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The hierarchical self-assembly of cadmium based quantum dots through the use of
RAFT block copolymers have been investigated. The formation of cadmium selenide
quantum dots within the core of tetrablock RAFT copolymers in three different solvents,
dioxane, THF and DMF was investigated experimentally and computationally. It was
determined that aggregation of the PAA core-forming blocks prevented the formation of
stable dispersions of the CdSe quantum dots in DMF and THF, while dioxane was found
to be a suitable solvent. The cadmium selenide quantum dots exhibit a near band-edge
emission centered at 520 nm with a hydrodynamic diameter of 20 nm.

The assembly of RAFT copolymer encapsulated cadmium sulfide quantum dots
with gold nanoparticles was explored. It was determined that with increasing concentration
of gold nanoparticles, there was an increase in emission amplification. Subsequent self-
assembly into large compound micelles with PS-b-PAA block copolymer was investigated

and determined to form large, water-soluble compound micelles.
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Chapter 1 - General Introduction

1.1. General Introduction
Control over the assembly of inorganic nanoparticles has been of interest in the

scientific community in part because of their vast potential for the creation of new
materials. These materials may be imparted with desirable physical properties, be it
mechanical, electrical, optical, etc. based upon their constituent components. Control over
these assemblies is typically classified into two primary methods of approach: top-down
and bottom-up.! Top-down methods encompass any process which begins with macroscale
materials and produces nanoscale structures; this comprises a variety of lithographic
methods (chemical, photo, electro, etc.)>™ in addition to techniques such as microfluidics.®
8 Alternatively, bottom-up methods begin with small molecules and through careful
manipulation of the kinetic and thermodynamic parameters of the system, create the desired
final product. Self-assembly utilizing bottom-up approaches are an important avenue of
research as they typically do not require the costly specialized equipment commonly seen
in top-down methods, in tandem with typically higher throughput relative to their top-down
counterparts. Additionally, through careful understanding of the Kkinetic and
thermodynamic parameters that govern these systems it is possible to generate a wide array
of materials from fundamental building blocks. Bottom-up assembly methods can be used
for nanoparticle synthesis and stabilization, forming spheres, rods, cubes, etc. and can
subsequently dictate the assembly of these particles into superstructures.®?

Block co-polymers are an increasingly popular approach to bottom-up self-
assembly as a result of the myriad possible combinations of physical and chemical

properties available to them through selective polymer selection. Of particular interest to



2
our group is the creation and use of polymer brush functionalized nanoparticles (PBNPs).

PBNPs that are designed for controlled self-assembly can be divided into 3 categories:
Type 1, Type 2 and Type 3.® Type 1 PBNPs are nanoparticles functionalized with
isotropic, single component polymer brushes, e.g. gold nanoparticles functionalized with a
polystyrene brush.'*> These particles typically form periodic nanoparticle arrays during
self-assembly, with variable assemblies being made possible via the addition of additives,
such as homopolymers or appropriate block copolymers. The manner in which these
additives interact with PBNPs will be discussed in more detail in subsequent sections. Type
2 and Type 3 PBNPs are related in that both govern anisotropic particles. Type 2 PBNPs
are functionalized with anisotropic brushes, wherein the distribution of the polymer chains
about the surface results in anisotropic patterning with distinct chemical environments.
Type 2 PBNPs may either be described as Janus — two faced — particles where the particles
have two distinct regions on opposite hemispheres of the particle; or Patchy, where there
are patches of different chemical environments around the surface of the PBNP.6-28 Type
3 PBNPs meanwhile are functionalized with isotropic, multicomponent brushes that do not
directly encode anisotropic nature on the surface chemistry of the particle; however,
through a combination of chemical incompatibility, polymer flexibility, microphase
separation or conformational changes can induce anisotropy in the particles.*®

Controlled assemblies of nanoparticles, such as quantum dots (QDs) with gold
nanoparticles (AuNPs), have been created by employing techniques such as biomolecular
spacers'®2*  polymeric spacer (based around the PBNP functionality described
above),’3%-28 or template based methods,?® among others. A major source of interest in

these materials lies in the ability of the AuNPs, through their surface plasmon resonance,
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to enhance the photoluminescence of the QDs. Conversely, it is possible to quench the

quantum dot photoluminescence through chemical bonding or through non-radiative
transmission of energy from the QD to the nanoparticle. This enhancement/quenching
phenomenon is primarily predicated upon the spacing between the two components.?427:2°
The spacing requirements for enhancement or quenching between the two components will
vary based on the components themselves; this is due to the size dependent nature of QDs
and AuNPs. Their size dependent nature is a result of a phenomenon known as the quantum
confinement effect, details of which can be found in section 1.3. As a result of their nature,
the individual components may be specifically synthesized to promote properties desired
in the final assemblies. These systems have found use across a wide range of fields, with
the most prominent being in sensing based applications such as pH, temperature, or
chemical environment monitoring.2%-242930

Our research group has previously studied the assembly of gold nanoparticles and
qguantum dots utilizing a reversible addition-fragmentation chain transfer (RAFT)
copolymer encapsulated quantum dots with gold nanoparticles.?” Specifically, a symmetric
poly(acrylic acid)-block-polystyrene-trithiocarbonate-polystyrene-block-poly(acrylic
acid), PAA-b-PS-TTC-PS-b-PAA, RAFT copolymer was used as a reactor vessel for the
formation of cadmium sulfide (CdS) quantum dots. These particles were then exposed to
gold nanoparticles whereupon aminolysis was performed resulting in the cleavage of the
TTC group, forming 2 thiol terminal groups capable of then binding the gold nanoparticles.
It was determined that as a result of the length of the polymer chain (~20 nm in solution),
the gold was kept at a sufficient distance to influence the emissive properties of the CdS

quantum dots. At this distance it has been observed, both in this system and others?%:31:32
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that the surface plasmon of the gold nanoparticle is capable of interacting with the quantum

dots in such a way as to enhance photoluminescence of the resulting system. The ability to
control these interactions shows promising applications as sensors, in photonic devices, as
biomarkers or probes.?’

This thesis is comprised of a general introductory chapter (Chapter 1), two
experimental chapters (Chapter 2 and 3) followed by a final chapter detailing conclusions
and future work (Chapter 4). Chapter 1 will continue with an introduction of the various
aspects of importance for this research: a discussion of polymers, the relevant subfields,
and their properties; quantum dots and their properties; gold nanoparticles and surface
plasmon resonance; and finally the goals of the thesis will be presented.

Chapter 2 will investigate my work on the formation of RAFT copolymer reverse-
micelle encapsulated cadmium selenide quantum dot cores while the second half is work
performed by our collaborators on the influence of solvent on the formation of reverse-
micelles of the RAFT copolymer. The synthesis and characterization of the RAFT-CdSe
micelles seeks to expand upon previous work?’ completed in our group with RAFT-CdS
analogues. The CdSe variants will seek to demonstrate the general applicability of the
RAFT reverse micelles as nanoreactors for the formation of cadmium based quantum dots.
The second half of chapter 2 includes results on Size Exclusion Chromatography — Multiple
Angle Light Spectroscopy (SEC-MALS) characterization and computational modelling of
the RAFT copolymer within three different solvent systems. This work was completed by
our collaborators in tandem with my research into the formation and characterization of

CdSe micelles.
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Chapter 3 will explore the formation of RAFT-CdS/AuNP compound structures to

investigate emission amplification as a function of gold nanoparticle (AuNP)
concentration. This builds upon previous work in our group?’ by working with a new RAFT
copolymer, demonstrating the applicability of the system under different synthetic
conditions. Subsequently this chapter will seek to investigate further self-assembly of the
RAFT-CdS/AuNP system to form large compound micelles under a variety of
experimental conditions based upon related work previously explored within our
group.??% The formation of compound micelles will result in water soluble dispersions of
the RAFT-CdS/AuUNP systems, with the potential for desirable photonic applications, such

as stop-band filters.

1.2 Polymers
Polymers are large molecules composed of repeating units of covalently bonded

small molecules (monomers).33 The monomer units are typically referred to as repeat units
following polymerization, while the number of repeat units that make up a polymer are
known as the degree of polymerization. In the case where a polymer chain is comprised of
only one monomer, the polymer is known as a homopolymer. In cases where the polymer
is composed of two or more monomers the resulting polymer is known as a copolymer; the
localization of these monomers within the chain gives rise to different categories of
copolymer, i.e. block copolymer, alternating copolymer, random copolymer and graft
copolymers (Figure 1-1). The chemical nature of these polymers will dictate subsequent
terminologies, e.g. in the case of amphiphilic block copolymers, based on the relative block
lengths, star-like or crew-cut micelles are generated for longer and shorter coronal block

lengths respectively (Figure 1-2).
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Figure 1-1. Four types of copolymers synthesized from monomers A and B. Adapted from ref.
75

A specific subset of block copolymers are generated through a controlled radical
polymerization (CRP) technique: reversible addition-fragmentation chain-transfer
(RAFT),3 typically referred to as RAFT copolymers. RAFT is a desirable process as it is
experimentally simpler than anionic polymerization, can accommodate a wide array of
monomers and can be used to generate amphiphilic block copolymers.3* The RAFT
polymerization method can generate polymers with low polydispersity indexes (PDI) as
well as additional functionality based on the monomers in question and the chain transfer
agent (CTA) employed. For the purposes of this thesis, amphiphilic tetrablock RAFT
copolymers are generated using a trithiocarbonate (TTC) CTA to form the tetrablock
copolymer PAA-b-PS-TTC-PS-b-PAA (more details in Chapter 2). The TTC group is
employed for this work to provide a thiol terminus group on the PS coronal chains

following aminolysis with 1-hexylamine.
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Figure 1-2. Cartoon diagram showing the formation of star-like and crew-cut micelles based on

initial relative block copolymer lengths

1.2.1. Molecular Weight Distribution
Polymer synthesis differs from that of small molecule synthesis in that for a given

polymer sample preparation, the product will contain a distribution of different molecular
weights. The nature of this sample distribution arises from the random nature of most
polymerization reactions themselves, e.g. side reactions that do not grow the chains,
termination steps, etc. and as such the individual polymer chains will not grow at the same
rate.>> As a result of this aspect of polymer samples, two common types of averages are
used to describe the average molecular weight in a sample comprised of a distribution of
molecular weights; a weight averaged molecular weight (Mw) and a number averaged
molecular weight (Mn). The weight average molecular weight refers to the average polymer
molecular weight by mass, whereas the number average molecular weight refers to the

molecular weight with the highest number of chains (see Figure 1-3).



Frequency

Molar Mass (g/mol)

Figure 1-3. Representative diagram of the difference between Mw and Mn based on the molar
mass distribution of a theoretical polymer. Image from Ref. 78.

The M is defined by equation 1.1:

_ ZINM;
"XN;

(1.1)

Where N;is the number of polymer chains of molecular weight M. This value is typically
determined through techniques that measure the colligative properties of samples, e.g.
boiling point elevation/freezing point depression, and osmotic pressure.®® The My of a
sample is calculated from measurements sensitive to the size of the polymers in a given
sample, e.g. light scattering, gel permeation chromatography/size exclusion
chromatography, MALDI-TOF mass spectrometry. My, is defined by equation 1.2:

_ IWM;  INM}
v ZW,  ENM;

(1.2)
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Wi is the weight of all molecules of all the species i of molar mass M;, N is the same as in

equation 1.1. The polydispersity index of a polymer sample, gives an indication of the
distribution of particles within the sample. It should be noted that the PDI is defined by

equation 1.3:

My
PDI = — 1.
" (13)

Samples with a PDI = 1 will contain only polymer chains of one molecular weight, or
conversely the same number of repeat units, i.e. monodisperse. The majority of synthetic
polymers have PDI values greater than 1 as a result of their synthetic process. In order to
obtain consistent sample response from self-assembly it is key to work with samples of low
PDI. This requirement is a function of the polymer thermodynamics which are heavily
influenced by the relative lengths of polymer blocks, e.g. in a sample with high PDI, the
larger (and longer) blocks will behave differently in solution compared to their shorter
counter parts, the reasoning behind this will be examined in section 1.2.2. There has been
a keen interest into the development of synthetic methods for control over the
macromolecular structure, weight distribution, composition and architecture of polymers.

Of particular interest is the process of reversible addition-fragmentation chain
transfer polymerization. The RAFT process is a type of living free radical polymerization,
this means that the active end of the polymer chains is a free radical, and that
polymerization termination is synthetically precluded. This technique utilizes a chain
transfer agent (CTA) as a means to mask the radical end of the polymer chain from
undergoing termination (combining with another free radical ending chain growth). The
ability for these CTA groups to reversibly deactivate propagating radicals, and thereby

rendering the living chains into a semi-dormant form undergoing rapid equilibrium



10
between active and dormant chains. As a result of this process, molecular weights can

increase linearly with conversion between the two forms which results in narrow molecular
weight distributions.3®
1.2.2. Block Copolymer Thermodynamics of Micellization

Of particular interest is the field of block copolymers due to their ability to provide
areas of different functionality based on block structure. Block copolymer notation is based
around the composition of the copolymer, in the case of a polymer containing two blocks,
e.g. polystyrene and poly(acrylic acid), the resulting block copolymer would be termed
polystyrene-block-poly(acrylic acid). These long forms are typically abbreviated to the
form: PSz00-b-PAA20 with subscripts denoting either the number of repeat units, or M.
Block copolymers comprised of 2, 3, 4, etc... blocks are known as di-,tri-,tetrablocks, etc.
copolymers respectively, irrespective of the orientation of the various blocks. Polymers
comprised of these blocks can be created such that they are hydrophobic, hydrophilic or
amphiphilic.®” The solubility of these blocks relative to one another enable control over
how these polymers will behave in solution, providing a handle for self-assembly. This
control manifests itself as a complex interplay between enthalpic and entropic
contributions between polymer-polymer and polymer-solvent interactions. Beginning from
the Gibb’s free energy (AG) (Eq. 1.4):

AG = AH — TAS (1.4)
where AH is the change in enthalphy, T is temperature and AS is the change in entropy.
Systems will tend to minimize the free energy, the implication being that favourable
polymer/polymer and polymer/solvent interactions will lead to a negative AG. To display

how the entropic and enthalpic components behave, the scenario of micelle formation of
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an amphiphilic block copolymer will be presented: in organic solvents, the hydrophilic

block will preferentially assemble to form the hydrophilic core of the micelle (this is a
reverse micelle) whereas in aqueous media the inverse will occur (this is a regular micelle).
Upon forming the micellar core an entropic penalty is imposed due to formation of a
core/corona interface (loss of single chain flexibility) as well as chain stretching of the core
forming blocks, additionally an enthalpic penalty is occurred from coronal chain repulsion.
Counter to the conformational entropic and enthalpic penalties is a decrease in overall
enthalpy resulting from the minimization of unfavourable polymer-solvent interactions and
promotion of favourable polymer-polymer interactions through core formation. This
enthalpic contribution is the primary driving force for micelle formation in organic
solvents,38:3

In addition to the parameters above, certain additional aspects become important
for micellar assembly when one (or both) block contains a charged repeat unit, e.g. PS-b-
PAA.®" In the case of PS-b-PAA, the difference in the electrostatic interactions between
the ionic PAA block and the hydrophobic PS block enables the formation of micelles
through phase separation upon addition of methanolic cadmium acetate dihydrate. It is this
phase separation that drives the majority of the work presented within this thesis. Isolation
of the cadmium salt within the hydrophilic core of the micelles the environment is primed
for cadmium-based quantum dot formation. An example of this process is provided in
Scheme 1 and is representative of the initial synthetic steps found in both Chapters 2 and
3 in addition to serving as a platform for future investigation. Note that while Scheme 1
indicates two chains being bound through the Cd?* ion it is equally likely that other repeat

units along the same chain may bind together in this manner.
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Scheme 1.1. Synthetic process for the formation of PS-b-PAA reverse micelles with cadmium
acetate.

1.3 Gold Nanoparticles and Quantum Dots

Nanoparticles have seen a dramatic increase in research over the last several
decades as a result of their wide array of physical properties which bridge between the
molecular and the bulk. Nanoparticles are broadly defined as any particles with at least one
dimension between approximately 1-100 nm, with special attention often given to the 1-10
nm range.*® Note that as a general rule, individual molecules are not typically referred to
as nanoparticles. The size of these nanoparticles is however incredibly important as within
these size ranges particles begin to experience dramatic size-dependent properties, e.g.
changes in electronic structure (see Figure 1-4), colour shifts, generation/loss of

magnetism, etc.442
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Figure 1-4. Example Jablonski diagram demonstrating the difference between a quantum

dot (L) and a bulk intrinsic semiconductor (R).

The size dependent nature of these particles is a result of two key factors: significantly
increased surface-to-volume ratio, and the alteration of the materials’ electronic structure
relative to their bulk counterparts, e.g. size reduction implies fewer atoms within the core
and correspondingly fewer electronic states. In general the surface-to-volume ratio
differential gives rise to the deviation of physical properties exhibited between bulk and
nanoscale particles.*14344

In the bulk state there are metallic, semi-conducting and insulating materials. The
difference between these materials is most easily represented through their electronic band
structures: metallic materials have overlapped valence and conduction bands,
semiconductors have a small energy difference between the valence and conduction bands,
while insulators have large energy difference between the bands. When two identical atoms
(e.g. Si) form a bond, the atomic orbitals must become molecular orbitals as a result of the

Pauli Exclusion Principle (no two electrons can have the same quantum numbers in a
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molecule). Therefore, upon formation of this molecule the atomic orbitals split into

molecular orbitals of different energy, the electrons are then able to occupy these different
levels without having the same energy. This concept is extended to large numbers of atoms,
e.g. the formation of a crystal lattice, as the number of atomic orbitals increases, so too
does the number of molecular orbitals until such a time as the energy difference between
orbitals is so close together that they become a continuum, or band. Band gaps are ranges
of energy that is not covered by any band. Between the bulk and atomic scales, a special
type of nanoparticle exists, the quantum dot (QD). These semiconducting particles are
typically between 1-10 nm in diameter, with electronic properties closely tied to particle
size. The size dependence arises because there are so few atoms comprising the molecule,
that the bands we observe in the bulk are now comprised of discrete energy levels.

When a semiconductor is exposed to a photon of sufficient energy, an electron can
absorb this energy and be promoted to higher energy levels. The promotion of an electron
results in a positively charged vacancy left behind by the electron, known as a “hole”. The
pairing of the electron and its corresponding hole form a particle referred to as an exciton,
the size of which is characterized by the Bohr exciton radius (rg). This phenomenon is
visible both in the bulk and in quantum dots, key to QDs however is that when the size of
the particle (rne) approaches rg the material exhibits the quantum confinement effect.

The relationship between particle size and the band gap energy are described by
Brus based on a three dimensional variant of the particle-in-a-box model.*® This model
establishes a “box” of infinitely high energy that is the size and shape of the nanoparticle,
the electron in question is confined within this box and the energy required to promote this

electron (forming an exciton) can be determined by equation 1.5.
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(1.5)

E*—F. + hZn? [1 1 1.8e2
- =g

2Rz |m, " my, €R
E” corresponds to the energy of the resulting exciton, Eq to the bulk band gap energy, R to
the particle radius, me and my to the effective excited masses of the electron and hole
respectively (note these are material dependent), e to the electron charge, and € to
permittivity. The size dependence of these systems can be visualized in the second and
third terms on the right side of equation 1.5. While the third term shows a decrease in
energy relative to R (negative), this term only scales linearly, whereas the second scales
exponentially with R (positive). These two terms correspond to the bound exciton energy
and positive confinement respectively. It becomes clear then that the increase in observed
energy for QDs is more heavily dependent on the size confinement of the particle rather
than the Coulombic attraction within the exciton.

Quantum dot systems exhibit what is commonly known as band-edge emission,
this term is in reference to the process of emissive recombination of the exciton’s electron
and hole at approximately the same energy as the band gap energy. A slight Stokes-shift*
(Figure 1-5) of the emitted photons from the band edge are common, resulting from non-
radiative energy loss, e.g. heat. Many quantum dot systems will also exhibit another optical

process known as trapped-state emission. This phenomenon is similar in concept to the

process of Stokes shifting in small molecules in that non-
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Figure 1-5. Simple Jablonski diagram demonstrating Stokes and anti-Stokes fluorescence
shifts.

radiative energy loss (e.g. heat) results in a red-shift in the emission wavelength, note that
while Anti-Stokes shifts are presented here they are rather uncommon outside of Raman
spectroscopy and photon up-converting materials. The difference between the two
processes arises from the presence of defects in the lattice or on the surface of the quantum
dots, e.g. impurities, vacancies, dangling bonds, etc.*® These defects will trap the charge
carriers until they undergo recombination, hence the term trapped-state emission in cases
where a photon is produced. Depending on the nature of these defect sites, their
corresponding energy levels may fall within the band gap of the semi-conducting material
(Figure 1-6).**4" As such, in a system containing trapped states it is possible for excited
electrons to undergo some non-radiative relaxation to these trapped states and subsequently
release considerably red-shifted photons once they relax to ground and recombine with
their holes. Conversely the trapped states may be located at the bottom of the band gap

resulting in a similar red shift. Trapped state emission is inherently a broader profile than



17
band-edge emission as a result of the wide variety of possible energy levels generated from

defect sites. It should be noted that with decreasing quantum dot size, the influence of
surface trapped states on the overall emission profile becomes more prominent as a result
of the increasing surface area to volume ratio. Control over the formation of trapped states
is a critical component of QD formation, whether it be for the promotion®® or prevention
of their formation.*>*® A common methodology for the reduction or elimination of trapped
state emission is called surface passivation, which typically entails either the formation of
a core/shell complex or special selection of surfactants.**#447 In both cases the concept
behind the process is to either remove the trapped states, or create trapped states that are
higher/lower such that they don’t occupy the band gap. In core/shell materials this is
typically achieved through the formation of a shell with a larger band gap than the core
material and is able to match the crystal lattice structure of the core. These prevent both
chemical defects between the surface and the environment as well as introduction of lattice

defects during shell formation.



18

Energy

QD QD with defects

Figure 1-6. Jablonski diagram showing the difference in electronic configuration as a
result of defect sites in QDs.

Following along with the interesting physical properties demonstrated by quantum
dots above, nanoparticles exhibit another immensely interesting physical process: localized
surface plasmon resonance (LSPR).>1°2 A plasmon is a coherent, delocalized oscillation of
electrons at an interface, e.g. between the surface of a nanoparticle and the surrounding
environment. Upon exposure to a size-dependent critical wavelength of incident light, the
electrons on the surface of the nanoparticle will become excited. This excitation effectively
serves to polarize the electron cloud to one side of the nanoparticle. Subsequently the
particle experiences a restoring force to rebalance this charge across the material, resonance
occurs when the wavelength of excited light is sufficient to continue this oscillation of
polarization. The wavelength at which resonance occurs will depend on the size of the
nanoparticle due to confinement of the surface plasmon to the particle, e.g. if the particle
is smaller, the plasmon is confined to a smaller area and a correspondingly shorter

wavelength of light is required to form the plasmon. In anisotropic samples (e.g. rods) there
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will be a surface plasmon which corresponds to each axis, e.g. longitudinal and

transverse.>

Under specific conditions, quantum dots are able to interact with the enhanced
electric field arising from surface plasmons on neighboring particles. These hybrid
structures have attracted attention for applications such as imaging probes,>*>* sensors>>>
and photcatalysts.>” As indicated above the spacing between these two components will be
critical for their interaction, and as such many different techniques have been explored for
use as spacing materials from DNA,2%3 polypeptides, silica shells,%®° and synthetic
polymers.%%61 These various methods all serve to form a spacer of tunable, either through
experimental conditions (e.g. temperature) or adjustment on synthetic parameters.
Amongst all the methods, it was determined that in the cases where the gold nanoparticles
were too close to the QD fluorophore emission quenching was observed, typically as a
result of energy transfer from the QD to the AuNP becomes the dominant process which
subsequently results in non-radiative energy loss. Above this distance, amplification of the
emission signal from the QD was observed. This was a result of several different
influences, specifically, the modification of the electric field near the QD, damping of
energy transfer from the QD to the AuNP, in some cases through increase in the polarizing
effects of the metal NPs.>® The emission amplification phenomenon was observed to be
optimal in the range of ~10 nm across these studies, and decreasing as the particles move
further away or closer together. To this end, using a tunable spacer one can imagine that
targeting this ~10 nm spacing distance is highly desirable for sensing purposes, e.g. a
polymer spacer will be sensitive to both chemical environment and temperature, expanding

or contracting to suit, effectively altering the distance between cores.
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1.4. Primary Characterization Techniques
A series of techniques were employed throughout the synthetic process of the quantum

dot micelles (QDM) for characterization purposes. The primary techniques employed
were: Photoluminescence spectroscopy (PL), dynamic and static light scattering (DLS and
SLS), absorbance measurements, and transmission electron microscopy (TEM). These
various techniques were used to determine the size of the optical properties of the
assemblies and their sizes in solution, with size analysis confirmation performed with
TEM.
1.4.1. Photoluminescence Spectroscopy

Photoluminescence spectroscopy is a characterization method by which optical
properties of a fluorophore can be determined, e.g. band gap size, emission wavelength,
qguantum vyield, etc. All the various measurements operate around the same process,
illumination of a sample with a source lamp/laser followed by the collection of emitted
light as a function of wavelength and/or time. The energy of the band gap can be
determined through the collection of an “excitation” measurement. An excitation
measurement is performed by forcing the detector to scan at a specific wavelength,
typically close to the wavelength of maximum emission (imax) and exciting the sample
across a range of wavelengths. As the instrument scans from long wavelengths to short
(low energy to high) the excitation profile will remain flat and low until such a time that
there is sufficient energy to cross the band gap. At this time, a peak will be observed
corresponding to an increase in emitted light as a result of the sample absorbing the
excitation light. In a perfect, monodisperse sample free of surface defects this transition
will be a vertical transition at the exact wavelength that corresponds to the energy of the

band gap. In practical samples with polydisperse particles this will be a more gradual
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increase. In tandem with excitation measurements, “emission” measurements can be
collected under virtually identical sample parameters. This measurement monitors how the
sample’s emission profile varies as a function of excitation wavelength. By exciting at one
wavelength then monitoring the emitted light across a wide range of wavelengths, and
repeating with several excitation wavelengths it is possible to provide a map of the
emission profile for the entirety of a solution. In the case of sample with multiple species
(e.g. QDs with gold nanoparticles) it is possible to determine if there is any influence from
one particle on the other provided acceptable backgrounds have been collected. Quantum
yield measurements are simply a measurement of the number of emitted photons divided
by the number of absorbed photons.

It should be noted that there is another common photoluminescence technique used
to study emissive samples known as a lifetime measurement. This technique monitors the
amount of time it takes for a photoluminescent material to return to the ground state
following excitation by incident light through monitoring of the intensity of emitted light.
From this test, various physical properties may be determined such as the half-life of the
excitation state, or the pathway by which de-excitation occurs (e.g. to what extent is there
non-radiative energy loss). To this end, work by a colleague on the AUNP-CdS system has
indicated that there is no observable influence of gold nanoparticles on the CdS de-

excitation pathway.?’

1.4.2. Dynamic Light Scattering
Dynamic light scattering (DLS) is a method by which the hydrodynamic diameter

(dn), the effective diameter of a solute in solution, of a colloidal particle can be determined.
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The basic process behind this characterization technique is that smaller particles will move

more quickly through the solution than larger particles as dictated by Brownian motion. In
order to obtain quantitative data from this, the DLS characterization method utilizes a series
of fits to an autocorrelation function, a process which will be subsequently described. The
normalized time autocorrelation function is generated by the computational correlation of
the time-dependent (for a given delay time,t) fluctuations in the scattering intensity of a
given sample, Eq. 1.6.

<I®I(T+t)>

g = < I(t) >2

(1.6)

Where I(t) is the intensity of scattered light at time t, the braces denote averaging over all
t, and t is the delay time. This delay time refers to the amount of time between the collection
of a duplicate intensity trace and the original before the averaging of their intensities is
performed. In most cases, the intensity-intensity time autocorrelation function g (t) can
be expressed in terms of the field-field time autocorrelation function g®(t), as follows:

g? () =B+ BlgW(]? (1.7)
where B is a constant typically called the “baseline” and represents the autocorrelation
function at infinite delay times, £ is a factor which relies on experimental geometry, g®(t)
IS given by:

€)) _ <E(t)E*(t+t)>
g (T) <E(t)E*(t)> (1'8)

where E(t) and E(t + 7) correspond the the scattered electric fields at timestand t + ¢
respectively.In the case of monodisperse, non-interacting particles in solution, their
diffusion can be modeled by an exponential decay of the normalized electric field

autocorrelation function, gi(t):
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g (1) = exp(-T1) (1.9)

where I' is the relaxation rate, and 7 is the delay time. From this equation, relaxation rate is
related to the particle translational diffusion coefficient (D:) through the relationship:
I = D,q? (1.10)

q represents the scattering vector, defined as:

o= (5m)on(3)

where n is the refractive index of the solvent, A is the wavelength of incident light and 0 is
the angle at which the scattered light is measured.

The two primary mathematical models used to fit the autocorrelation function for
determination of a sample’s hydrodynamic diameter are known as cumulant analysis and
CONTIN analysis. Cumulant analysis is able to provide a single average value of dn with
the variance and asymmetry of the sample distribution, however it is unable to accurately
represent samples with non-monomodal distributions. CONTIN analysis on the other hand
is able to model these non-monomodal distributions through calculating a multiple
exponential fit to the correlation function, providing the distribution of particles within the
sample. These fits provide I' which in turn can be used to calculate D (equation 1.10), this
value is then related to the ry through the Stokes-Einstein equation:

kyT

D, =
L 8myrd

(1.12)

Where kg is the Boltzmann constant, T is temperature, ry is the hydrodynamic radius and #
is the dynamic solvent viscosity. Note, for polydisperse samples, g¥(t) can’t be described
by a single exponential decay, rather it must be represented as an integral over a distribution

of decay rates, G(I"), described by the following equation:
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g (1) = f wa(r) exp(=T't)dr (1.13)
0

where G(I') is normalized such that its integral from 0 to o with respect to I is equal to 1.
1.4.3. Static Light Scattering

Structural information can be elucidated through scattering measurements collected
at multiple angles as different shapes will scatter incident light in different manners. Static
light scattering (SLS) is a method by which scattering intensity of a given sample can be
monitored across a range of angles.® This technique has multiple purposes, of primary
importance for this work is the determination of My, the radius of gyration (Rg, the average
distance from the center of gravity to the chain ends of a polymer in solution) and the
second-virial coefficient (A2, a thermodynamic parameter that describes the attractive and
repulsive forces between polymers/particles in solution, it is sensitive to the solvent in
question and the temperature) through the generation of Zimm plot. This is possible
through fits to the Zimm equation (Eqg. 1.14).

Kc 1

R_g = m + 2A2C (114)
Where
4n2n%(fl—2)2
= W (1.15)

and c corresponds to solution concentration, q to the scattering vector (see eq. 1.11), Ro is
the Rayleigh ratio which itself is derived from Re=isr?/lo (lo is the intensity of incident light,
ipis the scattered light per unit volume at angle 6, r is the distance from the sample to the

detector), dn/dc is the differential refractive index, Na is Avogadaro’s Number, My is the
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weight average molecular weight. P(0) is an angle dependent term known as the form factor

and describes the attenuation of scattered light intensity due to interparticle interference, it
is inherently dependent on particle size and shape and at small scattering angles (the
Guinier regime) takes the form:

6m21] 2

P(O) =1+ ! Y sinz(i) (1.17)

By extrapolation to zero concentration (infinite dilution) and zero angle on a plot of K/Rg
vs. sin?(6/2) +kc where k is a plotting constant, the various terms mentioned above can be
determined.

When paired with the r, data from DLS, further information on the nature of the
particles in solution can be elucidated. For example, the combination of empirical and
theoretical values indicate that ratios of Rg/rn can indicate hard spheres (~0.775), star-like
structure (~1.1) and rod-like polymer chains under strong segregation (~1.5).6%3
1.4.4. Transmission Electron Microscopy (TEM)

Transmission electron microscopy is similar in concept to traditional optical
microscopy, the advantage lies in the use of an electron beam for illumination. The
advantage imparted by the use of electrons lies in their considerably smaller de Broglie
wavelength relative to that of visible light. As a result, considerably higher resolution and
magnification can be achieved as made clear from equation 1.18:

A
= — 1.18
2nsin(a) ( )
Where d is the maximum resolution, A is the wavelength of light/electron, n is the refractive

index of the medium and o is the maximum half-angle of the cone of light capable of

entering the lens assembly (this is related to numerical aperture NA).%* The electron beam
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is generated from a LaBg electron “gun” at the top of an evacuated column. This beam is

then passed through a series of lenses and focused onto the sample stage. A camera (or
phosphorescent screen) is placed below the sample stage. If a sufficiently dense material
is along the electron beams’ path, scattering will occur, otherwise the beam will pass
unhindered into the camera/screen. Where the electron beam was scattered a dark spot will
be observed on the screen/camera, effectively forming an image of the sample in question.
The darker the resulting parts of the image are, the more dense or thick the area of the
sample.
1.4.5. Absorbance spectroscopy

Absorbance measurements are a powerful, yet simple method of sample
characterization. A sample is placed within the beam path of a white light source. This
white light source is often composed of two bulbs, one which is able to explore from UV
to visible light and one that can extend from visible light to the near IR. The exact set up
for a given instrument can vary drastically. The general principle of this process is to have
the light source scan across the desired range of wavelengths, e.g. 300-1000 nm for this
research project. During this scan a detector is located on the opposite side of the sample
from the light source and monitors the amount of light that passes through the sample. The
instrument then compares the amount of incident light to the amount of transmitted light.
The difference between these two values is referred to as the transmittance of the material.

This relates to the absorbance through the equation 1.19:%
@
A =logq ot = —log,oT (1.19)

e

Where A is absorbance, T is transmittance, ®¢' and ®¢' correspond to the incident radiant

flux and the transmitted radiant flux respectively. From absorbance measurements various
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parameters can be determined (with careful experimental set-up) from the Beer-Lambert

Law:

A= &lc (1.20)
Where ¢ is the molar absorptivity, | is the path length of the light through the material and

c is the concentration of the sample. The use of absorbance spectroscopy for quantum dot
size characterization is detailed future chapters. Note that what is measured in solutions
which exhibit scattering is better reflected by the “extinction” of the sample, which is the
sum of absorbance and scattering processes on the observed absorbance of the sample.
1.5. Content of the Thesis

This thesis seeks to detail the methodologies by which specialized RAFT block
copolymers can direct the synthesis and self-assembly of inorganic nanoparticles. The
formation of these materials seeks to show the general applicability of these systems as
building blocks for self-assembly. Additionally the methodology by which these
assemblies can be carefully characterized, the pitfalls that are associated with their
synthesis, as well as commentary into their possible applications are to be established.

Chapter two will seek to demonstrate the broad applicability of the RAFT PS-b-
PAA tetrablock copolymers as a reactor for cadmium based quantum dots through the
formation of CdSe QDs. Additionally this chapter will provide detailed analysis on the
solvent compatibility of the RAFT copolymer in a series of solvents and the impact of these
solvents on the assembly process of the CdSe QDs.

Chapter three will build upon past research into the assembly of CdS QDs with gold
nanoparticles as a means to investigate emission amplification. Namely this will

demonstrate that the technique functions with different RAFT copolymer block lengths.
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Subsequently chapter 3 will describe preliminary investigations into secondary self-

assembly of the QD-AuNP systems into large compound micelles.

Finally, the fourth chapter will bring together the two experimental chapters,

detailing the conclusions that can be drawn from this research and propose where these

projects may lead in the future.
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Chapter 2 - A Versatile Tetrablock Copolymer Scaffold for
Hierarchical Colloidal Nanoparticle Assemblies: Synthesis,
Characterization, and Molecular Dynamics Simulations
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2.2. Abstract

A unique combination of molecular dynamics simulations and detailed multi-angle light
scattering size exclusion chromatography (SEC-MALS) analysis is used to provide
important a priori insights into the solution self-assembly of a well-defined and
symmetric tetrablock copolymer with two acrylic acid outer blocks, two polystyrene
inner blocks and a trithiocarbonate (TTC) central group, prepared by reversible addition-
fragmentation chain transfer (RAFT) polymerization. SEC-MALS experiments show that
the copolymer forms aggregates in both tetrahydrofuran (THF) and N-
dimethylformamide (DMF), even in the presence of different salts, but not in 1,4-dioxane
(dioxane). Combined with molecular dynamic simulations, these results indicate that the
acrylic acid units are the main cause of aggregation through intermolecular hydrogen
bonding, with additional stabilization by the central TTC. The block copolymer chains
self-assemble in dioxane by adding cadmium acetate, originating flower-like inverse
micelles with a cadmium acrylate core and the TTC groups in the outer surface of the PS
corona. The micelles were used as nanoreactors in the templated synthesis of a single
cadmium selenide quantum dot in the core of each micelle, while the shell TTC groups
can be converted into thiol functions for further use of these units in hierarchical
nanostructures. Only in dioxane where simulations and SEC-MALS suggest an absence
of copolymer aggregates prior to cadmium acetate addition do well-dispersed and highly
luminescent CdSe QDs form by templated synthesis. These results provide valuable
insights into the self-assembly of RAFT copolymers in different solvent systems as it
relates to the preparation of emissive QDs with polymer-spaced thiol functionality for
binding to gold nanostructures.

2.3. Introduction
Block copolymers of precise architecture and chain length self-assemble into

micelles of low size dispersity, which can be used as templates for the growth of metal or
semiconductor nanostructures.r® The resulting nanostructures can be used as building
blocks in the preparation of hierarchical hybrid nanostructures through subsequent self-
assembly mechanisms mediated by the surrounding polymer brushes”*! In particular,
nanostructures consisting of a quantum dot (QD) core surrounded by a polymer brush layer
terminated with thiol groups are potential building blocks for controlled assemblies of
photoluminescent QDs and gold nanostructures with controlled distances mediated by the

polymer chains.’> Such composite nanostructures exhibiting controlled interactions
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between QD emission and gold nanoparticle surface plasmons offer numerous applications

as functional elements for sensing and photonics.”2

To achieve fine control over nanoparticle size and spacing in hierarchical hybrid
nanostructures, block copolymers with well-defined architectures, predetermined
molecular weights, narrow molecular weight distributions, and predictable micellization
behaviors in selective solvents, are required. Controlled radical polymerization (CRP)
techniques??* have become increasingly popular for the production of polymers with these
properties, from a much larger variety of monomers and under simpler polymerization
conditions than other controlled polymerization techniques, such as anionic
polymerization. All the main CRP techniques, NMP (nitroxide mediated polymerization),?
ATRP (atom transfer radical polymerization),??* and RAFT (reversible addition-
fragmentation chain transfer),2° can be used to prepare amphiphilic copolymers. These have
attracted much attention because of their versatile self-assembly behavior, which can be
controlled by different factors, such as the absolute and relative block lengths, the presence
of additives, temperature, and the nature and composition of the solvent. Asymmetric
poly(styrene-b-acrylic acid) copolymers with different compositions have been used to
prepare several supramolecular structures, such as rods, micelles, tubules, onions, spindles

and vesicles. 3334
Our group has previously applied symmetric amphiphilic tetrablock copolymers of
poly(acrylic acid-b-styrene-b-styrene-b-acrylic acid), with a central group of

trithiocarbonate (TTC) between the two styrene blocks (PAA-PS-TTC-PS-PAA, Scheme
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2.1) to prepare hierarchical quantum dot (QD)-gold nanoparticle assemblies with surface

plasmon-enhanced fluorescence.!? The tetrablock copolymers with central TTC groups
were shown to be suitable building blocks for the self-assembly of complex supramolecular
assemblies with ensemble properties governed by structural hierarchy. In that work, we
induced self-assembly of the copolymer in Scheme 1 into flower-like reverse micelles by
adding cadmium acetate. These structures, with a cadmium acrylate core and a polystyrene
(PS) shell decorated with the TTC groups, were then used in the templated conversion of
the entrapped Cd?* ions to a single CdS QD in each micelle core. The TTC were converted
to thiol groups and used to bind gold nanoparticles, leading to polymer-mediated spacing

between nanoparticles and gold-enhanced photoluminescence (PL) of the CdS QDs.

In this paper, we show that a combination of synthesis by sequential RAFT
polymerization, characterization by size exclusion chromatography-multi-angle laser light
scattering detection (SEC-MALS) and modeling by molecular dynamics (MD)
simulations, allows symmetric PAA-PS-TTC-PS-PAA copolymers to be prepared with
both precise control and detailed understanding of the various interactions involving the
copolymer blocks and the surrounding medium. These features are critical to establishing
a versatile polymeric template on which to prepare a myriad of nanoparticle assemblies
with finely-tuned distant-dependent interactions. In an effort to develop generalized
approaches for templated functional nanostructures, we extend our previous demonstration
of templated CdS QD synthesis ? to the preparation of cadmium selenide (CdSe) QDs
surrounded by solvated PS chains terminated by thiol functional groups. Compared to CdS
QDs, CdSe QDs are much more common QD emitters in biophysical and photonic

applications, due to their broader range of color tuneability in the visible spectral region.3
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87 we find significant solvent dependencies in the size, colloidal stability, and

photoluminescence of the QD-containing RAFT block copolymer colloids, which lead us
to a detailed study combining SEC-MALS experiments and MD simulations on analogous
oligomers. The results provide valuable insights into the self-assembly of RAFT
copolymers in different solvent systems as it relates to the preparation of emissive QDs
with polymer-spaced thiol functionality. Thus, the combination of synthetic control,
thermodynamic/structural understanding, and chemical versatility presented here, provides
a powerful framework for color-tuned PL emission of QDs*® with enhancements governed
by polymer-mediated distances from chemically-bonded gold nanostructures. The CdSe
QD micelles described herein and RAFT-based copolymers in general represent promising
building blocks for future applications in functional optoelectronic devices, imaging

probes, biomarkers, and sensors.

CHj

S
HOOC—C:I<{>CH2 C|H CH,—CH S—L|—S+CH CHZHCH CH%‘C-COOH

CHj n” COOH mcH3

Scheme 2.1. Block copolymer PAA-b-PS-TTC-PS-b-PAA obtained by RAFT

polymerization.

2.4. Experimental

2.4.1. Materials for Polymer Synthesis.
Carbon disulphide, chloroform, and acetone from Riedel-de-Haen, tetrabutylammonium
hydrogen sulphate and diethyl ether from Fluka, N,N-dimethylformamide (DMF, PA) and

tetrahydrofuran (THF, 99%) from Sigma-Aldrich, trioxane (99%) and 4,4'-azobis(4-
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cyanovaleric acid) (ACVA, >98%) from Acros, and other chemicals obtained from several

sources were used without further purification. Acrylic acid and styrene (Sigma-Aldrich)
were distilled under vacuum before use.

2.4.2. Materials for SEC-MALS Characterization.

THF (99.9 %,), DMF (99.9 %), dioxane (99.9 %), LiBr and LiCl (reagent plus grade), and
(trimethylsilyl)-diazomethane were purchased from Sigma-Aldrich.

2.4.3. Materials for Quantum Dot Micelle Synthesis.

Dioxane (99.9%), methanol (99.9%) and cadmium acetate dihydrate (CdAc2, 98%) from
Sigma-Aldrich and sodium selenide (Na>Se, 99.8%) from Alfa Aesar, were used without
further purification. Deionized water from a Millipore system Milli-Q >18 MQcm was

used for the preparation of solutions.

2.4.4. Synthesis of the Poly(acrylic acid)-block-polystyrene-TTC-polystyrene-
block-poly(acrylic acid) Block Copolymer (PAA-b-PS-TTC-PS-b-PAA).

The 4-block copolymer was prepared as previously described.'* We first prepared the
RAFT chain transfer agent S,S-bis(a,,a’-dimethyl-a.’’-acetic acid) trithiocarbonate (TTC)
following the procedure reported by Lai et al.®® PAA and TTC were used in the RAFT
polymerization of a symmetric copolymer with two poly(acrylic acid) blocks (PAA-TTC-

PAA, Scheme 2.1), with number averaged molecular weight M, = 3000 g mol* (Mw/Mn =

1.02), corresponding to a degree of polymerization <2 n> = 37.

The PAA-TTC-PAA copolymer was used as macro-CTA to prepare a PAA-b-PS-
TTC-PS-b-PAA tetra-block copolymer. The RAFT polymerization of styrene resulted in a
degree of polymerization <2 m> = 115 (Scheme 1), corresponding to a total copolymer
molecular weight of My= 14900 g/mol. This was calculated from the 46% monomer

conversion obtained by NMR of the polymerization mixture diluted 1:5 in acetone-d6, by
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comparing the ratios of the integrated peaks of the vinyl protons of styrene and the methyl

protons of DMF (used as an internal reference) before and after the polymerization.

Some of the tetra-block copolymer was silylated by adding 2.0 M (trimethylsilyl)-
diazomethane in hexane solution, dropwise, into a solution of the PAA-b-PS-TTC-PS-b-
PAA copolymer in THF (100 mg/13 mL THF) at room temperature.®® Addition of the
silylation agent was continued until the solution became yellow, after which an excess of
methylation agent was further added. The reaction mixture was stirred at room temperature
for 3 h more before the recovered polymer was injected in the SEC (without purification).
To prove the symmetry of the copolymer (see below), we performed the aminolysis of 100
mg of the copolymer by dissolving the sample in 13 mL of THF and adding a 50-fold

excess of hexylamine. The reaction was left shaking overnight at room temperature.

CHs s CHs
HOOC—C—S—(LJ‘—S—C’I—COOH
b b,
CTA
CHs S CHs
HOOC—CL‘{‘CHZ—CHTS—(':',—S CH—CH2]>(L—COOH
C|3H3 Hooc| " C|)OOH n’C|)H3

PAA-TTC-PAA macro CTA

Scheme 2.2. S,S-bis(a,0’-dimethyl-o’’-acetic acid) trithiocarbonate chain transfer agent
(CTA) and PAA-TTC-PAA macroCTA.

2.4.5. Preparation and Characterization of Cadmium Selenide Quantum Dot
Micelles (QDMSs).
A sample of the PAA-b-PS-TTC-PS-b-PAA copolymer was diluted to 0.5 wt% with 1,4-

dioxane (dioxane) and allowed to stir overnight at 25°C in the dark to homogenize. A 0.25

M methanolic cadmium acetate dehydrate solution was added to the polymeric solution in
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a 1:1 molar ratio of Cd** to COOH groups (from the PAA), and allowed to stir overnight

at 25°C in the dark. An aliquot (0.5 mL) of this sample was removed and diluted with 4
mL of a 1:1 mixture of toluene to dioxane (v/v) and stirred for 5 hours to homogenize. A
0.052 M solution of sodium selenide (Na>Se) was prepared through the dilution of 0.013 g
of Na,Se with 2 mL of a 1:1 deionized water to methanol solution. The Na,Se solution was
added to the polymer solution such that the final mixture contained 0.3 moles of Se* per
COOH group (160 pL). This solution was allowed to stir overnight in the dark.

2.4.6. Size Exclusion Chromatography (SEC).

SEC measurements were carried out using a Waters Associates equipment with a 510
pump, a 7725 Rheodyne injector and a differential refractive index detector (model 410).
The multi-angle light scattering detector (MALS) was a miniDAWN TREQOS laser
photometer from Wyatt Technology Corp. The working temperature was 30 °C. Three
columns with a non-polar stationary phase (styrene-divinyl benzene copolymers) were
generally used: one Styragel HR5 column (5 pum, 7.8 x 300 mm from Waters) and two
linear Phenogel columns (5 pm, 7.8 x 300 mm from Phenomenex).** For the
characterization of the copolymer in DMF and Dioxane and the methylated copolymer in
THF only the two linear phenogel columns were used. The flow rate was 1 ml/min for

THF, and 0.3 ml/min for DMF and Dioxane and the injector loop was 100 pl.

The refractive index (RI) detector measures the concentration of the polymer and
the MALS detector (calibrated with spectrometric grade toluene) measures the excess
Rayleigh ratio at different angles for each elution volume fraction of the chromatogram,
allowing the calculation of the absolute molecular weight of the polymers. The

normalization of the detectors in the different organic solutions was performed with low
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molecular weight poly(styrene) standards. The shape of the chromatograms obtained with

the MALS and the RI detectors are not coincident because the light scattering signal is
proportional to the product of the polymer molecular weight and concentration, while the

RI signal is proportional to the polymer concentration only.

To make sure there is no effect of the concentration on the SEC separation, for each
solvent different concentrations were injected, decreasing from 8 mg/ml. In Appendix 2.1
we show that the juxtaposed traces of two injections at different concentration of the
copolymer in dioxane have almost perfect matches of the MALS signal and the molecular
weight calculated for each elution volume, with the refractive index signal reflecting the

concentrations of the injected solutions.

SEC-MALS was used to study the aggregation behavior of the copolymer in
different solvents: Dioxane; THF; THF with 0.1 M LiBr; THF with 0.2 M LiCl; DMF; and
DMF with 0.15 M LiBr. To evaluate the influence of acrylic acid, the polymer was
methylated and further analyzed in THF. The values used for the differential refractive
index increment dn/dc at 632.8 nm were those of polystyrene (the major constituent of the
polymer), 0.19 in THF, #10.165 in DMF, #! and 0.166 in dioxane.*

2.4.7. Photophysical Characterization.

Absorbance and reflectance measurements were performed on a Perkin Elmer Lambda
1050 UV/Vis/NIR spectrophotometer with a wideband 3 detector module. Fluorescence
spectroscopy was performed on an Edinburgh Instruments FLS920 spectrometer with a
450W xenon arc lamp and a Hamatsu R5509 photomultiplier tube (PMT) detector. Slit

widths were adjusted to achieve a 5 nm resolution, with a dwell time of 0.5 s.
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2.4.8. Light Scattering.
The static and dynamic light-scattering measurements were conducted on a Brookhaven

Instruments Co. B1-200SM research goniometer, with a Brookhaven Instruments Co. Mini-
L30 30 mW red (636 nm) compact diode laser. The measurements were carried out in glass
cylindrical cells in order to simplify the corrections needed for refractive index variations.
The circular vat cell contains decalin to minimize light refraction. The dynamic light
scattering (DLS) measurements were analyzed using the analysis package CONTIN
(Brookhaven) to determine the translational diffusion coefficient, from which the
hydrodynamic diameter (Dn) of the copolymer is calculated. To effectively remove dust
from the solvent, this was filtered with Millipore 0.22 um pore size filters.

2.4.9. Transmission Electron Microscopy (TEM).

Transmission electron micrographs were obtained on a JEOL JEM-1400 transmission
electron microscope with a LaBg filament, equipped with a GatanOrius SC100 camera,
with an accelerator voltage of 80 kV. TEM grids were prepared first by cooling an
aluminum (Al) block in liquid nitrogen, a 300-mesh carbon-coated Cu TEM grid was
placed on the Al block and 10 pL of CdSe QDM solution was dropped onto the grid and
quickly immersed in liquid ethane. Solution was then placed under vacuum until dry. This
likely resulted not in sublimation, due to insufficient vacuum, rather evaporation probably
occurred.

2.4.10. Molecular Dynamics Computational Methods.

The Amber molecular modeling package, including the Amber force field, was employed
for all the Molecular Dynamics (MD) simulations. Coulombic potentials were computed
by the Ewald sum procedure. *° Partial charges were assigned to every atom by means of

the MOPAC package and the AM1 procedure. A time step 6 =1 fs was employed for the
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integration algorithm. The MD simulations were performed on Periodic Boundary

Conditions (PBC) under NVT conditions (i.e. Canonical Ensemble), with the temperature
being kept constant by means of the Berensen thermostat with a coupling factor of 1000
fs. Several exploratory calculations were performed at different temperatures ranging from
300 to 500 K. Finally, it was decided to perform all the calculations at 500 K in order to
increase the atomic velocities, thus facilitating the passage over energetic barriers and
consequently improving the statistical sampling of all the configurational space. Thus, the
system is supposed to be in a hypothetical state in which the atomic velocities correspond
to a rather high temperature while the density, interatomic distances, and in general all the
equilibrium properties that are governed by the NVT conditions, are those of a much lower
temperature. Even if this situation does not correspond to a real state of the system, the
results of equilibrium properties obtained by this kind of simulations are much better than
those obtained at the lower temperature at which the system will remain in the same energy
well practically during the whole simulation. As it is evident, this approximation fails when
applied to compute time dependent properties, but this kind of properties are not the goal

of the present work.

Scheme 2.3 shows the structure of the model oligomers used in the MD simulations.
The oligomers of type S (SA and SE) are formed by a central trithiocarbonate (TTC) unit,
-S-(CS)-S-, flanked on each side by a block of 10 repeat units of styrene followed by a
block of 11 repeat units of either acrylic acid (R = H, SA oligomer) or methyl acrylate ester
(R = CHas, SE oligomer). The oligomers of type C does not contain the central TTC unit,
being formed by a central block of 22 units of styrene, flanked by on each side by 11 units

of either acrylic acid (R=H, CA oligomer) or methyl acrylate ester (R = CH3, CE oligomer).
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Meso and racemic configurations of consecutive units were randomly assigned to each

chain producing an overall fraction of meso diads wm= 0.4. Ten oligomer chains were
packed into a cubic box with Periodic Boundary Conditions (PBC), together with 2,000
molecules of the appropriate solvent and, in some cases, 200 molecules of salt (LiCl), to

approach the experimental conditions (Figure A2.1).

The length of the PBC box (L) shown in the last column of Figure A2.1, was
adjusted as to reproduce a macroscopic density of ca. 0.9 g cm?, similar to that of the
organic solvents. However, each system was initially built within a box having
approximately twice the final side length. The size of these initial boxes was progressively
decreased, in 0.1 nm steps, by a combination of MD and energy minimization steps
performed as follows: after each decrease of the box length, a 60 ps MD simulation was
performed, during which the system was slowly warmed up from 0 to 500 K, equilibrated
at this temperature during approximately 20 ps, then slowly cooled down to 0 K. Then, the
energy of the system was minimized with respect to all internal coordinates with a
combination of steepest descendent all conjugated gradient algorithms.* Once the system
has reached the desired volume, it was slowly warmed up during 100 ps from 0 K to 500
K. Finally, the production stage was started for 3 x 10° integration cycles (i.e. a time span
of 3000 ps), during which the coordinates of the system were recorded at intervals of 1 ps,
thus producing a total of 3000 configurations that were further employed in the analysis.

The warming step was not considered in the analysis.
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Scheme 2.3. Schematic representation of oligomer frameworks S (central TTC group, top)
and C (no central TTC group, bottom) used for MD simulations. Based on these two
frameworks, four different oligomers were investigated: SA and CA contain acrylic acid
repeat units (i.e. R = H), while oligomers SE and CE contain methyl acrylate repeat units
(i.e. R = CHy).

2.5. Results and Discussion

2.5.1. Preparation and Characterization of Cadmium Selenide Quantum Dot
Micelles.

Three different solvents were tested for the controlled self-assembly of the PAA-b-
PS-TTC-PS-b-PAA copolymer: THF, DMF and 1,4-dioxane. Addition of cadmium acetate
to the copolymer in each of the solvents was expected to lead to the formation of inverted
micelles with a poly(cadmium acrylate) core and a corona of hydrophobic PS blocks. The
hydrodynamic diameter Dy of the micelles prepared by addition of cadmium acetate was
measured by dynamic light scattering and analyzed by CONTIN. The intensity distribution
of Dy values (which highlight the larger species in dispersion), presented in Figure 1 A-C,
show that the intensity-averaged effective hydrodynamic diameters are larger in THF (Dn
= 55 nm) than in dioxane (Dn = 39 nm), indicating that, although well-defined micelles are

formed in both solvents, these are probably more agglomerated in THF (Figure 2-1, A and
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C). For the sample prepared in DMF (Figure 2-1 B) the intensity-averaged distribution

reflects the possible presence of isolated chains and a broad distribution of aggregates.

The presence of isolated chains in the dispersions can be better observed in the
number distributions of Dy. The breadth of these distributions (Figure A2.1) indicate that
in the sample prepared in DMF, most of the species in dispersion correspond in fact to
unassociated copolymer chains (Dn < 5 nm) and small aggregates with a broad size
distribution (RSD = 200%). On the other hand, the predominant species in unfiltered
samples prepared in dioxane and in THF are block copolymer micellar aggregates of
similar and homogeneous size, with the relative standard deviations (RSD) of the number
distributions showing that the sample prepared in dioxane (RSD = 50%) is slightly less

heterogeneous than the one in THF (RSD = 60%)).

We thus conclude that micelles prepared in dioxane are both homogeneous in size

(unlike in DMF) and colloidally stable (unlike in THF).



50

Dioxane

D,=39+25nm
RSD =67%

Intensity

DMF

D,=22+27 nm
RSD = 123%

Intensity

THF

D, =55 %44 nm
RSD = 80%

SR— ,IJ ' ll,v_w

0.1 1 10 100 1000 10000
Hydrodynamic Diameter (nm)

Intensity

Figure 2-1 Hydrodynamic diameter intensity distributions obtained by CONTIN analysis
of the DLS measurements of cadmium acrylate-core micelles in 1,4-dioxane (A), DMF (B)
and THF (C). The average values of Dy were calculated directly from the histograms
(presented with the width of the distribution and the corresponding relative standard

deviations, RSD).

To better understand the relative thermodynamic stability of the cadmium acrylate
micelles formed in THF and dioxane, we performed static light scattering (SLS)
measurements in tandem with the DLS measurements. The samples were filtered with 0.45
pm Teflon filters to remove any larger aggregates (SLS is especially sensitive to dust and
other large scatterers). It was observed that under identical conditions, only the sample in
dioxane was capable of generating a stable dispersion of micelles (Figure A2.3). In both

DMF and THF samples it was not possible to obtain meaningful Zimm plots, probably due
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to aggregates evolving over time, during the measurements: the small aggregates and the

micelle agglomerates previously detected by DLS for DMF and THF samples, respectively.

The SLS measurements of the cadmium acrylate reverse micelles in dioxane
indicate a micellar molecular weight My = (1.4 £ 1) x 10° g-mol™!, a radius of gyration R,
= (24 + 4) nm and a second-virial coefficient 4> = (3.4 £ 1.7) x107 cm?® mol-g2. Although
these data were obtained for samples filtered with 0.45 um Teflon membranes while the
intensity-averaged DLS measurements in Figure 2-1 Hydrodynamic diameter intensity
distributions obtained by CONTIN analysis of the DLS measurements of cadmium
acrylate-core micelles in 1,4-dioxane (A), DMF (B) and THF (C). The average values of
Dh were calculated directly from the histograms (presented with the width of the
distribution and the corresponding relative standard deviations, RSD). were performed with
unfiltered samples, there is a good correspondence between the these results, with the ratio
Rg/ (Dn/2)=1.2=£0.1 indicating a star-like micelle structure with a corona of random coil
chains. The second virial coefficient value is small but positive, indicating that the
intermicellar interaction is repulsive (i.e. the micelles are stable in dioxane). The meaning
of this value can be better understood by expressing the second virial coefficient as a hard-
sphere virial diameter, D42, which corresponds to a sphere where only the excluded volume

effect has been taken into account:

1
3M3Z A5\3
Diz =2 (Fmt) (1)
where My, is the molecular weight of the micelles and Na the Avogadro number. While for

noninteracting spherical particles, D4> should be very close to the hydrodynamic dimeter,

our micelles in dioxane have D> = 37.5 nm, * a smaller mean value than the intensity-
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averaged Dn = 39 nm obtained by DLS (Figure 2-1), as expected for star-like block

copolymer micelles with a “soft” outer shell leading to steric stabilization.

The poly(cadmium acrylate) core of the micelles were then used as nanoreactors to
prepare CdSe QDs by adding Na>Se in an approximately 50/50 (v/v) mixture with toluene.
Formation of a CdSe QD at the micelle core originates a quantum dot micelle (QDM,
cartoon in Scheme 2.4) where the QD is encapsulated by a PS shell. These experiments
produced clear yellow colloidal dispersions when 1,4-dioxane was used in the preparation
of the micelles (Figure 2-2A, top). With both DMF and THF we obtained slightly turbid
dispersions (Figure 2-2, B and C, top), which precipitated overnight (Figure A2.4).
Furthermore, the typical emission of CdSe quantum dots (observed under 365 nm
illumination in Figure 2-2, bottom) was only clearly observed for the sample prepared with

1,4-dioxane.

Scheme 2.4. Cartoon representation of the CdSe quantum-dot micelle (QDM) structure.
The PAA-b-PS-TTC-PS-b-PAA block copolymers self-assemble in dioxane upon addition
of CdAc», forming micelle nanoreactors with a core of cadmium-crosslinked PAA blocks
(purple) and a flower-like corona of PS blocks (green) with a TTC group (red) at each
“petal”. The CdSe QD is formed at the micelle core by addition of Na>Se.
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Figure 2-2 Photographs of CdSe QDMs in the three solvent composition under ambient
(Top) and 365 nm (Bottom) light. Samples A-C correspond to Dioxane/Toluene,
DMF/Toluene and THF/Toluene 50/50 (v/v) mixtures respectively. Figure A2.4 shows that
samples B and C produce significant precipitate at the bottom of the vials after overnight

settling.

In the case of the sample prepared in 1,4-dioxane, the obtained CdSe QDMs are
clearly visible by TEM (Figure 2-3A). Due to electron densities, only the CdSe QDs in the
micelle cores are observed. From the TEM images, and by measuring ca. 170 QDs, we
determined a size distribution corresponding to a mean QD diameter of 3 nm with a
population standard deviation of 2 nm. The CdSe QDMs dispersed in a 50/50 mixture of

dioxane and toluene (v/v) measured by DLS following filtration through 0.45 um Teflon
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filters, have a number-averaged effective hydrodynamic diameter of 20 nm with a
population standard deviation of 5 nm (Figure 2-3B), which compares to Dn = 14 nm
obtained for the cadmium acrylate-core micelles prepared in 1,4-dioxane (Figure A2.2).
The UV-vis. absorption of the QDM prepared in 1,4-dioxane (Appendix 2.4) is typical of
CdSe QDs, with both the excitation and photoluminescence spectra featuring bands that do

not change with the excitation wavelength, and are characteristic of quantum confinement

effects (Figure 2-4).

B
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Figure 2-3. (A) Transmission electron micrograph of CdSe QDMs deposited from dioxane with
a mean QD diameter of 3 nm with a population standard deviation of 2 hm, shown with a 50 nm
scale bar. (B) Hydrodynamic diameter Dy number distribution generated by CONTIN fit of
dynamic light scattering measurements of CdSe QDMs in a 50/50 mixture of dioxane and toluene

(v/v), following filtration through 0.45 um Teflon filters. The average value of Dy was calculated
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directly from the histogram. The number-averaged effective hydrodynamic diameter is Dy =

20 nm, with a population standard deviation of 5 nm.
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Figure 2-4. Photoluminescence spectra of CdSe QDMs in a 50/50 mixture of dioxane and
toluene (v/v). (A) Emission spectra at four different excitation wavelengths (collected with a 10x
neutral density filter, normalized by their relative intensity to the most emissive run, i.e. 470 nm),
taken around the exciton peak. Excitation spectrum collected at 520 nm (normalized at Amax= 470
nm) included for reference. (B) Excitation spectra at four different emission wavelengths
(normalized by their relative intensity to the most emissive run, i.e. 520 nm). Emission spectrum

with excitation at 470 nm (normalized at Amax= 520 nm) included for reference.

The formation of small aggregates in DMF upon addition of cadmium acetate,
instead of the homogenous micellar aggregates observed in THF and dioxane, appears to
lead to core fusion/aggregation when the CdSe nanocrystals grow in this solvent, leading
to the formation of large, colloidally unstable and non-emissive CdSe crystals that

precipitate overnight. In the case of THF, although cadmium acetate micelles are initially
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formed as in dioxane, the micelles are less stable than in dioxane and lead to CdSe

nanocrystals with very low emission that precipitate overnight.

Static light scattering of the final CdSe QDMs obtained in dioxane (Figure A2.3 B)
yielded a micelle molecular weight of My, = (1.2 + 0.4) x 10°g mol™. Using the molar mass

of the copolymer chain (Table 2.1), we calculate a micellar aggregation number of 80 +

217.

Considering the copolymer structure and the colloidal stability of the micelles, these
probably have a flower-like structure, with the TTC groups at the apex of each PS “petal”,
consisting of the central PS block that folds during self-assembly to allow the outermost
PAA blocks in each chain to be incorporated into the core, as represented in the cartoon in

Scheme 2.4,

A deeper understanding of the self-assembly behavior of the RAFT copolymer in
various solvents is germane to its application as a template for CdSe QDs and gold
nanoparticle-QD composite nanostructures. Therefore, in order to gain insight into why
stable and emissive CdSe dispersions were obtained in 1,4-dioxane, but not in THF or
DMF, we conducted a thorough characterization of the PAA-b-PS-TTC-PS-b-PAA block
copolymer in the different solvents. To probe the different interactions at play, we used a
combination of size exclusion chromatography with multi-angle laser light scattering
detection (SEC-MALS) and Molecular Dynamics (MD) simulations, note that this work

was completed by our collaborators in Portugal and Spain.

2.5.2. Characterization of the PAA-b-PS-TTC-PS-b-PAA Block Copolymer.

Size exclusion chromatography (SEC) coupled to a mass-sensitive detector, such

as viscosity or light scattering, is the most common experimental technique to verify the
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level of control over copolymer architecture and molecular weight. The combination of a

refractive index (RI) detector (sensitive to concentration) with a multi-angle laser light
scattering (MALS) detector is particularly advantageous since it offers the possibility of
obtaining both absolute molecular weights and chain dimensions along the chromatogram,
as well as information of the solvent-polymer interactions. In the case of block copolymers,
the characterization by SEC-MALS is complicated by differences in solvent quality for the
blocks, which can lead to the formation of micellar aggregates in the eluting solvent.
Although the self-assembly behavior is critical to the application of the copolymers as
templates for nanostructured materials, it provides a serious challenge to the definitive
SEC-MALS characterization of their molecular weights, since aggregation in the eluting
solvent can lead to erroneous assignment of molecular weights and strong deviations in
measured molecular weights and chain dimensions in different solvents. This is aggravated
for copolymers carrying charged monomers since salts are sometimes added to the solvent
in order to screen electrostatic interactions, potentially leading to further changes in

aggregation behavior.

The SEC-MALS characterization of asymmetric poly(styrene-b-acrylic acid)
copolymers is described in the literature, but often yields different values of apparent
molecular weight and size dispersity in tetrahydrofuran (THF), N,N-dimethylformamide
(DMF) and 1,4-dioxane (dioxane).®? These discrepancies are probably related to the
different results we obtained in the self-assembly of our block copolymer and subsequent
preparation of the QDMs. In order to clarify this relation, we measured the molecular
weight and dimensions of our copolymers by SEC-MALS in the three solvents, 1,4-

dioxane, THF and DMF, varying the dielectric properties of the last two by adding lithium
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salts. Both THF and dioxane are good solvents for polystyrene (PS), while DMF is a

marginally good solvent for PS (Mark-Houwink-Sakurada exponents of 0.749, 0.694 and
0.603, respectively). No data on the quality of either THF or DMF to PAA could be found
in the literature, while dioxane has been reported to be a 6 solvent for PAA at 30 °C (the

working temperature of the SEC-MALS in these experiments).

The chromatograms obtained in THF (Figure 2-5A) show that the peaks are broader
and displaced towards lower elution volumes (i.e. higher hydrodynamic volumes)
compared to those obtained when we used THF with 0.2 M LiCl (Figure 2-5B) or with
0.15 M LiBr (Figure A2.6). The same trend was observed when using DMF as eluent and
we added 0.15M LiBr (Figure A2.6). This behavior suggests the presence of
electrostatically-mediated aggregation of copolymer chains that change with the addition
of salt, which is supported by the shift between MALS and RI signals in Figure 2-5. These
are large polymer aggregates with a broad size distribution, as indicated by the radius of
gyration curve obtained from the light scattering (SEC-MALS) experiments (Figure 2-5
and Figure A2.6). The aggregates are formed by the collapse of the polymer chains in poor
solvents (THF and DMF) to form globules that aggregate into unstable colloidal structures.
On the other hand, if we use dioxane, the MALS and RI curves are similar, with maxima
appearing at the same elution volume (Figure 2-6), as expected for non-aggregated

(isolated) chains with low size dispersity.
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Figure 2-5. Refractive index signal (red) and the MALS signal at 90° (black) versus elution

volume. Molecular weight (blue) and radius of gyration (green) calculated for each elution
volume for the copolymer in THF (A) and THF with 0.2 M LiCl (B).
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Figure 2-6. Refractive index signal (red) and the MALS signal at 90° (black) versus

elution volume. Molecular weight (blue) calculated for each elution volume for the

copolymer in dioxane.
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In order to understand the effect of the acrylic acid (AA) units in the aggregation of
the block copolymer in THF and DMF, the PAA-b-PS-TTC-PS-b-PAA copolymer was
silylated by converting the AA of the PAA blocks using (trimethylsilyl)-diazomethane.*
When the modified polymer was analyzed in THF (Figure 2-7) we observed that the
chromatograms are similar to those obtained for the non-modified copolymer in dioxane,
with the maxima of the MALS and RI curves appearing at the same elution volume. This
shows that the polar nature of the PAA groups are germane to the aggregation behavior of
the copolymer in THF, and further suggests that dioxane is a nonselective solvent for the

copolymer, since silylation is not required to suppress aggregation in that solvent.
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Figure 2-7. Refractive index signal (red) and the MALS signal at 90° (black) versus
elution volume. Molecular weight (blue) calculated for each elution volume for the

silylated copolymer in THF.

The molecular weight and radius of gyration versus elution volume obtained for the
copolymer in THF (Figure 2-5 A) and DMF (Figure A2.6 A) indicate poor
chromatographic separation since they do not cover the full range of the MALS and

refraction index peaks. The addition of salt displaces the curves to lower values of
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molecular weight and radius of gyration, due to the disruption of the aggregates: in THF,

the lowest values of molecular weight are obtained with 0.2 M LiCl (Figure 2-5B); in DMF,
the addition of 0.15 M LiBr (Figure A2.6 B) produces a significantly larger effect on the
decrease of molecular weight and radius of gyration than the addition of the same salt to
THF. Table 2.1 summarizes the average values of the molecular weight and the radius of

gyration of the copolymer and its size dispersity in different solvents.

Although polymer aggregates can be partially disrupted by salt addition in THF and
DMF, even for the more effective salts (0.2 M LiCl in THF and 0.15 M LiBr in DMF), the
determined molecular weights are considerably larger than the value determined in dioxane
(Figure 6, My = 1.6 x 10* g molt; Mw/Mn= 1.13), which is very close to the values obtained
for the methylated polymer in THF after correction for the additional methyl groups (Figure
7, My = 1.5 x 10* g mol*; Mw/Mn = 1.10). The later values are also in good agreement with
the molecular weight estimated from the conversion obtained by *H NMR (1.5 x 10* g mol
1. For the copolymer in dioxane, the size dispersity measured by SEC-MALS is typical of

RAFT polymerization.



62
Table 2-1. Average molecular weight (Mw), dispersity (Mw/Mn) and root mean square radii

of gyration <s/>>Y2 calculated by SEC-MALS for the PAA-b-PS-TTC-PS-b-PAA
copolymer in different solvents.

Solvent M/ 10° (g/mol)  <s;>>'2 (nm) My /My
THF 7.6 22 1.5
THF/0.15 M LiBr 6.1 22 1.6
THF/0.20 M LiCl 1.9 12 1.3
DMF 2.7 75 1.7
DMF/0.15M LiBr 0.34 13 1.2
Dioxane® 0.16 5.32 1.1
Silylated copolymer in THF 0.23 - 1.1

2 Estimated from the hydrodynamic radius measured by DLS (see text).

b \/alues in this solvent correspond to single copolymer chains whereas values in other

solvents represent various states of copolymer chain aggregation (see discussion in text).

It is not possible to determine the radius of gyration curve for the non-aggregated
copolymer in dioxane, nor the methylated copolymer in THF, because its small value is
beyond the detection limit of MALS detector. However, this value can be estimated using
dynamic light scattering (DLS) measurements. The hydrodynamic radius of the copolymer
chains at low concentration in dioxane, determined by DLS, is Ry = (3 + 1) nm. Burchard
has shown that for random coils in good solvents, the ratio Rg/ Rn can be estimated to be
1.78. Thus the measured value of Rn corresponds to a radius of gyration of

Rg = Rn x 1.78 = 5.3 nm, which is significantly smaller than the Ry measured by SEC-
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MALS for the copolymer aggregates in both THF and DMF (Table 2.1). The

hydrodynamic radius of the copolymer in dioxane is practically constant up to polymer
concentrations of ca. 1.5 g/L (Figure A2.7 A), with higher concentrations showing
aggregate formation (Figure A2.7) that prevents the determination of the radius of gyration
and second virial coefficient by static light scattering (SLS, Figure A2.7 B). We thus
conclude that, in order to have free copolymer chains in solution, characterization of this
and similar copolymers by SEC-MALS, DLS, and SLS should be carried out below 1.5

g/L in dioxane.

Finally, to evaluate the relative size of the two PS-b-PAA sections on either side of
the central TTC group, the TTC group was cleaved with hexylamine. The molecular weight
of the resulting PS-PAA chains was half the initial value, indicating that the tetra-block
copolymer has a symmetrical architecture, as expected from the structure of the
trithiocarbonate chain transfer agent.

2.5.3. Molecular Dynamics (MD) Simulations.

To better understand the interactions between the different blocks in the copolymer and the
various solvents used in block copolymer characterization and self-assembly experiments,
we performed molecular dynamics (MD) simulations in four model tetrablock oligomers
containing blocks of 10 repeat units each (Scheme 2.3): two type S oligomers composed
of a central trithiocarbonate (TTC) unit flanked by two inner styrene blocks and two outer
blocks of either acrylic acid (SA) or methyl acrylate ester (SE); and two type C oligomers
without a central TTC unit and two outer blocks of either acrylic acid (CA) or methyl

acrylate ester (CE).
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The simulations allow the calculation of distances between different atoms in the

oligomers, and between various atoms in the oligomers and the solvent molecules. We have
selected the following three types of atoms to follow within each oligomer chain, marked

with an asterisk in Scheme 2.3:

1.) the central sulfur atom of the TTC group of type S oligomers (one atom per oligomer,

labeled S*);

2) the oxygen atom of the carboxyl groups of type S and type C oligomers (22 atoms per

oligomer chain, labeled O*); and

3) the aromatic C atom of each phenyl group that is linked to the chain of the type S (20
atoms per oligomer chain, labeled C*) and type C oligomers (22 atoms per oligomer chain,

labeled C¥*).

The oligomer-solvent distances correspond to the average separation relative to the
center of mass of each of the 2,000 solvent molecules in each system. Distances of interest
were computed for all the configurations recorded during the MD trajectories. The radial
correlation function g(r) was calculated from the ratio between the probability of finding

two atoms at a distance r x dr to the same probability for a random distribution of atoms,
using or = 0.01 nm.

2.5.4. MD Simulations of Type S Methyl Acrylate Oligomers in THF (SE-THF).

The simulation results obtained for the methylated oligomer with a central TTC group in
THF (SE-THF) were used as reference to which the other systems were compared.
Appendix 2.8 shows the radial correlation function g(r) for the intramolecular (Figure 2.8
A), intermolecular (Figure A2.8 B) and oligomer-solvent distances (Figure A2.8 C). The

broad, approximately Gaussian, profile in Figure A2.8 A shows that the oligomer chain is
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in a coiled conformation, without observable correlation among different parts of the chain.

THF is a good solvent for PS and consequently the central part of the oligomer is quite
extended producing a rather large separation (at least by 2.5 nm) among the O* atoms of
the acrylic units at both ends of the oligomer, without noticeable correlation. On the other
hand, Figure A2.8 B shows a noticeable displacement of the intermolecular O*...O* peaks
of the correlation function towards shorter distances, but the value of g(r) is close to 1 from
1 to 4 nm, which indicates absence of correlation (and interaction) between the methylated
groups in different chains. Moreover, the S*...S* interchain correlation shows a sharp peak
at ca. 0.5 nm which is attributed to the hydrophobicity of the trithiocarbonate group

contributing to the approximation of different oligomers in a polar solvent such as THF.

The oligomer-solvent correlation curves shown in Figure A2.8 C indicate that the
coiled chains are uniformly solvated, with no evidence of preferential solvation of any part
of the methylated chains in THF. The distribution of solvent molecules is similar around
the S* atoms (central part of the oligomer chains), the C* atoms and the O* atoms (chain
ends). The first solvation shell is placed at a slightly larger distance in the case of C*
atoms, but this is due to the larger size of the phenyl groups to which the C* atoms belong.
2.5.5. MD Simulations of Type S Acrylic Acid Oligomers in THF (SA-THF).

Figure A2.9 shows that the distribution function of intramolecular distances for both
S*...0* and O*...O* are similar in SE-THF and SA-THF (Figure A2.8 and A2.9). This is
a consequence of THF being a good solvent for PS, which favors the extended
conformations of the central part of the chain, keeping the acrylic acids units away from
each other. On the other hand, the correlation of S*...S* intermolecular distances observed

at r ~ 0.5 nm for SE-THF (Figure A2.8 B) is not present in SA-THF (Figure A2.9 B).
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Instead, a much stronger correlation of the O* ... O* intermolecular distances is observed

at approximately the same value of r. The intensity and sharpness of this peak suggest that
several oligomers could aggregate through the acrylic units. Appendix 2.9 C shows that
the correlation of the solvent molecules with the S*, C* and O* atoms is similar to SE-
THF (Figure A2.8 C), indicating that the chains are uniformly solvated. The same result is

observed for the systems SA-THF/Li (Figure A2.10 C) and SA-Dioxane (Figure A2.11 C).

2.5.6. MD Simulations of Type S Acrylic Acid Oligomers in THF with LiCl Salt (SA-
THF/LI).

Figure A2.10 shows that the addition of salt to THF does not change the intramolecular
O*...0* and S*...O* distance correlations, and that the correlation for the intermolecular
S*...S* distance is also very similar to that of SA-THF shown above. However, addition
of the salt modifies the intermolecular interactions among acrylic groups which fall in
between those of SE-THF and SA-THF (compare the broken lines in Figure A2.6 B, A2.7
B and A2.8 B). These results indicate that, although aggregation persists, salt addition helps
disrupt the interactions among the acrylic acid units of different chains.

2.5.7. MD Simulations of Type S Acrylic Acid Oligomers in Dioxane (SA-Dioxane).
Figure A2.11 shows that the correlations for intramolecular S*...S* and O*...O* distances
are very similar to those obtained for both SA and SE in THF, although the peaks are
shifted towards lower values of r due to the fact that dioxane is a worse solvent for PS than
THF. Although the S*...S* intermolecular distance distribution is shifted to higher values,
indicating a lower tendency to aggregation driven by the trithiocarbonate group, the

O*...0* intermolecular distances are similar to those in THF. This result suggests that, at

least for the simulated oligomers, the tendency for aggregation (experimentally observed
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in THF, but not in dioxane), is mainly driven by the TTC groups rather than by the PAA

blocks.

2.5.8. MD Simulations of Oligomers without the TTC Group.

Finally, in order to understand the role of the central trithiocarbonate (TTC) group we
considered oligomers without this group. The CE and CA oligomers used in these
calculations are formed by a block of 22 repeat units of styrene flanked on each side by a
block of 11 repeat units of either acrylic acid (CA oligomer) or methyl acrylic ester (CE
oligomer) as shown in Scheme 2.3. The carbon atom of the central CH; group of both CE
and CA oligomers is used as the origin to measure the distances for the evaluation of the
correlation functions (similarly to the central S atom of the SE and SA oligomers), and is
represented as CC in Figure A2.12. The most important conclusion of the calculations is
that when the TTC group is not present (CE-THF; solid line in Figure A2.12 B), the sharp
peak appearing at ca. 0.4 - 0.5 in the SE-THF case (Figure A2.8 B) disappears, suggesting
that the TTC hydrophobic interactions play an important role in the aggregation of TTC-

containing chains in THF.

Comparing the results computed for CA-THF (Figure A2.12) with those of SA-
THF (Figure A2.9), the O*...O* distances (both intra and inter) are very similar for both
systems, the distribution for intermolecular CC...CC distance (solid line in Figure A2.12
B) is also similar to the S*...S* intermolecular distance distribution in SA-THF (solid line
in Figure A2.9 B). The main difference is that for S*...S* we observe values of g(r) > 1 for
very short distances (r < 1 nm), whereas the CC...CC intermolecular distance distribution
is shifted to higher values of r. This displacement indicates a lower tendency to aggregation

in the absence of the TTC group. Thus we conclude that the TTC group is responsible,
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together with the acrylic groups, for the strong aggregations among the oligomers in THF

solutions.

2.5.9. Discussion of SEC-MALS and MD Results and Importance for
Characterization and Self-Assembly of PAA-b-PS-TTC-PS-b-PAA.

The TTC group located precisely at the center of our unique copolymers gives us a
chemical handle on binding gold nanostructures at a controlled distance from the CdSe
QDs prepared by using the self-assembled copolymer template. However, the TTC group
also presents special challenges, not only for copolymer characterization, but also for
selecting appropriate conditions for its self-assembly. This adds to the problems already
reported in the literature for characterizing PS-b-PAA chains without the TTC. Our detailed
SEC-MALS and MD results helped us identified the main causes for the uncontrolled
aggregation of the copolymer in various solvents, pointing the way to its successful
characterization and controlled self-assembly conditions. While MD calculations suggest
that the TTC groups play a pivotal role in the aggregation of the simulated oligomers,
absent only when dioxane is used as solvent, the interaction between PAA blocks is
expected to become more important for larger chains. In fact, this interaction was proved
a key factor in the SEC-MALS experiments, in which aggregation could be eliminated by
reducing the interaction between PAA blocks, both in THF by methylation of the
copolymer, and by dissolving the copolymer in dioxane. These results allowed us to
understand the appropriate conditions for the characterization of the block copolymer
chains, and to select the best strategy to achieve their controlled self-assembly for

application as nanoparticle scaffolds.

The fact that we could only measure isolated PAA-b-PS-TTC-PS-b-PAA

copolymer chains in dioxane, explains why only in this solvent it was possible to obtain
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the desired templates to prepare CdSe QDs by adding cadmium acetate to selectively

associate the PAA blocks. The lower stability of cadmium acetate micelles prepared in
THF and the heterogeneous aggregation in DMF ultimately resulted in extensive
aggregation and precipitation of non-emissive CdSe crystals.
2.6. Conclusions

We used RAFT to prepare a symmetric tetrablock copolymer of precisely
controlled architecture composed of a trithiocarbonate (TTC) central group, two
polystyrene inner blocks, and two acrylic acid outer blocks. The TTC functional group
offers the capability of using this copolymer as a unique scaffold for quantum dot-gold
nanoparticle composites, but also introduces challenges to controlled self-assembly, due to
its contributions to the aggregation behavior of the chains in various solvents. This was
evidenced by our unsuccessful attempts to produce well-dispersed and luminescent CdSe

QDs in RAFT copolymer templates using DMF and THF as dispersing solvents.

We carried out a thorough SEC-MALS study of the copolymer in different solvents
to better understand its aggregation behavior. In THF and DMF, the copolymer has a strong
tendency to aggregate, as evidenced by the measured high molecular weights, with addition
of salts lowering molecular weights but not to the level of single chains. In dioxane, the
results agreed with those obtained for the modified copolymer in THF after methylation of
acrylic acid groups to suppress aggregation, suggesting that dioxane is a nonselective
solvent for the copolymer, capable of dispersing single chains. Further, MD simulations
showed that hydrogen bonding between the acrylic acid units is the probable main cause
of interchain interactions leading to aggregation in THF and DMF, but not in dioxane. MD

simulations also confirmed that salt addition to THF and DMF only partially disrupt ion
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pairs formed by incomplete dissociation of the acid units, and that the hydrophobic central

TTC group contributes to the stabilization of the aggregates in THF and DMF.

Controlled self-assembly en route to nanostructure synthesis was achieved by using
dioxane to fully dissolve the copolymer and then adding cadmium acetate to induced
segregation of the PAA blocks that self-assemble into spherical inverted micelles of
homogeneous size. These micelles were then used as nanoreactors in the templated
synthesis of a single CdSe quantum dot within each core, expanding our earlier
demonstration of CdS synthesis in the same copolymer to a more common and useful color-
tunable emitter. This combination of controlled RAFT polymerization, SEC-MALS
measurement and MD modeling in a variety of solvents, and the demonstrated versatility
of nanoparticle templating, provides the framework for a general and powerful strategy for
surface plasmon-enhanced PL emission in nanoparticle-based devices.

2.7. Appendix

Additional SEC-MALS experimental results for the characterization of the PAA-b-
PS-TTC-PS-b-PAA copolymer (and its aggregates) in different solvents, average
hydrodynamic diameter calculated from the number-weighted distribution obtained by
dynamic light scattering of the copolymer in 1,4-dioxane, SLS Zimm plots of the coplymer
and the QDMs in 1,4-dioxane, and plots of the radial correlation functions obtained from
the MD trajectories for the simulated oligomers in different solvents. This material is

available free of charge via the Internet at http://pubs.acs.org
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Chapter 3 - Self-Assembly of Polymer Encapsulated Quantum
Dots and Gold Nanoparticles

3.1 Introduction
Self-assembly is the autonomous organization of individual components into

patterns/structures without external intervention.! Control over the self-assembly of a given
system is a desirable process in chemical systems across all disciplines of research as a
means of creating reversible, higher order structures with minimal experimental
input.810.121366-71 Block copolymers have been designed to self-assemble into a variety of
morphologies, dictated by their composition and that of the surrounding solvent
environment.3’>75 In tandem with self-assembly processes, a core research goal in
nanomaterial research lies the incorporation of multiple functionalities within a single
structure. These two fields of research are nicely bridged with through the use of block
copolymer micelles as templates for the growth and stabilization of metal or semiconductor
nanoparticles. These nanostructures are suitable as building blocks for subsequent self-
assembly steps, mediated by their polymer brushes.

Of particular interest as building blocks is the case in which a photoluminescent
quantum dot (QD) is encapsulated within a polymeric micelle functionalized with thiol
terminal groups on coronal chains. Such building blocks have been demonstrated to exhibit
controlled assemblies with gold nanoparticles, employing the polymer brush to mediate
interparticle spacing.?” Various assemblies comprised of a semi-conducting or metallic
nanoparticle paired with surface plasmon resonance (SPR) exhibiting nanoparticles have
been investigated in the literature. As a result of strong distance dependence on metal-
semiconductor interactions, control over their spatial positioning is critical to their

function.>’®’" These composite structures have been shown to exhibit numerous
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applications across fields ranging from sensing’®8 and photonics?®#28,  In the pursuit of

adding functionality through self-assembly, the subsequent self-assembly of block
copolymer encapsulated nanoparticle building blocks have been shown to exhibit

interesting photonic properties, such as stop-band.?>2

CHj COOH CHj

S COOH
H> H> H> ‘ Hzl ‘
HOOC CcC —C C —C+S S C—C —C—=C
H H H AT
m n m
CHj CHj
Figure 3-1. General chemical schematic of the RAFT copolymer in use for this chapter. The

subscripts ‘m’ and ‘n’ correspond to the number of repeat units.

Our groups has previously investigated the use of symmetric amphiphilic tetrablock
copolymers of poly(acrylic acid-b-styrene-b-styrene-b-acrylic acid), with a central
trithiocarbonate (TTC) group (see Figure 3-1) to prepare hierarchical QD-gold nanoparticle
assemblies which demonstrated surface-plasmon enhanced fluorescence?’. In this work,
the tetrablock copolmyer was determined to generate suitable building blocks for the
formation of cadmium sulfide quantum dots within the micellar core. Subsequently, upon
aminolysis of the central TTC group and introduction of gold nanoparticles, superstructures
with  polymer-mediated interparticle spacing and exhibiting gold-enhanced
photoluminescence (PL) were created.

This chapter will seek to expand on previous work explored in our group,?’ through
the study of a new polymer with an increased PS brush length. This will serve to

demonstrate that the methodology employed to measure emission amplification is valid

COOH
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with a different polymer; and how altered interparticle spacing brought about by increased

brush length will influence the emission amplification. Understanding these features are
key to establishing these systems as a general building block template from which a wide
array nanoparticle assemblies may be prepared. This work will be followed by an initial
investigation of QDCM assembly with the RAFT copolymer in the presence of AuNPs.
Characterization will entail investigation of photoluminescence measurements (PL),
absorbance, transmission electron microscopy (TEM), and dynamic light scattering (DLS)
in order to obtain a detailed understanding of the particles at the various stages of assembly.
QDCM assembly utilizing the RAFT-QDMs “building blocks” seeks to add to the tool kit

of methodologies for self-assembly of polymer mediated self-assembly of nanoparticles.

3.2 Experimental

3.2.1. Preparation of Block Copolymer Micelle Encapsulated CdS Quantum Dots.
Polymer encapsulated cadmium sulfide quantum dots begin by the dissolution of RAFT
copolymer to 0.5 wt % in 1,4-dioxane followed by overnight stirring to ensure homogenous
dispersal. To this solution a methanolic 0.25M CdAc2-2H>0 solution was added in a 1:1
molar ratio of Cd?* ions to COOH groups of the polymer and allowed to stir for five hours.
Sample quickly exhibits Tyndall scattering following addition of CdAc.-2H20 solution,
indicative of the formation of aggregates. A 1.9M solution of Na,S was created in a 50/50
(v/v) mixture of methanol and slightly acidic deionized water (pH = 5.46) and added to the
micellar solution in either 1:1, 1:0.8 or 1:0.4 molar ratio of COOH groups to S ions and
allowed to stir overnight in the dark. From this point onward, the samples were kept in the

dark as the CdS quantum dots are prone to photo-oxidation.
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3.2.2. Synthesis of Gold Nanoparticles.

Gold nanoparticles are created through a slightly modified Brust synthesis.® Chloroauric
acid (HAuCl4-3H20, 30 mM, 30 mL) was dissolved in deionized water and allowed to stir
for 30 minutes until fully dissolved. To this solution an 80 mL, 50 mM solution of
tetraoctylammonium bromide (TOABT) in toluene was added to the gold solution with
vigorous stirring. Phase separation occurs between the aqueous and organic layers. The
sample was vigorously stirred until all gold was transferred to the organic layer (~30
minutes), visible as the aqueous layer becomes clear and colourless while organic layer
becomes a deep orange/red. To this solution the surfactant 1-dodecanethiol is added in a
~1 molar ratio to gold (170 mg) and allowed to stir for 30 minutes until fully dispersed.
Finally, to this solution a freshly prepared, chilled 0.4 M (25 mL) solution of NaBH4 in
deionized water is added to gold in a fast, dropwise manner. The sample is then allowed to
stir overnight in order to ensure the reduction of the gold salt progresses to completion.
The sample is then decanted to remove the aqueous layer followed by reducing the volume
of solvent present using rotary evaporation. It is key that the sample is not allowed to go to
dryness at this stage, as bulk gold will plate out on the vessel walls. Under the above sample
conditions the volume is usually reduced to a volume of ~15-20 mL. Following this, several
wash steps are performed twice with anhydrous ethanol followed by another wash with
acetone. The samples are then allowed to dry under vacuum at room temperature overnight

whereupon they are characterized by TEM and absorption measurements.
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3.2.3. Preparation of Gold Nanoparticle-Conjugated Quantum-Dot Micelles (QDM-

AUNPSs).

Creation of dispersions comprised of QDMs with variable amounts of AuNPs were
prepared in a 1:1 mixture of dioxane:toluene (v:v). Dilute solutions of stock QDM solution
were prepared in a ~10x dilution, e.g. 1.5 mL of stock in 15 mL of dioxane. A designated
quantity of AuNPs were added to 2 mL of this dilute solution of QDMs to which pure
toluene was added to bring the final solution volume to 4 mL. This dilution process ensured
that all samples were of identical composition with the exception of the variable amounts
AuUNPs. Following this preparation, a 10x molar excess of 1-hexylamine per TTC group
was added, transforming the TTC group into thiol groups thereby promoting binding to the
AuUNPs. Samples were stirred vigorously overnight at 25 °C in the dark to ensure
completion of the reaction. The samples are created with different molar ratios of thiol
groups to gold atoms, termed Rau, which corresponds to different ratios of CdS QDs to
AUNPs, termed Rene. Samples were prepared with values of Ray = 0.1, 0.2, 0.3, 0.4, 0.5,
1.5 and 3.0, which correspond to Rene = 0.002, 0.004, 0.006, 0.008, 0.01, 0.03 and 0.06.

Below is a sample calculation for converting Rau to Rene:

Nsy X Rpy

Renp = TN (3.1

Where Nsn is the number of thiol groups per micelle, Nay is the number of gold atoms
per nanoparticle. Calculation of Nsy and Nay can be found in Ref. 73, as well as in section
3.4.2. Standard deviations were calculated from the measurement of triplicate QDM-AuNP

solutions prepared from the same stock solutions.
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3.2.4. Preparation of QDM-AuNP Compound Micelles (QD-AuCMs).
Two primary methodologies were tested for the formation of QD-AuCMs; Method 1:

QD-AuCM assembly beginning at the concentrations resulting from the above synthesis of
QD-AuNPs and Method 2: beginning QD-AuCM formation without dilution of samples in
dioxane and toluene. In method 1, QD-AuCM assembly begins at a concentration of solid
material of ~0.002 wt%, the concentration resulting from QDM-AuNP formation, note for
these studies Rene = 0.056 was used. To the stock QDM-AUNP solution a solution of 0.002
Wt% PSa4033-b-PAAe2.4 (subscripts denote repeat units, from M,) was added at three
different blending ratios. Specifically, these blends correspond to fopm-aune = 0.15, 0.25,
0.35 where fopm-aunp represents the weight of QDM-AUNP solution over the total mass of
the two solutions. To these mixtures, deionized water was added under vigorous stirring at
a rate of ~5 wt%-min up to a final concentration of 25 wt%. Samples were then dialyzed
against deionized water in 1 MDa nominal pore size, regenerated cellulose dialysis tubing
for 24 hours, replacing the deionized water after 2, 4, 8, 12 hours. Samples were then
weighed in order to determine the new sample concentration. In method 2, the QD-AuCM
assembly begins at three different initial concentrations: 0.1, 0.25 and 0.5 wt%. In contrast
to method 1, these samples are not diluted with dioxane and toluene, rather the AuNPs are
added in the proper ratio to the stock QDM solutions (Rene = 0.056). Subsequent steps in
method 2 are the same as those listed in method 1. The blending ratios for method 2 were
as follows: fopm-aune =0, 0.05, 0.1 and 0.15 were explored. Water addition remained at ~ 5
wt%-mint up to ~25 wt%. The dialysis process remained unchanged. Samples were

subsequently characterized by DLS, PL and absorbance measurements.
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3.3. Instrumentation

3.3.1. Dynamic Light Scattering.
Dynamic light scattering measurements were performed on a Brookhaven Instruments Co.

BI1-200SM research goniometer system, with a Brookhaven Instruments Co. Mini-L30 30
mW red (636 nm) compact diode laser. Measurements were carried out in cylindrical glass
cells in order to simplify the corrections needed for refractive index variations. The circular
vat cell contains decalin to minimize light refraction. The measurements were analyzed
using the analysis package CONTIN (Brookhaven) in tandem with a cumulant fit to
determine hydrodynamic diameter (Dn) and particle size distribution. In order to minimize
dust from the solvent, this was filtered with 2 x 0.22 um pore size syringe filters.

3.3.2. Photophysical Characterization.

Absorbance measurements were performed on a Perkin EImer Lambda 1050 UV/Vis/NIR
spectrophotometer with a wideband 3 detector module. Fluorescence spectroscopy was
performed on an Edinburgh Instruments FLS920 spectrometer with a 450W xenon arc
lamp and a Hamatsu R5509 photomultiplier tub (PMT) detector. Slit widths were adjusted
to achieve a 5 nm resolution with a dwell time of 0.5 s.

3.3.3. Transmission Electron Microscopy (TEM).

Transmission electron micrographs were obtained on a JEOL JEM-1400 transmission
electron microscope with a LaBs filament, equipped with a GatanOrius SC100 camera,
with an accelerator voltage of 80 kV. TEM grids for QDM and QD-AuCM assemblies were
prepared first by cooling an (Al) block in liquid nitrogen, a 300-mesh carbon coated Cu
TEM grid was placed on the Al block and 10 uL of QDM or QD-AuCM solution was
dropped onto the grid and quickly immersed in liquid ethane. Solutions were then placed

under vacuum until dry. Sublimation is unlikely in the case of the QDM assemblies due to
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insufficient vacuum, rather evaporation probably occurred. For AUNP samples, a 10 pL
sample of AuNP solution was deposited on 300-mesh carbon coated Cu TEM grids and

allowed to rest for 30 s before excess solvent was wicked away.

3.4. Calculations

3.4.1. Determination of CdS Core Diameter from Band-Edge Analysis.
In order to determine the size of the CdS core, an absorbance measurement was collected.

From this measurement, the wavelength for the band edge threshold Awresh Was determined

from extrapolation to the baseline (see Figure 3-2). Awresh Will correspond to the onset of

the band edge absorption.
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Figure 3-2. Absorbance spectrum of RAFT-CdS QDM with arrow indicating the extrapolated

threshold wavelength for input in equation 3.2.

From Atresh the median core diameter (Dinresh) can be determined from the following

equation:

1
D = 3.2
thresh ™ (01338 —0.0002345*A¢hresh) (32

This provides an average core diameter in Angstroms, which can then be converted to

nanometers.2’:85
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3.4.2. Determination of the Number of Thiol Groups per Micelle.
In order to calculate an Rene Value, the number of polymer chains, and therefore the

resultant number of thiol groups, must be calculated. Beginning with Dinresh from above,
the volume of the CdS core (Vcgs) can be calculated as follows:

Amr3
Veas = # (3.3)

Where rinresh is half of Dinresh, typically volume is calculated in centimeters (1 cm = 1x107
nm) in order to determine the mass of the CdS core:

Mcas = Veas X Pcas (3.4)

where Mcgs is the mass of the CdS core, and pcds is the density of CdS (4.82 g-cm™).

From the Mcgs, we can determine the number of cadmium ions per micelle by:

MCdS
MWegs

Npgor = X N, (3.5)

Where Ncaz+ is the number of Cd?* ions in the micelle, MWcgs is the molecular weight
of CdS (144.48 g-mol™) and Na is Avogadaro’s number. Operating under the assumption
that there are 2 PAA (COQ") ions for each cadmium ion, each micelle is comprise of Nca2+
x 2 PAA groups. Each polymer chain is comprised of 34 PAA units, and each chain will

be split into 2 thiol groups, this results in the number of thiol chains per micelle, NsH given
by:
X 2 (3.6)

3.4.3. Determination of the Number of Gold Atoms per Nanoparticle. The
calculation for determination of the number of gold atoms per nanoparticle, Nau, the
average mass of individual NPs can be determined based on the diameter of the NP

determined from TEM measurements. Following the process laid out in section 3.4.2, May
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can be determined using the volume of a sphere, the density of Au (pas=19.7 g-mol™). The

number of gold atoms per nanoparticle, Nay, IS given by:

My
MWy,

Ny, = X N, (3.7)

Where MWa, is the molecular weight of gold (196.97 g-mol™).

3.4.4. Determination of Emission Amplification. In order to determine emission
amplification results for a given QDM-AuUNP assembly, absorbance measurements of the
QDM and AuNP were collected alongside the emission results. To correct for auto-

absorption effects for the assemblies, equation 3.9 was applied:

AbSCdS Alex + AbSAuNP Alex + AbSAuNP Aem)

FI =FI] X (
corr AbSCdS Aex

(3.9)

where FI is the fluorescence intensity at a given wavelength, Fleorr is the corrected
fluorescence intensity, Abs;.xand Abs:.m correspond to the absorbance of the samples (CdS
or AuNPs) at the excitation and emission wavelengths respectively. This correction factor
is applied at each emission wavelength. Subsequently, Flcorr is compared to the QDM stock
solution to determine the emission amplification (EA):
iiZﬁFz“’”
EA = QDM / Ny, (3.10)
where the summation refers to the range from the initial emission wavelength to the final
emission wavelength (e.g. for a 350 nm excitation Aemi = 370 nm, Xemf = 680 nm), Flcor iS
the same as that determined in eq. 3.9, Flgpm corresponds to the fluorescence intensity of
the QDM stock solution, Njem is the number of emission wavelengths in the specific range.
3.4. Results and Discussion

3.4.1. Formation of QDM-AuUNP Assemblies and Emission Amplification
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Initial investigations into the assembly process by another student in the Moffitt group

began with a RAFT copolymer with a PS block length of ~39 repeat units and a PAA block
length of ~18 repeat units.?” Follow up replicate experiments were attempted using the
experimental conditions established previously in our group,?’ and detailed in sections 3.2
and 3.3. During these follow up experiments, the sample was observed to have no EA
despite virtually identical synthetic conditions to those previously investigated. It was
during the course of these experiments that problems with polymer solubility was noted,
specifically a marked increase in sample turbidity following addition of cadmium acetate.
At this stage of the assembly process a clear, colourless solution exhibiting Tyndall
scattering (indicative of the formation of micelles) is expected, instead a highly turbid,
milky solution was observed. As a result of these solubility problems, a determination was
made to obtain a new sample of RAFT copolymer. This new polymer was synthesized by
our collaborator (see Ch. 2 for details) under similar conditions, which resulted in a
polymer with approximately twice the length of PS and ~17 repeat units of PAA. The
additional length of PS will result in an increased brush length upon micellar assembly,
thereby increasing the spacing between the CdS core and the AuNP. As such, a series of
experiments were performed to replicate the data previously obtained with the shorter PS
block and determine whether emission amplification was still observed with the new
polymer.?’

Figure 3-3A demonstrates a typical series of emission spectra for RAFT-CdS cores as a
function of increasing excitation wavelength excitation. Upon assembly of the QDMs with
AuUNPs it was observed that some of the samples exhibited a blue shift of the emission

peak, as well as the presence of 2-3 additional peaks (Figure 3-3B). Additionally, the
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abnormal features were not observed in samples absent of AuNPs, indicating the AuNPs

are likely playing a role in the generation of these peaks. In order to confirm these peaks
were not simply a result of experimental error, a repeat series of 10 sample preparations at
Rene = 0.056 were analyzed. From these experiments it was determined that 4/10 samples
exhibited the blue shift and additional peaks. A rate of occurrence this high indicates that
this is a real feature of the sample and not simply a result of instrumental or experimental
error. Paired with emission data, excitation scans collected at 520 nm (see Figure 3-4)
exhibit an additional shoulder feature along the absorption edge (~400 nm) only for the
samples exhibiting the abnormal peak structures. The cause of the shoulder is however
uncertain as subsequent preparations with a new preparation of gold nanoparticles has not
exhibited this phenomenon (see Figure 3-5, Figure 3-6). A possible explanation may
include the formation of “hot-spots”, multiple AuNPs coupling to a single QDM core
altering the absorption and de-excitation pathways, and the peak shape of the QDM

cores.86:87
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Figure 3-3. A) Example of CdS core emission at four different excitation wavelengths.
B) Example of deviation between emission spectra from 350 nm excitation, listed based

on their frequency over ten replicate samples.
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Figure 3-4. Average excitation scans collected at 520 nm emission shown with error bars of

samples in the absence (Rene = 0) of and presence (Rene = 0.056) of gold nanoparticles.

Successive studies of the emission amplification process resulted in several
successful preparations, with no indication of blue shifting or additional emission peaks
(see Figure 3-5 and Figure 3-6). Two of these samples are included for discussion in
addition to a background scan in which the TTC group of the RAFT copolymer (scheme
3.1) was not cleaved to form thiol terminal groups. These two emission amplification
experiments were performed using different pairs of CdS and AuNPs. The first of these
experiments, referred to as the purple series, has the relevant optical properties and size
information detailed in Figure 3-5; while the second series, referred to as the black series,
is detailed in figure Figure 3-6. Note that the very small features along the main emission

peaks are simply noise.
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Figure 3-5. Representative TEM image for CdS cores of the purple run of Figure 3-7(A),
representative emission and excitation spectra for Figure 3-7 purple run (B). Figures C and D

correspond to TEM images and absorption spectra of the AuNPs used for the black run. Scale bars
correspond to 20 nm.
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Figure 3-6. Representative TEM image for CdS cores of the black run of Figure 3-7(A),
representative emission and excitation spectra for Figure 3-7 black run (B). Figures C and

D correspond to TEM images and absorption spectra of the AuNPs used for the black run.

Scale bars correspond to 20 nm.
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Figure 3-7. Emission amplification as a function of RGNP at a 350 nm excitation wavelength.
The four spectra correspond to the original data for the project with the original polymer sample
(green), two separate sample runs with the new polymer sample (purple, black) and a background
of the sample with no addition of hexylamine (red). Error bars correspond to standard deviations.

Figure 3-7 demonstrates the emission amplification plot as a function of Rgne for samples
excited at 350 nm. The method of EA determination is detail in section 3.3. The
background measurements (red series) demonstrate that if the TTC group of the RAFT
copolymer is not cleaved, there is virtually no indication of emission amplification. The
exception to this is one of the triplicate measurements for the Rgne = 0.04 sample, which
did indicate the presence of emission amplification. As this is a single data point, it may
very well be experimental error, further replicates will be required to confirm. The tentative
conclusion that can be drawn from this result is that the cleavage of the TTC group and the
subsequent binding of the AUNP to the QDM corona are required for EA to occur. The
green series represents the initial work on EA characterization for these samples
investigated in our group.?’ It is the EA of the green series that the current samples, the

purple and black series, are attempting to replicate. It is clear from their traces that EA is
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certainly visible in both of these samples; however, they have drastically different EA

responses. At first glance, the differences between the two sample sets (Figure 3-5 vs.
Figure 3-6) is not immediately obvious from their physical characteristics; both share
primary emission peak centers at ~520 nm, band edge analysis of the cores (see section 3.3
for details on this calculation) indicate CdS core sizes of ~2 nm, TEM data indicates both
AuNP samples have mean core diameters, X, of ~4 nm. The only major difference
associated between the two samples is during the formation of the CdS core, specifically
for the purple run (Figure 3-5A, B) the CdS core was created through the addition of NazS
in a 1:1 molar ratio to COO? groups; whereas the black run (Figure 3-6 A,B) had a 1:0.4
S#:CO0%* molar ratio. This difference, apart from altering the final EA outcome (Figure
3-7) appears to have limited effect on the emission profile of the CdS cores. If a size
differential was observed, this would be reflected in the excitation and absorption scans
(larger particles would be red shifted), if surface passivation was observed there would be
a decrease in trap state emission intensity and a growth in band edge emission. One might
also expect to observe an alteration of the micellar structure as the sample with a higher
NazS ratio will be replacing Cd?* ions, which act as cross-linkers of the PAA core forming
blocks, with Na* ions which are unable to cross-link the PAA blocks. This effect is not
observed though as it would result in micellar break up followed by precipitation of the
insoluble CdS cores within the organic solvent environment. If experimental errors were
the cause of the sample variation, one would expect larger standard deviations for the data
sets. This is expected as the error would be propagated through all the calculations detailed
in section 3.3, resulting in a significant deviation. Despite their different trends, both the

purple and black series of Figure 3-7 clearly indicate that despite the increased PS block
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length relative to initial investigations performed previously within our lab (green run,

Figure 3-7), EA is observed with this system.

3.4.2. Self-Assembly of QD-AuCMs
AuNP

> ~
( % :;g»? i) H,0 Addition

_~ i) 24 hr Dialysis
'\ \CdS-QDM /! r

PS-b-PAA QbCM

>

Figure 3-8. A diagram showing the process of QDCM formation through the addition of single
chains, water and dialysis.

Following determination that emission amplification is viable with an increased PS
block length, it becomes desirable to determine if further self-assembly into quantum dot
compound micelels (QDCMs) is viable for the QDM-AuUNP assemblies. To this end, two
methods of sample preparation were investigated: the first method involved the use of
previously prepared QDM-AuNPs followed by assembly into QDCMs following the
process outlined by Figure 3-8. Adaptation of the method previously explored in our
group?® to this technique proves unfeasible however for two primary reasons. First, the
concentration of materials is significantly lower than those previously explored, ~0.5 wt%
in the original against ~0.002 wt% in the QDM-AUNP prep. This does not inherently cause
problems for the formation of QDCMs however it results in samples of such low
concentration that they are too dilute for detection via fluorescence and light scattering
measurements following dialysis. The second problem associated with the use of QDM-

AUNP samples is a result of the 50/50 composition of dioxane and toluene. At low blending
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ratios (fopm-aunr), the solvent composition of the QDM-AuUNP system is negligible relative

to the significantly higher volume of dioxane solubilized single chains; however, above
~fopm-aune = 0.15 the increased percentage of toluene in the final solution results in phase
separation upon dropwise addition of water. As such it is impossible to form the QDCM
assemblies in a meaningful quantity under typical EA assembly parameters (see section
3.2.3.) without either: concentrating the sample which potentially resulting in aggregation
of the particles, or dialysis first in dioxane to remove the toluene component followed by

water addition and dialysis.
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Figure 3-9. Representative CONTIN distribution of QDM stock solution (A) and QDM solution

following addition of AuNPs (B), I corresponds to intensity averaged frequency.

Neither of these processes are ideal and as such an alternative preparation method must
be investigated. To this end, the second preparation method involves an identical prep of
the CdS cores and AuNPs, however in lieu of performing a dilution step for the assembly
process and EA calculations, the gold nanoparticles are added to the concentrated QDM
solution (0.1, 0.25, or 0.5 wt%) with hexylamine and allowed to stir at this stage. To these
solutions a matching concentration solution of single chains (i.e. 0.1, 0.25, 0.5 wt%) was
added to create 4 separate blending ratios: fopm-aune = 0, 0.05, 0.1 and 0.15. The fopm-aune

= 0 sample serves as a baseline for comparison to samples prepared in the presence of
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QDMs. As these samples are almost entirely in dioxane, dropwise water addition does not

invoke phase separation.

Dynamic light scattering measurements were performed on the concentrated QDM-
AUNP solutions (Figure 3-9A and B) in order to determine the particle size and distribution
in solution at the each stage of assembly. In Figure 3-9 A, the DLS results for the QDM
stock solution is presented. The single peak at ~20 nm is representative of individual CdS-
QDMs, the two larger peaks may indicate dust or some aggregation of QDMs. Note that
due to the nature of intensity averaged DLS measurements, larger particulates in the
solution will be highlighted. The DLS results of Figure 3-9 B correspond to the QDM-
AUNP solutions. It is visible in Figure 3-9 B that there are large aggregates present in
solution, this is likely a result of aggregation due to the poor solubility of the dodecanethiol
stabilized gold nanoparticles in dioxane in addition to the assembly of AuNPs to the QDM
corona. Following assembly of the QDM-AuNPs with the single chains and the subsequent
dialysis, CONTIN analysis of DLS measurements as a function of initial solids
concentration (Figure 3-10) and blending ration (Figure 3-11) were obtained. Both
parameter show a large increase in average particle diameter, as expected from the

assembly process.
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Figure 3-10. Representative intensity averaged CONTIN distribution of particles at a blending
ratio of 0.15, with increasing concentration from 0.1 — 0.5 wt% from A-C.
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Figure 3-11. Representative intensity averaged CONTIN distribution of particles from an initial

polymer concentration of 0.5 wt%. A-D correspond to increasing blending ratios, corresponding

to foom-aune = 0, 0.05, 0.1, and 0.15 respectively.
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Table 3-1. Hydrodynamic diameter from DLS measurements as a function of initial concentration

and blending ratio.

Blending Ratios
Co f=0 f=0.05 f=0.1 f=0.15
Dy, /nm D, /nm D,/ nm D, /nm
0.1 wt% 269 + 1 314 + 8 265.5 + 1 226 + 9
0.25 wt% 413 £ 16 2956 363 +£13 376 + 20
0.5 wt% 534 +19 356 +5 376 + 12 397 + 30

Light scattering result show a clear trend of increasing QDCM size with increasing

initial solid concentration, moving from 269 to 534 nm mean diameter for fopm-aune = 0

based on Cumulant analysis (Table 3.1). This trend is supported by CONTIN results at

constant concentrations (Figure B3.1) and at constant blending ratios (Figures B3.2, B3.3,

B3.4). In tandem with an increase in mean diameter there is an observed increase in

polydispersity, reflective of the non-equilibrium nature of phase coarsening during

spinodal decomposition of the mixed solvent system.?>2¢ This effect highlights the fact that

the assembly process is Kinetic in nature. The implications of this process is that as

concentration of polymer increases, and the subsequent lowering and broadening of CWC,

longer particle growth times are promoted.?® As a means of size control however the use

of concentration is flawed as polydisperse samples will result in poor sample quality for

subsequent applications.
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Figure 3-12. Example fluorescence scans at 350 nm excitation for a 0.15 blending ratio.
Initial solid concentrations are compared against base QDM mixture (dashed black line).

Fluorescence measurements (Figure 3-12, Figure B3.5) show an increased emission
response as a function of increasing blending fraction and increasing concentration. This
trend stands to reason as both trends correspond directly to increased quantities of CdS
quantum dots. It should be noted the drastic increase in scattering relative to the QDM
reference (Figure 3-12, black line). The photoluminescent properties of these assemblies
even at fopm-aune = 0.15 is difficult to distinguish from the baseline. As such, these samples

lend strong support for future investigation into higher blending fractions.
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Figure 3-13. Representative TEM micrographs of the various QDCM assemblies, increasing from
0.1 - 0.5 wt% (L-R) and blending ratios of 0 - 0.15 (top to bottom). Scale bar corresponds to 200
nm

TEM imaging (Figure 3-13) shows an interesting trend both as a function of initial
solid concentration (Co) and blending ratio, fopm-aune. In general, an increase in average
size as well as polydispersity of QDCMs is observed, matching DLS data. A secondary
phenomenon is however visible from TEM that DLS measurements do not reflect. As the
concentration and blending ratios increase, there is a morphological transition from
primarily vesicles (co = 0 wt%, fopm-aune = 0) to primarily spheres (co = 0.5 wt%, fopm-aune
= 0.15). This trend is observed for the samples along both co and fopm-aune independent of

one another. At higher magnifications it becomes more apparent that the nanoparticles
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locate along the interface of the vesicle wall and the core (Figure 3-14B) followed by a

more even distribution throughout the core upon morphological transition to micelles
(Figure 3-14 C,D). Note that for the given samples there is limited contrast between the
CdSe cores and the PS matrix which surrounds them due to the small size of the CdS cores
(~2 nm) and the similar densities of the two materials. As such, the observed particles in
the QD-AuCM TEM images are believed to be the AuNPs as they are sufficiently large
and dense to provide adequate contrast to the PS background. Similar images collected
previously in our group?® made use of dark field microscopy in order to obtain images of

the CdS cores within the QDCMs and should be investigated in the future of this project.
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Figure 3-14. High magnification TEM micrographs of the 0.1 wt% QDCM assemblies, with

increasing blending ratio from A-D
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Figure 3-15. Photographs under fluorescent lighting (top) and 365 nm light (bottom) of 0.1 wt%,
f=0.05 QDCM assemblies at the three different QDCM assembly steps, A) addition of single
chains, B) addition of 25 wt% water and C) following 24 hours of dialysis.
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Figure 3-16. Photographs of QDCM assemblies under fluorescent light (left) and 365 nm light
(right). Concentrations correspond to 0.1, 0.25 and 0.5 wt% from top to bottom and f= 0, 0.05,
0.1, 0.15 from A-D respectively.

Photographs of the assemblies are provided under ambient and 365 nm illumination
(Figure 3-15, Figure 3-16) to demonstrate the dispersal of the QDMs within solution. The
drastic increase in sample turbidity, as seen between Figure 3-15A and B, is explained by
the formation of QDCMSs whose large size scatters substantially more light. These photos
are paired with light scattering measurements, and TEM data to verify that the QDM-AuUNP
assemblies are in fact being partitioned into the QDCM cores. This is easily observed in

photographs as any non-encapsulated QDMs would precipitate out of solution very quickly
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in the aqueous environment. Any precipitation would be clearly observed following either

the dropwise water addition stage or following dialysis.
3.5. Conclusions

The creation and hierarchical self-assembly of RAFT copolymer encapsulated
cadmium sulfide quantum dots in the presence of gold nanoparticles was investigated. The
use of a RAFT copolymer with a PS block approximately twice as long as that used in the
earlier study by a different student from our group was applied to provide emission
amplification of the CdS core quantum dots. The emission amplification process with the
longer coronal block appears to be sensitive to the molar ratio of sodium sulfide to COO-
groups. Despite their deviations in EA response, the follow up experiments clearly
demonstrate that the EA methodology can function under different experimental conditions
and serves as a promising basis for future study.

In addition to the confirmation of emission amplification, the formation of QDCM
assemblies with QDM-AUNP assemblies was investigated for the first time, resulting in
the formation of stable compound micelles. Size control, polydispersity and morphologies
were investigated as a function of both initial solids concentration and as blending ratios
of QDM-AuUNPs with QDCM forming single chains. Formation of these particles was
confirmed through the use of TEM, DLS and PL measurements. It was observed that as
blending ratio and concentration increase, a change in morphology - from vesicles to
spheres - was observed in tandem with increases in average particle diameter and
polydispersity.
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Chapter 4 - Conclusions and Future Work

4.1. Conclusions

In this work we have detailed the synthesis and characterization of amphiphilic
tetrablock PS-b-PAA RAFT copolymer encapsulated cadmium selenide and cadmium
sulfide based quantum dots. Additionally, initial investigations into the self-assembly of
QD-AuCM was described. The techniques established for these systems provide a solid
ground work for use of these materials as building blocks for subsequent self-assembly
applications.

In Chapter 2 the methodology to synthesize cadmium selenide quantum dots within
tetrablock RAFT copolymers was established. The CdSe quantum dots in a mixture of
dioxane and toluene demonstrate a sharp, slightly Stokes shifted emission peak upon
excitation by incident light around 470 nm. In order to determine optimal synthetic
conditions, the careful analysis of the synthetic process across three common organic
solvents (dioxane, THF, and DMF) was required for future works on the self-assembly of
these materials. Through a combination of experimental design and computational analysis
it was determined that in THF and DMF, the PAA block of the RAFT copolymer
demonstrated aggregation. This aggregation prevents the formation and dispersal of
quantum dot containing polymeric micelles in solution. It is visible from emission and
absorption spectra that while there are CdSe quantum dots present in the THF and DMF
based samples, the macroscopic turbidity and precipitation indicate large scale aggregation
of these materials. This chapter strives to promote the expansion of work from the CdS

analogues previously explored in our group.?” Through the study of a range of different
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guantum dot cores, a library can be developed for polymer encapsulated quantum dots as

building blocks for future applications.

The contribution to original knowledge chapter 2 provides is two-fold: expansion
on the fabrication of cadmium sulfide quantum dot micelles frequently examined within
our group to include cadmium selenide based systems, and a detailed analysis of solvent
composition on the self-assembly of tetrablock PAA-b-PS-TTC-PS-b-PAA RAFT block
copolymers. The diversification of quantum dot production within these structures serves
as a stepping stone toward the creation of a library of materials with different physical
properties, e.g. fluorescence profiles, to be selected at an investigators discretion.
Understanding the influence of solvent composition on the assembly process establishes
experimental limitations/considerations for these materials in future applications.

Chapter 3 saw an investigation into the formation of RAFT-CdS/AuNP structures
and the study of their physical properties. Specifically, this chapter builds upon research
previously investigated in this group?’ through the analysis of the emission amplification
process with a longer polystyrene block length on the RAFT copolymer. Due to the
distance dependent nature of emission amplification in the QD-AuNP system the study of
their response to variable brush lengths is germane to the determination of their
applicability moving forward. It was determined that despite the increased length of the PS
coronal chains, the current samples also exhibit emission amplification. As in the case of
the initial investigation, these samples demonstrate increasing emission amplification with
higher AuUNP concentration and with increasing excitation wavelength.

In the second half of chapter 3, self-assembly of the QDM-AUNP system used in

EA calculations was investigated. Based around initial investigations from our group,?>%
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a methodology for the preparation of QD-AuCM was developed and explored across a

range of blending ratios, fopm-aune = 0, 0.05, 0.1, 0.15 and initial solid concentrations, co =
0.1, 0.25 and 0.5 wt%. It was determined that with increasing blending ratio and initial
solid concentration, average QD-AuCM diameters increased. In tandem with an increase
in average particle size, it was determined that the systems demonstrate a morphology
change from primarily vesicles at low blending ratios and initial concentration to primarily
spheres at high blending ratios and initial concentrations. The careful analysis of how these
particles behave within the parameter space allows for isolation of a desirable sample
property, e.g. morphology or size, for further investigations into the emission amplification
process or evaluation of structure-function relationship of these assemblies.

Chapter 3 contributes to the breadth of self-assembled QDMs previously
investigated within our research group.?®-?” Specifically, in the first half of chapter 3 we
demonstrate that the emission amplification process works at two different coronal block
lengths, adding to the repertoire of available structures available for future self-assembly
processes. The second half of chapter 3 expands on the formation of QDCMs from PS-b-
PAA encapsulated QDs investigated in our group?>?8 through the use of a different polymer
system, beginning with the tetrablock RAFT copolymer in lieu of the PS-b-PAA unimer,
with the incorporation of AuNPs. As with each previous step of this assembly process, the
introduction of functionality is desirable as it provides a foothold on new areas of

exploration.

4.2. Future Work

The most important work required to continue the projects listed directly in this

thesis lies in the investigation of the QD-AuCM assemblies. Initial investigations presented
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in Chapter 3 are based around single measurements of these systems and as such a

minimum of triplicates must be performed in order to determine whether these trends
remain constant and if not, how do they vary? Aside from replicate measurements,
investigations into different blend ratios above the fopm-aune = 0.35 should be investigated
for these systems alongside investigations into total water content, rate of water addition
and finally with increasing gold concentrations. Following determination of the parameter
space for compound micelle formation, methodology must be developed for the
characterization of emission amplification within these superstructures.

A clear beginning project based around the cadmium selenide system lies in the
replication of the work completed in Chapter 3; specifically, characterize the interaction
and influence of gold nanoparticles on the emissive properties of the CdSe QDs. It stands
to reason that the methodology applied to this research will mirror that established from
our original paper on the subject?” as well as that completed in chapter 3. Following
investigation into the emission amplification process with cadmium selenide analogues,
subsequent exploration of quantum dot compound micelle formation can be investigated.

A related project to those investigated in chapters 2 and 3 would be analogues
composed of commercially available PS-b-PAA block copolymers. The purpose of this
project would be to establish methodology with commercially available polymers, negating
the requirement for the use of highly specialized RAFT copolymer. This will provide the
ability for investigators to rapidly explore a wide array of parameters such as variable block
lengths, as there is a considerable variation in the commercial availability of these

polymers. The emission amplification process under this polymer system, if it is present,
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will not be visible until assembly into the QD-AuCMs as the AuNPs will have no reason

to be associated to the QDM cores as a result of the loss of the thiol terminus.

Following the completion of these projects, the methodologies for the formation
and characterization of these micellar building blocks will be established and as such new
realms of investigation will be opened. These may entail the investigation into the
formation of different quantum dot cores, e.g. CdTe, exploration of the formation of
core/shell structures within the micellar cores, e.g. CdS/CdSe, or investigations into the
effect of core size on the emission amplification process. Building upon the QD-AuCM
work, investigations into assembly of these structures into highly ordered materials can be
investigated. This would resemble the assembly work performed by our group?>? in order
to determine the influence of the material’s structure or particle composition on the
functionality of the system.

The projects detailed in this thesis in addition to the proposed work above are
various facets of the overarching project to generate a library of self-assembled materials
(or the methodology for their assembly) which can be selected for a given property, e.g.
optical, electronic, mechanical, solubility, etc. For example, if a researcher is interested in
sensing capabilities the choice of QD core can be selected for compatibility with the matrix,
i.e. targeted emission wavelengths, with an optimized AuNP concentration for desired
emission amplification response. To this end, future investigations should be oriented

around understanding the interplay of structure and functionality for these assemblies.
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Appendix A:
Relating to the Supporting Information for Chapter 2
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System Oligomer Solvent Salt L (nm)
SE-THF SE THF No 7.05
SA-THF SA THF No 7.01
SA-THF/Li SA THF Yes 7:12
SA-dioxane SA Dioxane No 1.39
CE-THF CE THF No 7.03
CA-THF CA THF No 6.99
CA-THF/Li CA THF Yes 7.10

Figure A2.1. Composition of the systems by MD simulations. The length of the square PBC box

(L) was adjusted to reproduce a macroscopic density of ca. 0.9 g cm*. The simulations used 10

oligomer chains and 2000 solvent molecules (plus 200 CI- anions and 200 Li* cations with added

salt).
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Figure A2.2. Hydrodynamic diameter (Dn) number distributions obtained by CONTIN analysis of
the DLS measurements of cadmium acrylate-core micelles in 1,4-dioxane (A), DMF (B) and THF
(C). The average values of Dy were calculated directly from the histograms (presented with the
width of the distribution and the corresponding relative standard deviations, RSD). The insets show

one the larger aggregates in number fraction logarithmic scale.
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Figure A2.3. Zimm plots of (A) CdAc micelles in filtered 1,4-dioxane and of (B) QDMs in a 50/50

mixture of 1,4-dixane:toluene (v/v).
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Figure A2.4. Photograph of the three solvent composition samples under ambient light after
overnight settling. Samples A-C correspond to Dioxane/Toluene, DMF/Toluene and THF/Toluene
mixtures respectively. Precipitate is seen at the bottom of the cuvettes in the B and C cases.
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Figure A2.5. UV-vis spectra of the QDMs prepared in Dioxane, in a 50/50 mixture (v/v) of

Dioxane/Toluene.
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Figure A2.6.

Comparing QDM aggregation numbers calculated from different data:
1. From the molecular weight of an individual block copolymer chain (Mn,chain = 14900
g/mol) and the molecular weight of a QDM (Mw,QDM = 1.2 x 10°® g/mol), we obtain an
aggregation number of Nagg = 80 (Nagg = Mw,QDM /Mn,chain). This is a weight-
average aggregation number from light scattering.
2. Alternatively, the QDM aggregation number can be calculated from QD diameters
measured by TEM in the following manner:
For the mean QD diameter determined from TEM (dgp = 3 nm), the volume of the QD is
Vop = 4/3mrop3= 1.413 x 10%° cm®,
Using the density of CdSe, pcase = 5.82 g/cm?, the mass of a QD is
Maob = Vap X pcdse = 8.224 x 1020 g.
The molar mass of a single CdSe unit is Mcgse = 191.377 g mol-1, so the number of Cd2+
ions in each QD is
Ncd2+,op = (Mgp / Mcdse) X Na = 259.
Each chain contributes 39 acrylic acid repeat units (Naa chain) and each two of these repeat
units bind a Cd?* ion.
This gives a QDM aggregation number of:
Nagg = NCd2+,QD x2/ Naa,chain = 13

This is a number-average aggregation number from TEM.



10°
14047 DMF |
1204 [
100 /\
E 80 5
£ £
o 60 =)
A =
NU)
& 404
\K "
10 12 14 16
V (ml)
35 . -8x10*
B DMF/LiBr 0.15 M}
304 b
F6x10*
— 25 r
£ =
= 20 E
o 201
= -4x10* >
& s
@ 154
10 : : : : . 2x10"
26 28 30 32 34 36
V (ml)

127

30
5 1C THF/NaCl 0.04 M ; 8x10°
5
201 F6x10
E 15 Lax10° B
N £
= 5
& 10 =
&2 - 2x10°
5 T T T T
12 16 20 24
V (ml)
100 _
D THF/LIBr 0.15 M
801 ,
F10
E 601 \ —
c S
~ £
= o
. 40 Lin ~—
N // 0" =
w —
2043 14 16 1810°
V (ml)

Figure A2.7. Refractive index signal (red) and the MALS signal at 90° (black) versus elution

volume. Molecular weight (blue) and radius of gyration (green) calculated for each elution volume
for the copolymer solutions in DMF (A); DMF with 0.15 M LiBr (B); THF with 0.04 M NaCl (C);
and THFwith 0.15 M LiBr (D)
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Figure A2.8. Average hydrodynamic diameter calculated from the number-weighted distribution
obtained by dynamic light scattering of the PAA-b-PS-TTC-PS-b-PAA copolymer in 1,4-dioxane.
(B) Zimm plot of PAA-b-PS-TTC-PS-b-PAA in Dioxane. The small amount of aggregation at high
polymer concentrations affect static light scattering (SLS) measurements, leading to a large error
in the Zimm plot slope of the (very weak) concentration dependence, so that it was not possible to
determine the second virial coefficient and radius of gyration. The molecular weight, obtained from
the intercepts, has much lower error, My, = (1.7 + 0.4) x 10*, and is in very good agreement with
SEC-MALS results.
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Figure A2.9. Juxtaposed traces of the refractive index signal (dashed curve) and the MALS signal
at 90° (solid curve) for two injections of the copolymer in 1,4-dioxane at concentrations 4 mg/mL
(red) and 9 mg/mL (black), and the corresponding molecular weight calculated for each elution
volume for the 4 mg/mL (gray) and 9 mg/mL (black) solutions.
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Figure A2.10. Radial correlation functions g(r) for the SE-THF system calculated from the MD
trajectories. (A) Average intramolecular distances: from the central S* atom to the 22 O* atoms
(black); from the 11 O* atoms in one block to the 11 O* atoms in the opposite block (red). (B)
Average intermolecular distances: between the central S* atoms of different chains (black);
from the 22 O* atoms in one chain to the 22 O* atoms in another chain (red). (C) Average
distances from the center of mass of the solvent molecules to: the central S* atom (black), the

22 O* atoms (red), and the 20 C* atoms (blue) in one chain.
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Figure A2.11. Radial correlation functions g(r) for the distances of the SA-THF system
calculated from the MD trajectories. (A) Average intramolecular distances: from the central S*
atom to the 22 O* atoms (black); from the 11 O* atoms in one block to the 11 O* atoms in the
opposite block (red). (B) Average intermolecular distances: between the central S* atoms of
different chains (black); from the 22 O* atoms in one chain to the 22 O* atoms in another chain
(red). (C) Average distances from the centre of mass of the solvent molecules to the central S*
atom in one oligomer chain (black); the 22 O* atoms in one oligomer chain (red); and from the

20 C* atoms in one oligomer chain (blue).
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Figure A2.12. Radial correlation functions g(r) for the distances of the SA-THF/Li system
calculated from the MD trajectories. (A) Average intramolecular distances: from the central S*
atom to the 22 O* atoms (black); from the 11 O* atoms in one block to the 11 O* atoms in the
opposite block (red). (B) Average intermolecular distances: between the central S* atoms of
different chains (black); from the 22 O* atoms in one chain to the 22 O* atoms in another chain
(red). (C) Average distances from the centre of mass of the solvent molecules to the central S*

atom in one oligomer chain (black); the 22 O* atoms in one oligomer chain (red); and from the
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Figure A2.13. Values of the radial correlation function g(r) for the distances of the CA-THF
system (CA oligomer in THF) calculated from the MD trajectories. (A) Average intramolecular
distances from the central CC atom to the 22 O* atoms (black); and from the 11 O* atoms in
one block of the oligomer chain to the 11 O* atoms in the opposite block (red). (B) Average
intermolecular distances between the central CC atoms of different oligomer chains (black);
and from the 22 O* atoms in one oligomer to the 22 O* atoms in another chain (red). (C)
Average distances from the centre of mass of the solvent molecules to the central CC atom in
one oligomer chain (black); the 22 O* atoms in one oligomer chain (red); and from the 22 C*

atoms in one oligomer chain (blue).
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Appendix B:
Relating to the Supporting Information for Chapter 3
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Figure B3.1. DLS CONTIN histograms of QDCM assemblies with increasing initial

concentration (L-R) and increasing blending ration (Top-Bottom).
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Figure B3.2. Influence of initial concentration ranging from 0.1 to 0.5 wt% from top to bottom
at a blending ratio of 0.
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Figure B3.3. Influence of initial concentration ranging from 0.1 to 0.5 wt% from top to bottom at a blending
ratio of 0.05.
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Figure B3.4. Influence of initial concentration ranging from 0.1 to 0.5 wt% from top to bottom at a

blending ratio of 0.1.
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Figure B3.5. Emission spectra collected at 350 nm excitation, at an initial concentration of 0.5 wt% at

three different blending ratios.



