.6 shows the time-resolved donor PL decays, at an emission wavelength of
430 nm, for the 1CNPs and 2CNPs. Donor lifetimes were extracted from the graphs by fitting
the peak to 1.0ns past the peak with a monoexponential function (y = Ae~tY). In Figure
7.6(a), the decays overlap and the donor lifetimes, plotted as a function of acceptor fraction
in the inset, are identical. The average of the lifetimes is 0.44 ns (blue line in inset), similar to

lifetimes for polymer CNP systems and aggregates[216, 212, 98].

The 2CNP donor decays, shown in Figure 7.6(b), become faster as the acceptor percentage
increases, due to acceptor quenching via energy transfer[46, 216, 79]. The 5% acceptor fraction
decay overlaps with the instrument response function (IRF), dotted line in Figure 7.6(b). These
effects are reflected by the extracted donor lifetimes, in the inset. The lifetimes decrease sharply
at acceptor fractions above ~0.1%, while above ~5% the resolution limit is reached with a
correspondingly slower rate of decrease. To extract Forster radii from the 2CNP PL decay data,
this data was divided by the 0% acceptor decay, navy line in Figure 7.6(b), thereby separating

the energy transfer transient from the donor natural lifetime. The resulting data was fitted with

Kpa = Aexp<—7.4chR3, /Tt> , (7.4)
D

where Kpa is the donor emission intensity decay caused solely by energy transfer, A is a constant,
and Tp is the donor decay lifetime in the absence of acceptors (0.45ns). (Refer to Equation

2.20 in Section 2.4.)
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Figure 7.7: (a) Normalised energy transfer transients of the two-compoaaoparticles (points)
displayed with their fits (solid curves). The detection wavelength for thaydeis at the donor pho-
toluminescence emission peak wavelength (430 nm). The acceptor propartithe samples are
0.06,0.12,0.25, 0.5, 1, and 2%. (b) Thargter radius (R as a function of acceptor percentage and
acceptor concentration. The dashed and dotted lines aredtseeFradii calculated from spectral
overlaps (see Egn. 5.4) and extracted from fits to the time-integrated pimitelscence intensities

at the donor and acceptor emission wavelengths (see Fig. 7.3), respecti
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The data with the corresponding fitting curves are shown in Figure 7.7(a). Plotting the PL
decay data as a Kohlrausch-Williams-Watts representation, see Figure 7.8, it is clear the 3D
(a=0.5) lines are the asymptotic limits to the data at long times. This confirms that Equation
7.4 incorporates the appropriate acceptor-donor ensemble dimensionality. The extracted Forster
radii for different acceptor fractions are plotted in Figure 7.7(b), along with the calculated Ry
(dashed line, 2.9nm) and the Ry extracted from fits to the TIPL data (dotted line, 3.97 +
0.03nm). The Forster radii decrease as the acceptor fraction increases to 2%. Above 2%, the

decays coincide with the IRF.

There are several reasons for the decreasing Forster radii. Upon introducing a very small
amount of acceptors into a donor-only CNP, <0.01%, the donor decay lifetime decreases quite
dramatically, from 0.45 to 0.40ns, and then stays roughly constant until an acceptor fraction
of 0.5% (inset of Figure 7.7(b)). Hence, the acceptors immediately disrupt the stacking of
the donors leading to a lower donor lifetime than would be expected if donors were still fully
packed[212]. In Chapter 6, the unstable nature of the donor stacking was observed upon
annealing the donor CNPs at high temperatures. The donor lifetime increases from 0.5640.01
to 0.66+0.01 ns, while the same treatment does not change the acceptor lifetime[105]. One
reason for the packing disruption might be the different torsional angles[5] between the fluorene
and benzothiadiazole molecules (~35°), and the fluorene and naphthalene molecules (71°).
From equations 2.10 and 7.4, Tp is proportional to Rg so as the well-stacked 100% donor
lifetime is higher than donor lifetimes in the frustrated stacks, an artificially high Ry results. At

0.5%, when the effect of the donor lifetime is less important, the Ry value is ~4.5 nm which is
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higher still than the calculated value. However, Forster theory neglects the effect of diffusion
through homoenergy transfer between the donors. The homotransfer Forster radius is 1.5 nm;

see Table 7.1.

< 10.06%

In1 /1)

Time after excitation (ns)

Figure 7.8: A Kohlrausch-Williams-Watts representation {}¢ln(lo/1)) vs.log,o(t)) of the excita-
tion transfer decays of two-component nanoparticles, shown in Figtf&)/for varying percentage
of acceptorl (t) is the photoluminescence decay of the donor as a result of energyetranbf Iy

is the initial intensity, andh is a system-specific time constant related g e solid, dashed, and
dotted lines represent a system dimensionality of 3, 2, and 1, respeciigeblopes o% whereA

is the number of dimensions of the system.

Exciton diffusion increases the energy transfer rate by repopulating deexcited donors near

acceptors, which are quenched quickly, with excitons[76, 52]. To correctly model the Forster en-
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ergy transfer in other CNP systems with a Monte Carlo-type simulation, exciton diffusion length
parameters of 841 nm must be included[216]. Hence, the experimentally-extracted Forster radii,
both from TIPL intensities and from PL decays, are larger than the calculated Forster radius.
The final process that affects the Forster radii is the acceptors stacking into domains, which
becomes significant as the acceptor fraction reaches 1% and above. The stacking limits the
energy transfer because the acceptors are surrounded predominantly by other acceptors. Hence,
the effective energy transfer surface area is decreased due to these large acceptor regions. This

contributes to the decrease in the Forster radius of the last points in Figure 7.7(b).

7.4 Conclusion

For the flourene-based systems under investigation, TIPL intensity investigations proved there
was no interparticle, and hence no 1CNP sample, energy transfer. However, in the 2CNP par-
ticles, highly efficient energy transfer was evident — a direct result of the close proximity of
the molecules. The PL emission at acceptor wavelengths was indicative of aggregation through
decreased and redshifted PL. The extracted stacked acceptor value as a function of acceptor
fraction in the CNPs became significant at around 1% acceptor fraction. These results, in con-
junction with the supporting CD results, confirmed that the acceptors TeTt stacked along their
conjugated core sections, enabled by their chiral fluorene side chains. Energy transfer was con-
firmed by the decreased donor lifetime as the acceptor fraction increased. The energy transfer

transients were obtained as the quotient of the donor decays (with incorporated acceptor frac-
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tions) by the pure donor decay. The Forster radii extracted from three sources were compared:
PL intensities, PL decays (>0.06%), and donor / acceptor spectral overlap. The radii from
the second source exceeded that of the third for all acceptor fractions, but was a decreasing
function of the acceptor fraction rather than a constant. The large initial radii were artifacts
of the disrupted donor stacks, thereby altering the donor lifetime. Efficient exciton diffusion
amongst the donors widens the Forster radius also. Finally, acceptor stacking into domains at
higher acceptor fractions decreases the energy transfer efficiency and, in turn, the Forster radius.
The morphology of the molecules in the CNP system has a clear bearing on the energy transfer
efficiency. When CNPs are used to track and image biomolecules, morphological effects cannot

be taken lightly, as they determine the fluorescence intensities of the CNPs.
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Chapter 8

Postscript

This dissertation has proved conclusively the credo morphology matters. The morphology of
an assembled molecular structure controls the interactions between the molecules through their
relative orientations and separation distances. This, in turn, affects the efficiency of energy
transfer between donor and acceptor chromophores embedded in those molecules. Hence, en-
ergy transfer was harnessed to provide evidence of the types and strengths of the interactions

present in the structures.

Two new organic structures were investigated. Firstly, in chapters 4 and 5, a supramolec-
ular model organic wire was examined. This DNA-hybrid assembly was exciting because the
energy transporting efficiency problems associated with intercalation of dyes was removed by
changing to a dye incorporation method. The naphthalene-derivative donor molecules were
hydrogen bonded directly to the thymine bases in the ssDNA strand. Energy transfer was ob-

served to occur from the assembled donors to the end-appended cyanine dye through use of
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time-integrated photoluminescence (TIPL) and time-correlated single photon counting (TCSPC)
measurements. The energy transfer depended crucially on the temperature of the sample and
the length of the thymine-base strand. Once the temperature rose above ~25°C, the hydrogen
bonding was disrupted, thus dissolving the donor assembly. The optimum thymine-base scaffold
length at which to achieve an ordered and fully-assembled donor array was 30 thymine bases. For
shorter scaffolds, the extra energy gained from donor cooperative interactions as they decorate
the template is insufficient to stabilise the array. It was puzzling that the energy transfer rate
should also decrease for scaffolds composed of more than 30 thymine bases. At these lengths,
the donors fully decorate the thymine bases. To understand this complicated dependence on
template length, the energy transfer dependence on the distances between the acceptor dye and
donor chromophores was modelled. An emission intensity for each donor along the assembly
was calculated which depended on the distance between the donor and the acceptor molecules,
the radiative lifetime of the donors, and the Forster radius. The Forster radius incorporated
the effects of donor-acceptor chromophore dipole orientation and spectral overlap. Including
these effects, while disregarding template-dependent completeness of assembly, donor to donor
exciton migration, and other multiple donor considerations, revealed that the energy transfer

rate decreased sharply as the template length increased above 10 to 20 thymine bases.

It would be very interesting to be able to measure how many donors are on a particular
DNA template composed of a certain number of thymines at a certain temperature. An inves-
tigation of the uniformity of the distribution of the donor array from one template to the next

would yield compelling results, also. To image the individual structures, single molecule meth-
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ods are required. These methods, which include single-molecule imaging and single-molecule
nanomanipulation through the use of AFM-based[224, 10, 65] measurements for example, are
widespread and have been applied to the study of molecular motors'[87] behaviour amongst
other things. A less widely-used technique is the alternating laser excitation of single molecules
(ALEX). A single molecule diffusing through a confocal volume labelled with donors and accep-
tors is excited by alternating green and red laser pulses to produce a photon burst[176]. The
emitted photons are collected and separated into four separate signals depending on the laser
excitation (Dexc or Aexc) and the emission detection (Dem or Aem) wavelengths[109]. The
molecules are sorted according to their FRET efficiency and their stoichiometry (depends on
presence of acceptor and/or donor species)[122]. The emission contributions from DNA strands
with different donor-acceptor separations, down to a five base-pair difference, were extracted
from a mixed DNA sample[177]. With this technology, the numbers and positions of donors on a
ssDNA strand could be imaged directly and the variations between different strands in the same
sample could be estimated. This would complement the ensemble fluorescence emission spectra

and emission decays to yield a deeper understanding of the supramolecular DNA-hybrid structure.

Neglecting multiple effects that occur in real-life systems, e.g. donor array disorder and
exciton migration, leads to an overestimated theoretical energy transfer rate at short template
lengths; at long lengths; it underestimates it — see Chapter 5. Also, because the inter-donor
distances are small, the point-dipole assumption has limited validity. Hence, an interesting
further project would be to model the DNA assembly with a Monte Carlo simulation. Monte

Carlo simulations have been used to investigate hopping and trapping of excitations in organic
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systems[178, 209, 210]. A Monte Carlo simulation involves generating a molecule, randomly
placing an excitation upon it, calculating probabilities for each process that the excitation could
undergo (e.g. migration, energy transfer), choosing a process based on the probabilities, updat-
ing the system, and repeating the procedure[178, 89, 209]. A more accurate result would be
achieved if the transition dipole moment contribution to the simulated excitonic coupling term
(Vap) was defined by the line-dipole approximation[18]. This would improve our understanding
of the relative importance of more complicated transport effects in the DNA system and should

reproduce the experimental energy transfer rates.

In chapters 6 and 7, another new organic structure was investigated. Amphiphilic molecules,
with an embedded naphthalene (donor) or benzothiadiazole (acceptor) species, self-assembled
into conjugated nanoparticles when injected into a large volume of polar solvent. Preliminary
and stability investigations of the acceptor-only or donor-only particles reveal the presence of
stacking interactions. The stacking interactions are specific to the molecular structure of the
amphiphiles and so impart different stabilities and spectral signatures on the acceptor and donor
nanoparticles. When the acceptor and donor amphiphiles form mixed nanoparticles, the energy
transfer is very efficient. This is because of a very favourable spectral overlap and the close
proximity of the chromophores. The nanoparticle dynamics were investigated through use of the
Forster energy transfer model, which has been applied successfully to many conjugated polymer
film systems. The Forster radius was extracted by calculating the donor-acceptor spectral over-
lap, by fitting to acceptor-fraction dependent time-integrated photoluminescence plots, and by

fitting to acceptor-fraction dependent time-resolved photoluminescence decays. Surprisingly, the
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Forster radius extracted from the photoluminescence decays varied for nanoparticles containing
a different fraction of acceptor molecules. This uncommon result was explained by including
the influence of stacking interactions and the different conformations of the acceptor and donor

amphiphiles.

An intriguing experiment to try is to introduce these nanoparticles into live cells and test
their fluorescence response. Other nanoparticles have been uptaken readily by cells and have
shown good fluorescence signals[129]. Even more exciting would be to covalently bond, or oth-
erwise embed, functional groups into these molecules such that they could target[81] and image
specific cells in their nanoparticle state. Changing the structures of the molecules could provide
further important insights into the role of morphology in these nanoparticles. The morphology
effect of altering the ratio of hydrophobic to hydrophilic parts of the molecules could be ex-
amined by testing the stacking interactions in the nanoparticles. Literature suggests also that
changing the size and chemical structure of the polymer coil-type end groups[199, 2] of the
amphiphiles could enable the molecules to form micelles[14, 46] or vesicles upon fast injection
into a polar solvent. It would be fascinating to assess how the energy transfer changes as a

result of forming hollow nanoparticle vesicles.
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o A Ruiz-Carretero, PGA Janssen, AL Stevens, M Surin, LM Herz, and APHJ Schenning. Di-
recting energy transfer in discrete one-dimensional oligonucleotide-templated assemblies.

Chem. Commun. , (2011), 47, 884-886.

o AL Stevens, PGA Janssen, A Ruiz-Carretero, M Surin, APHJ Schenning, and LM Herz.
Energy transfer in single-stranded DNA-templated stacks of naphthalene chromophores.

J. Phys. Chem. C, (2011), 115, 10550-10560.

o AL Stevens, A Kaeser, APHJ Schenning, and LM Herz. Morphology-dependent energy

transfer dynamics in fluorene-based organic amphiphile nanoparticles. In preparation.

o A Kaeser, | Fischer, R Abbel, P Besenius, D Dasgupta, M Gillissen, G Portale, AL Stevens,
LM Herz, and APHJ Schenning. Fluorescent nanoparticles based on self-assembled T&
conjugated oligomers: The role of side chains on the dynamics within and between

nanoparticles. In preparation.
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Cartesian coordinates of the head and tail of the lowest transition dipole vector in

naphthalene, shown in Figure 5.2, for the 40-base complex sample (NP-T40-Cy3.5).

Type | HEAD: x y z TAIL: x y z

AT -5.969000 -3.209000 134.511996 | -9.754000 -7.666000 132.422997
D* 1 | 11.700000 1.620000 131.106995 | 7.179000  2.916000  132.227997
D 2 | 12566000 -4.092000 128.768005 | 8.720000 -1.148000 128.604996
D3 7.738000  -9.420000 127.636002 | 6.260000 -4.931000 126.569000
D4 2.773000 -12.246000 123.922997 | 3.668000 -7.513000 123.439003
D5 | -1.442000 -11.640000 122.038002 | 0.602000 -8.130000 119.388000
D6 |-11.162000 -6.010000 116.036003 | -6.425000 -6.791000 115.422997
D 7 | -12.446000 3.848000 116.144997 | -9.216000 0.453000 114.927002
D8 | -8.616000 7.038000 114.094002 | -6.970000 3.804000 110.876999
D9 5537000  14.147000 103.551003 | 2.817000 10.206000 104.218002
D 10 | 9.196000 7.999000 102.039001 | 4.493000 8.184000 100.930000
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Type | HEAD: x y z TAIL: x y z

D 11 | 11.985000  2.432000 100.758003 | 7.702000  4.177000  99.350998
D 12 | 13.988000 -3.668000  93.113998 | 10.079000 -2.176000  95.544998
D 13 | 8.416000 -8.501000 89.481003 | 7.073000 -4.188000  91.241997
D 14 | -5.226000 -14.337000 88.411003 | -2.969000 -10.101000 89.101997
D 15 | -9.047000 -10.311000 85.977997 | -4.772000 -8.117000  85.315002
D 16 | -11.056000 -2.687000  82.045998 | -6.474000 -4.100000  81.374001
D 17 | -11.193000  1.415000  80.638000 | -7.503000 -0.894000  78.508003
D 18 | -6.985000  9.609000  68.223999 | -6.251000  7.821000  72.653999
D 19 | 3.876000 14.590000 69.768997 | 1.393000  10.440000  70.092003
D 20 | 5.858000 10.865000 68.459000 | 2.546000  7.777000  66.725998
D 21 | 11.775000 3.637000  64.578003 | 7.010000  4.461000  64.292999
D 22 | 11.969000 -4.693000 61.456001 | 8.518000 -1.316000 61.766998
D 23 | 8.354000  -9.427000  59.305000 | 6.768000 -4.910000  58.567001
D 24 | 2395000 -11.447000 57.505001 | 3.831000 -7.185000 55.7090002
D 25 | -0.253000 -12.536000 55.018002 | 1.514000 -9.239000  51.943001
D 26 | -10.333000 -5.420000  49.695000 | -5.542000 -5.521000 48.9620021
D 27 | -12.870000 3.267000  46.172001 | -8.979000  0.383000  46.034000
D 28 | -6.495000  8.359000  44.863998 | -6.227000  4.211000  42.367001
D 29 | 6.331000 12.096000 34.778000 | 2.594000  9.290000  36.035999
D 30 | 10.582000  8.839000  33.200001 | 5.972000  7.478000  32.660000
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Type | HEAD: x y z TAIL: x 3% z

D 31 | 12.924000 1.936000 30.849001 | 8.154000 2.781000 31.038000
D 32 | 11.856000 -4.845000 29.275999 | 8.360000 -1.594000 28.466000
D 33 | 5.823000 -11.114000 22.686001 | 4.913000 -6.782000 24.636000
D 34 | -0.303000 -13.620000 21.155001 | 1.199000 -9.196000 19.921000
D 35 | -7.128000 -10.528000 18.670000 | -2.937000 -8.118000 18.809000
D 36 | -11.175000 -1.853000 13.691000 | -6.621000 -3.284000 14.509000
D 37 | -11.887000  6.164000  12.155000 | -8.466000 2.992000 10.848000
D 38 | -6.793000 11.801000 5.000000 | -6.237000 7.607000  7.342000
D 39 | 1.044000 14.266000  3.427000 | -1.224000 9.993000  3.621000
D 40 | 4.869000 11.684000 2.878000 | 1.797000 8.391000  1.078000

t: Cy3.5 acceptor dye transition dipole coordinates. 1: Naphthalene donor transition dipole

coordinates for each of 40 donor molecules attached to the DNA template.

Vertical donor dipole

Horizontal donor
dipole

Figure 8.1: The electronic transition dipoles in naphthalene. The transitiofedipth the lowest
energy is the horizontal dipole. The “head” is the point of the arrow aadtthl” is the other end

of the vector.
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