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Abstract

Nanocomposite films consisting of quantum dots (QDs) embedded in a host polymer matrix
have attracted immense research attention over the last few decades due to the tunable
properties and potential of these films. Such hybrid composite films can combine the unique
properties of polymers, which include flexibility, low cost, being lightweight and easily
processible, with the quantum size confinement effects of QDs. QDs have rational design
rules that enable tailored and highly controlled optical properties. In terms of potential
applications, these films have potential in photonic devices; this includes laser diodes, light-
emitting diodes, solar and photovoltaic cells, photodetectors, photon-upconversion and
photon-multipliers. However, these films suffer from structural/ morphological issues; the
QDs tend to aggregate when incorporated into the polymer matrix, due to the presence of
cohesive forces, which hinder the optical properties of these nanocomposite films, leading to
loss of the nanocomposite films' optical, electronic and mechanical properties. This thesis
aims to develop and discover processing routes that could optimise the performance of
optoelectronic devices by controlling the morphology and dispersion of QDs in

nanocomposite films.

The experiments used device relevant Lead Sulphide quantum dots (PbS QDs) dispersed into
three host polymers (PS, PMMA and F8BT); the nanocomposite films were characterised via
ellipsometry, Atomic Force Microscopy (AFM) and Grazing Incident Small angle X-ray
scattering (GISAXS). It was found that the QDs are well dispersed in the initial
nanocomposite casting solution in the presence of a solvent, with a measured quantum dot
core diameter of 4.8nm, and that aggregation occurs during the casting process; this casting
was done via spin coating. The thickness of the spin-coated films, the QDs distribution at the
film surface and the QD aggregation size were partially controlled by the host polymer My,
which all increased with increasing polymer My and decreased with it. Exchanging the native
stabilising ligands (OA) with shorter length carbon ligands Hexanoic and Decanoic acid
ligands (HA and DA) reduced the film thickness, it also gave QD-poor domain in the film’s
surface morphology, aggregation size and interparticle separation compared to films with
native OA ligands. This indicates the increased miscibility of the QDs with the polymer
matrix. Lastly, the effect of QDs particle volume fractions and polymers matrix was

investigated; it was found that increasing the QD volume fraction and decreasing the volume



fraction of polymer results in better miscibility and also with a notable reduction in
aggregation sizes than when reducing the QDs volume fraction and increasing the volume
fraction of polymer. Two films in this experiment show well-dispersed QDs in the polymer
matrix, PMMA (2600 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) and PS (1800
Muw): PbS QDs-DA (PbS QDs volume fraction ~ 0.024), where the crystal grain size is around
5nm and nearly reaches the QDs core diameter (4.8nm). Overall, these results enable us to
understand some of the fundamental factors influencing the self-assembly of the QDs:
polymer nanocomposite films and provide strategies for producing well-dispersed QDs in a

polymer matrix.
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Chapter 1 Introduction and Objectives of the Project

1.1. Introduction

Nanocomposite Films consisting of semiconducting nanocrystals or quantum dots (QDs)
embedded within polymer matrices can make functional materials with potential applications
such as solar cells [1-4], light-emitting diodes [5, 6], photodetectors photon-upconversion [7],
and photon-multipliers [8]. These materials can combine the attractive properties of the
polymer host, such as being lightweight, low cost, and flexibility, with the strong quantum

size confinement effects of the QDs, also having well-controlled optical properties [9].

There has been growing research interest in these materials in the last three decades. The
reason for this is informed by the unique properties of these nanocomposite films, principally
in renewable energy conversion and storage [2, 9]. The key benefits of these nanocomposite
films are their lightweight, and simple manufacturing methods. In addition, nanocomposite
materials have attracted attention because of their combined properties, such as barriers to
gases and moisture, efficient thermal and electrical conductivity, stiffness, toughness, and
mechanical strength. As a result of all these properties, nanocomposite materials have been
widely used in different applications such as sensors, energy devices, medicine, and advanced

goods and materials [10].

Regarding the structure of the polymers, preparation methods, and the nanoparticles, there are
three structural types of composites based on how the nanoparticles are dispersed in the
polymer. Composites can either be exfoliated nanocomposites, intercalated, or phase-
separated micro-composites, as illustrated in Figure 1.1 [11].

The nanoparticles can be classified into three categories based on their structure; firstly
spherical nanoparticles, which have a spherical shape with a diameter typically ranging from
1 to 100nm, secondly rod shaped nanoparticles, nanoparticles with a cylindrical shape; and

finally, sheet or platelet-shaped nanoparticles that have a flat form, (Figure 1.2).
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Figure 1.1/ Different nanocomposites generated from polymer-clay interactions [11].
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Figure 1.2/ classifications of the nanoparticles; (a) 0D sphere and cluster, (b) 1D nanorods and
nanowires, (c) 2D sheets, nanofilms and network.

Despite the increased use of nanocomposite films in various fields, as mentioned above, the
structural issues still need to be addressed so that improvement in the properties of these
films is still a critical concern that hinders the wide-scale industrial use of these films [5, 12,
13]. The QDs tend to be phase segregated when incorporated into the polymer matrix due to
cohesive forces, leading them to be aggregated. This, for example, lowers the
photoluminescence quantum efficiency and reduces the triplet harvesting efficiency, which
results in a loss of optical properties of the nanocomposites in optoelectronic devices [14, 15].
Moreover, the nanoparticle aggregation that follows insufficient dispersal into the polymer
matrices causes an interfacial area restriction, degrading the mechanical and optical
properties in the nanocomposite and reducing the potential enhancement of the mechanical

and optical properties [16-18].
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QD aggregation can form large agglomerates within the nanocomposite film, which may
create weak points or defects, reducing overall film mechanical strength. As QD aggregates
may decrease the flexibility of the nanocomposite film, by disrupting the regular packing or
alignment of the polymer matrix, hindering the mobility of the polymer chains, and reducing

the flexibility and elasticity of the nanocomposite film.

In addition, the QD aggregation can affect the optical properties of the nanocomposite films
in many ways, such as altering the absorption and emission spectra, where the electronic
states can interact, resulting in a shift in the energy levels and broadening of the absorption
and emission peaks. These spectral changes can affect the colour and intensity of the light
absorption and emission, potentially leading to a redshift or a blueshift in the optical response
of the film. Also, QD aggregation can affect the bandgap; when the QDs aggregate, the
electronic structure and energy levels of the QDs can change, affecting the bandgap and
optical properties of the film. These changes may result in shifts in the absorption edge or
changes in the energy required for electronic transitions, influencing the perceived colour and

optical response of the film[19, 20].

Thus, there is a need to modify the physical interaction of the polymers and surface chemistry
of the QDs to improve the chemical and physical interactions of QDs within the polymer
chains to overcome the cohesive forces between QDs and the polymer chains that contribute
to agglomeration or aggregation of the QD to achieve the desired nanocomposite film
properties (Figure 1.3) [21, 22].
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Figure 1.3/ a) The nanofillers aggregate when incorporated into the polymer matrix. b) Stearic acid
(SA) capping the nanofillers for better dispersion within the polymer matrices. This is an example of
modifying the nanoparticles surface, which results in a better nanoparticle dispersion within the
polymer matrix.

1.1.1. Renewable energy

Over the years, the world has experienced a massive increase in oil and gas consumption for
energy generation, resulting in adverse environmental impacts, including climate change.
Overcoming potential environmental hazards from hydrocarbon exploitation and their
depletion requires advanced investment in renewable energies. Wind power and
photovoltaics (PVs) have seen an uplift in their use, with substantial progress made in this
field over the last two decades. The research on storage and conversion of green energy has
reached commercial viability with lithium batteries powering vehicles instead of conventional
fossil fuels [23, 24]. As the most plentiful, cleaner, and long-lasting renewable energies, wind
and solar continue attracting significant interest; nanocomposites play an important role in

these technologies.

However, one of the research concerns is how to harness and efficiently store renewable
energy for further applications. For example, thermal thin films have been noted to be less
effective in solar energy collection due to their low thermal storage and low conductivity,
limiting their commercial or practical use. In wind generation, there are growing concerns
about the inefficiencies of conventional metal materials used for turbine blades due to metal

corrosion, weight, and costs, which hinder their use. In lithium-ion batteries, the main
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concern has been the short lifespan of these batteries due to the high corrosion levels of
conventional cathode materials. These shortcomings raise the need for additional research to

achieve higher efficiency in the renewable energy field.

Considering the above, well-designed nanocomposite films have been reported as potential
solutions to improve renewable energy exploitation. Shang et al. proposed a di-functional
nanocomposite material based on gold nanoparticles to achieve fast solar-to-heat
conversion[9]. In thermal applications, thin nanocomposite films have been used for
protection and as excellent materials to regulate heat or solar transfer[25]. QDs in solar
photoconversion are reported to increase the efficiency and speed of photon energy

conversion through photoinduced electron-hole pairs[26, 27].

The following sections further detail the application of QDs in renewable energy, specifically
focusing on Photovoltaic Devices (PVDs).

1.1.1.1. Photovoltaic devices

As the demand for PVDs increases amid the uptake of renewable energy sources, there is a
need to address the shortcomings of traditional solar panels. Some of the potential
shortcomings include limited storage and use of space. Functional nanocomposite materials
are attractive in addressing these shortcomings and making PVDs more efficient. The use of
transparent plastics or polymers such as poly(ethylene-co-vinyl acetate) (PEVA) in solar

panels can be used both in commercial greenhouses and in PV modules[28].

Nonetheless, the main concern in PVD modules is how to reach a proper structure via
achieving a high level of dispersion of the contents without compromising the thermal and

optical properties of the materials.

Over the last two decades, advances in material science have revealed that QDs or
nanocrystalline semiconductors have the potential to improve PV modules in terms of
absorbing ultraviolet light and selectively emitting visible light, thereby increasing the overall
energy conversion efficiency[29]. However, the main challenge is stabilising QDs to ensure a

longer PV lifetime and easier incorporation into polymer systems[29, 30]. So, more work is
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needed to modify the physical and chemical properties of the QDs and polymer matrices to

improve the miscibility between them.

1.2. Outlines of the project

This thesis addresses the structural issue in nanocomposite films consisting of QDs embedded
into a polymer matrix, these kinds of films often suffer from the QDs being aggregated when
incorporated into the polymer matrix. These can be used in various applications, in particular,
these nanocomposite films have potential applications in the area of optoelectronics - for
example, as efficient downconverters for use as sensitising solar cells to increase the
efficiency and trying to break the well-known Shockley-Queisser limit, whereby the
maximum solar conversion efficiency is at around 33.7% for a single p-n junction
photovoltaic cell. In this application, the nanocomposite films contain QDs incorporated into
a polymer matrix and are to be used as a front converter combined with a Singlet fission (SF)
material. The SF material nanocomposite films; will absorb the high-energy photon to form
two triplet excitons; then, these two triplet excitons will transfer to the QDs, leading to the
emission of two low-energy photons for each high-energy photon absorbed; this happens via
radiative electron-hole recombination. Finally, the emitted photons are absorbed in a

conventional solar cell, minimising the thermalisation losses in this device (Figure 1.4).

However, the QDs tend to phase segregate when incorporated into the polymer matrix from
solution, due to cohesive forces, leading them to aggregate (Figure 1.5 a), lowering their
photoluminescence quantum efficiency and reducing the triplet harvesting efficiency. The
QDs suffer from surface trap states when aggregated; these trap states act as non-radiative
recombination centres, and the competition between the radiative and non-radiative routes
minimises the photoluminescence quantum yield of the QD. So, to get the best from this
device, the QDs need to be spread throughout the nanocomposite film to obtain the desired

morphology (Figure 1.5 b).
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Figure 1.4/ A schematic of a singlet fission device that contains QDs within a Polymer matrix[31].

nanoparticles

Figure 1.5/ (a) aggregation of nanoparticles in a polymer matrix; (b) well dispersed (isolated)
nanoparticles in a polymer matrix.

The structure of the thesis follows the chronological order of work conducted to achieve the
stated aims and objectives. As such, the thesis content is organised into seven chapters,
including this introductory chapter.

Chapter 2 provides a brief literature review of QDs, polymers and previous research on
nanocomposite films consisting of them. It outlines an introduction to QDs and polymers and
establishes the background knowledge to understand them.

Chapter 3 discusses the characterisation and Experimental Techniques that will be used in
this project and the principles of them.

Chapter 4 focuses on the effect of host polymer molecular weight on the

nanocomposite film morphology of Lead Sulphide quantum dots and polymer matrix.
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Chapter 5 explores the Impact of ligand exchange on the nanocomposite film morphology
of Lead Sulphide quantum dots and polymer matrix.

Chapter 6 presents the results of the impact of changing the volume fraction of both
polymers and QDs on the dispersibility of the quantum dots into the polymer matrix.
Chapter 7 summarizes all of the key results of this QDs/polymer nanocomposite structural
study and provides suggestions for future research.

Finally, the references to all published works utilized in creating this thesis are listed at the

end of the study.

1.3. Objectives of the project

This project will study the processing routes and nanoscale morphology of lead Sulphide
quantum dots (PbS QDs) incorporated into a polymer matrix (PS, PMMA and F8BT), aiming
to develop or discover processing routes that could optimise the performance of optoelectronic

devices via controlling the morphology of these nanocomposite films.

To achieve the primary goal of the project, the following processing aspects need to be

explored and understood:

e Discover the effect of the Polymer molecular weight (Mw) on depletion forces and the

final morphology of the nanocomposite films.

e The effect of ligands on the stability of the colloidal QDs incorporated into the polymer

matrix.

e Controlling and determining the effect of QDs volume fraction on the morphology of

the nanocomposite films.

e Characterizing the process routes of the films and their final film morphology.

Finally, it is worth noting that this project is focused on studying the structural issue for the
simple case of polymers: PbS QDs and does not include the singlet fission materials, which
| leave for future work. | keep it simpler to achieve a mechanistic understanding to underpin

subsequent work on complex systems.
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Chapter 2 Literature Review

2.1. Colloidal quantum dots

Nanocrystals made of semiconductor materials with 1-10 nm diameters are named Quantum
Dots (QDs). The most numerous elements used to make the QDs in the literature are from the
I1, VI, and IV groups in the periodic table, such as (CdS, PbSe, PbS, and ZnO) and, less
commonly, from the V and Il groups, such as (InSb, InAs, and GaAs) [32]. Colloidal QDs
provide a remarkable and direct visual illustration of quantum mechanics. The sizes and
atomic structures of quantum dot nanocrystals can be visualised using electron microscopy.
When illuminated using UV (ultraviolet) light, solutions of the nanocrystals glow in distinct
and vibrant colours. Figure 2.1 shows the direct connection between the colours, ranging from
blue to red, with the increase in size of the nanoparticles. In summary, the electrical and
photophysics properties of the QDs (due to the quantum confinement size effect) can be

tuned by controlling the physical dimensions (shape, size), unlike bulk semiconductors.

The QDs form a set of nanoparticles with a wide range of applications, including fluorescent
biological labels, solar cells, and composites, and show the remarkable diversity and

evolution of nanotechnology over the past few decades [33-35].

Fundamentally, colloidal QD are composites that consist of QDs and an organic ligand shell.
The organic shell provides stability in solvents[36, 37], prevents the QDs from merging [36,
38], passivates undercoordinated atoms in QDs that would lead to exciton traps[39, 40],
works as a soft matter in the gathering of artificial solids[41-43] and enable the process of the
QDs modification [44, 45]. Besides the contribution of the ligands to the properties of the
QDs, they are vital in their synthesis.
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Figure 2.1/ illustration of the change colour and the energy levels of CdSe/ZnS with changes in QDs
size, as an example of QD behaviour [32].

Nanotechnology has evolved from a concept in the 1960s into a multidisciplinary applied
science and technology subject. In particular, public agencies, including universities, the
military, and private companies, have rolled out numerous research programs focusing on
nanotechnology in the past three decades. Researchers indicate that nanotechnology is an
exciting field that allows creativity in developing new materials with meticulously designed
Nano-sized architectures. Reed et al. were the first to mention 'Quantum Dots' in the
literature. Their paper describes the epitaxial growth of multilayer islands of AlxGal—xAs
and GaAs with x—y dimensions of ~255 nm as being a ‘system of spatially quantised’ within
which carriers have “zero degrees of freedom” [46].

Brus and Steigerwald applied this zero-dimensional (OD) materials concept to ‘colloidal
Quantum Dots' using wet chemical synthesis instead of growing them epitaxially by the
Stranski-Krastanov process. The terms “colloidal semiconductor nanocrystal” and “colloidal

quantum dot” are used interchangeably throughout the literature [47].
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Developing colloidal quantum dots, which have various properties, is one of the milestones
achieved through researchers’ creativity in nanotechnology-oriented research. Because of the
tremendous effort and resources focused on nanotechnology, researchers consistently identify
new techniques for modifying nanoparticles, including colloidal QDs. Thus, nanotechnology
is continuously yielding new and innovative functions and features that can be used to enhance

technology and, in turn, society.

2.1.1. Physical properties of the colloidal QDs

The physical properties of QDs can be illustrated using the analogy of an electron
incarcerated in a potential energy well, which is one of the most rudimentary quantum

mechanics problems. While the size of the box is reducing, the kinetic energy of the electron
is increasing because of the uncertainty relation (change in x (Ax)*change in p (Ap); % ),

which is one of the overarching quantum mechanics principles. In this regard, when the box’s

length:

L=A4X 2.1

The momentum:

p = mv 2.2

Where m is the mass and v is the velocity, the electron’s kinetic energy is a finite value

greater than zero. Specifically, the minimum kinetic energy is given by:

hZ
= SolZ 2.3
Where h is the Plank's constant, and me is the mass of the electron. The minimum kinetic
energy expression is a fundamental principle that explains the impact of size on the

semiconductor quantum dots' colour.

The kinetic energy of electrons in a quantum box arises from their motion within the box. In
the context of a particle in a box, the kinetic energy is a result of the quantization of energy
levels due to the confinement of the particle. The Kinetic energy is related to the size of the

box and is a fundamental concept in quantum mechanics. The energy of the particle in the
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box is partly potential energy, which is not yet "realized" as motion, and partly kinetic
energy, which is the energy of its actual motion. The kinetic energy of the electron is actually
the total energy of the electron when it is confined to move in one dimension within the box.
The energy of a particle in a box is quantized, and the kinetic energy is a significant feature
of the particle-in-a-box quantum states. This concept is relevant to quantum dots, as they also
involve the confinement of particles, leading to quantized energy levels and a relationship

between kinetic and potential energy.

Furthermore, as shown in Figure 2.2, the defining feature of semiconductors is that they have
an energy gap, referred to as the band gap (Eg), between an empty continuum of states,
known as the conduction band (CB), and the packed continuum of energy states, referred to
as the valence band (VB) [48]. Because a nanocrystal is similar to a small semiconductor, the
bandgap between the empty and the valence state enlarges as the size of the crystal gets
smaller. In this regard, the kinetic energy expression of the free electron indicates a
considerably small impact on the box at the nanometre scale [49]. Nevertheless, while in
solid crystalline states, electrons behave as if they have an effective mass, which may be even
ten times less than that of a free electron, the expression of the box analogy utilises the mass
m of the free electron. Thus, the uncertainty equation must be adjusted for quantum dots by
replacing the free electron mass m with an 'effective mass m*’ of an electron in a crystalline

state or an assembly in the nanoparticle.
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Figure 2.2/Effect of decreasing the box size on the energy gap of a semiconductor QD [48].

Moreover, when the QD get excited with energy higher than the band gap (Eg), the electrons
will move to the conduction band, leaving holes in the semiconductor’s valence band. The
hole and electron pair are called an exciton, often called the Bohr radius a., which is often
used to describe the size of an exciton, which is a fundamental particle in the study of
semiconductor materials. This different from the original Bohr radius, where it is a
fundamental constant in quantum mechanics that represents the most probable distance
between the nucleus and the electron in a hydrogen atom in its ground state.

The Bohr radius depends on the properties of the materials, and it is given by:

h%e 1 1
a,=— + 2.4
e Mg * My *

Where ¢ is the bulk dielectric constant, e is the elementary charge, and m,* and my* are the

effective masses of the electrons and holes, respectively. The three-dimensional confinement
size effect of holes and electrons arises when the size of the QDs decreases below the Bohr
radius. This has pioneered the development of studies that relate bandgap energy to the size
of semiconductor quantum dots. Below is presented a model with approximation to empirical
measurements:

h? 1 1 1.8¢2
Eg(QD)=Eg(b)=8< + )—( > 2.5

R* \mg*  my * 4me R
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Where Eg, QDs and Eg, b are the bandgap energies of the quantum dot and bulk solid,
respectively, R is the QDs radius.

As a result, The QDs present unique optical and electronic properties compared to bulk
materials [50, 51].

2.1.2. Electronic properties of the colloidal QDs

The electronic properties of colloidal Quantum Dots (QDs) are determined by their size and
chemical composition. For instance, as the size of a QD diminishes, the confinement
experienced by the semiconductor's charge carriers increases, and the energy disparity
between conduction bands and valence also referred to as the energy bandgap, increases. This
affects the absorption and photoluminescence; the QDs can undergo radiative recombination,
where an electron in the conduction band recombines with a hole in the valence band,
resulting in photoluminescence (emission) with a wavelength longer than the absorbed light,

and the emission wavelength can be tuned by controlling the QD size.

Moreover, the colloidal QDs exhibit a phenomenon known as multiple exciton generation
(MEG). When a high-energy photon is absorbed, it can generate multiple electron-hole pairs
(excitons) due to the strong Coulomb interaction within the confined volume (Figure 2.3).
MEG allows for generating multiple charge carriers from a single adsorbed photon, offering
potential advantages in photovoltaic applications, as it finds a solution for the energy loss that

occurs from the excess energy of the photon [52-55].
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Figure 2.3/ Sketch illustrating the multiple exciton generation (MEG) processes in a QD.

2.1.3. Lead Sulphide quantum dots (PbS QDs)

During the last few decades, a concerted focus has been on nanocrystalline semiconductors
that offer enhanced magnetic, electronic, optical, photochemical, and photophysical
properties. These Nano QDs differ from the bulk samples of the same material compositions,
and these effects are due to quantum size effects [56]. One of the most important materials is
Lead sulphide (PbS); a unique semiconductor, Lead Sulphide (PbS), has been studied
intensively in the last two decades or more. It is a unique material due to the large Bohr
radius exciton that gives the electrons and holes strong quantum confinement; PbS belongs to
the semiconductor group of 1V-VI materials with a small bandgap (0.41 ev) at 300k and a
large excitation Bohr radius (18 nm) compared to other semiconductors [57]. PbS quantum
dots (QDs) are toxic to human cells, inducing changes in molecular markers for
carcinogenesis and DNA damage[58]. The toxicity of PbS QDs can be attributed to various
sources, such as the leakage of toxic metal ions, imbalance in the systemic manifestation of
reactive oxygen species (ROS), and their high atomic number, which can lead to unwanted
leakage of lead ions in biological environments[59]. The use of PbS-QDs due to its lower
amount and higher efficiency shows promise for potential applications. However, the high
toxicity of PbS QDs remains a concern, particularly in biomedical applications, and their

potential impact should be carefully considered.
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Several methods are used to produce PbS QDs, such as gas phase, solution phase, solid-state
synthesis, glass host fabrication, and polymer films in solution. As in this work, we use PbS
QDs made in solution following the Hines and Scholes (wet chemical synthesis method [60]),
which will be detailed in Chapter 4. Colloidal QDs are synthesised with a residual coating of
stabilising organic surfactant ligands. This ligand layer coats the outer surface of the QDs
core, providing dielectric contrast with the QDs core and acting to solubilise the QDs in a
range of organic solvents, depending on the exact ligand chemistry. Controlling the initial
particle growth and nucleation event using suitable ligands and solvents is crucial because
they are essential in creating a monodisperse species and assisting in nanocrystal growth. In
this regard, Oleic acid (OA) is reported to be the most appropriate ligand to stabilise PbS
QDs, by controlling the size and shape of the particles in the organic solution and insulating
them from surrounding QDs [61, 62].

Colloidal quantum dots have huge potential for various applications due to their stability and
the ability to adjust their light absorption and emission via QD particle size. During their
synthesis, they have a layer of organic surfactant ligands that stabilise them, affect their
solubility and interaction with other QD, and subsequently incorporate them into a host
polymer matrix. The solubility of the colloidal QD and their interactions are influenced by
the chemistry of the ligands on their surface. Moreover, it is possible to change the surface
chemistry of the QD by exchanging the ligand layer with different molecules of choice. For
specific applications, it is helpful to add more complex ligands to the QD, such as in
photocatalysis [63, 64], photon upconversion [65], singlet fission[66], other optical

applications [67], and in electronic device fabrication [68].
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Figure 2.4/ High-Resolution Transmission Electron Microscopy (HRTEM) images of colloidal PbS
QDs with exciton absorption at 1440nm[62].

2.2. Polymer

2.2.1. Structural and polydispersity of the polymers

Polymers are large molecules formed from a chain of small building block repeat units
connected by covalent bonds, and these molecules are known as monomers [69]. The
polymerisation degree, n, is the number of monomer links in the chain, and the polymer
distinguishing feature is that it is long. DNA molecules, with an n of around 100 million, are
some of the longest-known polymers. A polymer molecule size is defined via the molar mass
M (g mol™"), which, for commercially available polymers, perhaps passes several hundred
thousand and is limited via polymer synthesis constraints [70]. In Figure 2.5, the structure of
the polymer poly (ethylene), (C2H4) nis shown as an example of a typical polymer structure.

Polydispersity measures the size heterogeneity of molecules or particles in a mixture.
Moreover, polydispersity is typical in any batch of synthetic polymers, meaning it has a
distribution in the length of molecule synthesis by polymerisation. The molar mass average
number My calculates the molar mass average of the distribution, this is weighted according

to the chain number Ny with a given polymerisation degree,

MN=ZnNMN 2.6
N
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While the molar mass average weight (molecular mass) My calculates the molar mass

average of the weighted distribution, according to the weight of the chains wy with a given

polymerisation degree,

Mw = Z wN Mn 2.7
A _ -
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A
A
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Figure 2.5/ The chemical structure of poly (styrene), (CsHs) n, an example of a simple polymer
structure.
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Figure 2.6/ Basic polymer structure illustration on the lift, homopolymers, statistical copolymers, and
block copolymers. On the right, linear, branched and network polymers.

The polydispersity index (P1) M w/M n is a broadness measure of the molar mass distribution

and is equal to 1 for the samples that a completely monodisperse, i.e., where the length of all

the chains is precisely the same.
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The simplest polymers are polymers with identical repeat units, using different combinations
of monomers is possible, put together in any chemically possible configuration. As a result,
there are many types of polymer families with other chemical and physical structures, the
most basic of which are summarised in Figure 2.6. Homopolymers have an identical monomer
sequence, while polymers with two or more distinct monomer types are called
heteropolymers. A block copolymer is a heteropolymer with two different chains of

homopolymer connected via a covalent bond.

Flexibility is a key feature of polymer molecules. For many synthetic polymers such as poly
(ethylene), the flexibility is due to bond angle flexibility between contiguous monomers
along the backbone. As an example of a biopolymer, the DNA is stiffer than most synthetic
polymers and can form randomly coiled conformations despite its large size and intrinsic
stiffness [71].

Because polymers are not always miscible, phase separation often occurs with nanoparticles,
resulting in the development of a nanostructured object with a particular structure, meaning
that each defined polymeric phase has a defined arrangement. Despite this understanding,
deciphering the structure of polymer phases is considerably difficult [51]. Nevertheless, it can
be achieved through several approaches, which implement Transmission Electron
Microscopy (TEM) and Atomic Force Microscopy (AFM) combined with selective phase
staining or through Differential Scanning Calorimetry (DSC) or Nuclear Magnetic Resonance
(NMR) or via small angle X-ray scattering (SAXS) and small angle neutron scattering
(SAN9S)[72].

2.2.2. Miscibility of the polymers

2.2.2.1. Miscibility of two polymers

For a blend of two non-compatible polymers, it is clear that it can achieve varying structures,
including hemispherical particles such as half-moons, core-shell particles, and particles with
several inclusions [73]. The properties of two blends of polymers usually depend on the
degree of miscibility between components, solvent, composition and the morphology of the
blends. Generally, polymer blends show immiscibility or partial miscibility due to the large
size of the polymer chains, the interfacial tension between the segregated phases, or the lack

of adhesion between the two polymers [74]. After blending, it is possible to check the
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miscibility of two polymers by examining the glass transition temperature (Tg). If there is a
single Tg, the blend is miscible, and when the blends exhibit more than one Ty, this means they

are immiscible or partially miscible [75].

2.2.2.2. Miscibility of particles mixed with one polymer

The miscibility of one polymer mixed with nanoparticles often exists in three scenarios; first,
a miscible blend; happens when a polymer and nanoparticles can be uniformly dispersed and
mixed at the molecular level; this occurs when there is a strong interaction between the
polymer and the nanoparticles. The second is an immiscible blend; in many cases, polymer
and nanoparticles do not mix well at the molecular level due to physical forces, primarily the
depletion force (The depletion force is an effective attractive force that occurs between large
colloidal particles suspended in a solution of non-adsorbing, smaller species, such as
polymers or fine colloidal particles. It arises due to the exclusion of these smaller particles
from the vicinity of the larger particles, leading to an entropic attraction), different polarity
and chemical structures between the components. When an immiscible blend forms, phase
separation occurs, forming distinct phases of polymer-rich and nanoparticle-rich regions.
Thirdly, partial miscibility occurs when favourable interactions are not strong enough to

achieve complete miscibility between the polymer and nanoparticle.

Kinetically trapped structures should be separated from thermodynamic structures among
these morphologies. In particular, because the chains’ mobility is sufficiently high to achieve
the lowest energy conformation, thermodynamic structures are achieved, especially when

particles are subjected to temperatures in excess of the glass transition temperature.

2.2.3. Polymer-colloid interactions

2.2.3.1. Colloid-limit

To characterise interactions between bare colloidal particles, the famous DLVO theory is
must be used. This states that the only interactions between colloidal particles are van der
Waals and electrostatic[76, 77]. Other forces will be at work when colloids are present with
smaller particles or solutes. To account for this condition in the CL, Asakura and Oosawa
proposed the Asakura-Oosawa (AO) model [78, 79].
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Colloidal particles are classified as hard spheres (HS) with diameter s, whereas polymers are
identified as smaller spheres (referred to as ‘penetrable’ or ‘phantom’ hard spheres (PHS) with
diameter 2d. These PHS have an HS contact with the colloidal particles, but they do not
interact with one another and can pass through other PHS. The depletion layer surrounds each
colloidal particle with zero polymer segment concentration, while the bulk concentration
outside the layer remains constant. This produces an isotropic osmotic pressure gradient in a
single sphere. In the case of two spheres separated by a distance of 2d, the depletion layers
overlap and the possibility of chains entering the space between the particles is zero,
implying that the dispersion medium between the particles is pure solvent. The osmotic
pressure gradient is now anisotropic due to the absence of polymer chains in the overlap
zone, resulting in a net osmotic force pushing particles together[80]. The size of the depletion
interaction is proportional to the solution osmotic pressure, with a range of the order of the
macromolecular diameter, implying that the depletion layer thickness is about Rq. The
polymer molecule size thus determines the sets of attraction; the strength can be adjusted

using the polymer concentration[81].

2.2.3.2. Protein-limit

Significant advancements in this research have enabled the quantification of depletion
interactions in the protein limit. Joanny and colleagues proposed mean-field treatment for the
semi-dilute regime[82]. De Gennes expanded this mean-field argument to the situation of o
<< {, demonstrating that scaling principles imply a weak attractive potential between
colloidal particles. This means that it is significantly more difficult to initiate phase
separation in the PL[83]. The CL layer thickness is of the same order as the polymer Ry.
When the size ratio of the CP mixture approaches or exceeds unity, the depletion layer

thickness deviates significantly from Rg.

Odijk presented a study on the interaction of proteins, which are termed hard spheres, with
macromolecules whose characteristic length scale (Rq for low concentration or  for high
concentration) is substantially bigger than s, the diameter of the protein sphere. The profile of
polymer segment concentration in a semi-dilute polymer solution was shaped around a very
small sphere, as was the second virial coefficient between the colloid and polymer for Rg >>
o. According to this concept, mixing very small spheres with very massive chains should

result in no phase separation[84].
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2.2.4. Colls, globules, and the radius of gyration

A flexible polymer chain explores space in the conformation of a random walk known as a
coil when placed in a solvent to magnify its configurational entropy (Figure 2.7). For example,
stretched states, where the chain is laid out end-to-end, are highly unfavourable entropically,
since they require long-range chain ordering. This gives rise to the entropic elasticity effect;
this effect happens when a force restores the coil configuration to a disordered one when a
stretching force is applied [69].
A polymer chain of N monomers with characteristic size a vectors series ai and assuming that
the neighbouring links orientations are uncorrelated (the freely jointed chain model[71, 85] )
gives a mean-squared end-to-end distance for the polymer chain of

r? = Na? 2.8

Which is the characteristic of random walk displacement. The bonds between monomers in a
polymer chain are restricted to certain bond angles[86]. To account for correlations, we can
use an equivalent freely jointed chain; the chain is split into subunit lengths b that are selected
to be greater than the correlations range, where b is the statistical length of the segment or
Kuhn length. The Flory ratio of characteristic C (in the extended chain limit) relates the sizes
ofaandb

bZ

Co="3

2.9

And the relation

72 =Np b? 2.10
Describes the end-to-end mean-squared distance of rescaled polymer chain with Ny Kuhn
monomers of size b. A real polymer chain with correlations between the vectors a; of
monomer still acts as a random walk but with an increase in the size of step b. The chain can

be considered stiff on the length scales of the Kuhn length or less.
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Figure 2.7/ lllustration of a polymer coil in solution, and the coil-globule transition from good
solvent, theta solvent to poor solvent.

Moreover, an ideal polymer chain cannot form an ideal random walk because two monomers
cannot be in the same position in space. This causes the volume v surrounding a given
monomer to be excluded, into which another monomer may not penetrate. For simplicity,

assuming b = a, the excluded volume parameter v is known as

v=a3(1-2y) 2.11

Where y is the Flory interaction parameter [70], which takes into account interactions of the

polymer-solvent, polymer-polymer and solvent-solvent, as shown in the equation below

X Z (2€ps — €pp — €ss) 2.12

~ 2kBT

Where ¢, €,, and ¢, are the interaction energies of the polymer-solvent, polymer-polymer

and solvent-solvent, respectively, while z is the neighbour number for each segment chain or

solvent molecule. Good solvent conditions are represented when y < %Where the coil of the

1

polymer is expanded and the size of the coil scales as Rg ~ N”*. The state of theta xX=;

means that polymer repulsive / interactions of solvent cancel the effect of excluded volume,

and thus the chain acts as an ideal random walk with Rg ~ N”2, In the case of x> % the coil

collapses into a compact globule, changing the excluded volume parameter sign signifying
the monomer-monomer attractive interaction (the effective monomer volume is given by |v|

where v <0 [71]), Figure 2.7.
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In polymer solutions, the three main regimes are dilute, semi-dilute, and concentrated. The
crossover between these regimes leads to changes in the internal structures of the polymer
solution. The semi-dilute regime can be further divided into entangled and non-entangled
subregimes. The entangled semi dilute regime of neutral polymer chains exists above the
chain's overlap concentration, denoted as c*. This is the concentration at which the polymer
chains begin to overlap. The entanglement concentration, c**, is the concentration at which
the polymer chains become significantly entangled.

The dynamic behaviour of semi-dilute polymer solutions is governed by an interplay between
solvent quality, concentration, and molecular weight. In the dilute regime, the individual
polymer coils are far apart and do not interact, while in the semi-dilute entangled regime, the
behaviour is more complex due to the presence of entanglements.

The parameter c* represents the transition from the dilute to the semi-dilute regime, where
polymer chains begin to interact, while c** signifies the onset of significant entanglement
within the semi-dilute regime.

The crossover concentrations ¢* and ¢** are important in understanding the behaviour of
polymer solutions and are used to define the boundaries between different concentration

regimes, each with its own distinct structural and rheological properties[87, 88].

2.2.5. Mw-viscosity relation
The relationship between the molecular weight (Mw) and viscosity of polymer solutions is
complex and varies depending on the concentration and the internal structure of the solution.
In general, the viscosity of polymer solutions is influenced by the size of the polymer chains,
which is related to the Mw. The Mark-Houwink equation, given by

[n] = KM“ 2.13

, describes the dependence of intrinsic viscosity on the My of the polymer, where
[n] is the intrinsic viscosity, M is the molecular weight, and K and o are constants for a

particular polymer.

In concentrated polymer solutions, the viscosity is shown to be a power law function of the
radius, and it decreases with decreasing radius under conditions where the chains are
entangled. The effective viscosity in polymer solutions also depends on their size, and it is a

well-defined function of the concentration. The crossover between the dilute, semi-dilute, and
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concentrated regimes leads to changes in the internal structures of the polymer solution,
impacting the Mw-viscosity relationship. The concentration of the solution is a crucial factor
in assessing viscosity, as a higher concentration leads to a higher viscosity measurement [89,
90].

2.2.6. Mw- Tg relation

The relationship between the glass transition temperature (Tg) and the molecular weight (Mw)
of polymers is often described by the Fox equation, which states that Tg is inversely
proportional to Mw. For linear polymers, the dependence of T4 on molar mass can be

expressed by the equation

Tg = [i + i]—12. 14

Tg Mw

Where K is a polymer-dependent constant and M, is the weight average molecular weight.
This equation suggests that as My increases, Tqdecreases. However, it's important to note that
this relationship is more applicable to low Mw polymers and may not hold at high M.
The effect of Mw on Ty is influenced by various factors such as the molecular structure, the
presence of bulky side groups, and polymer architecture. In some cases, the presence of
bulky, inflexible side groups can increase the T4 of the material due to decreased mobility,

counteracting the expected decrease in T4 with increasing M.

While the Fox equation provides a general understanding of the Mw-Tg relationship, it may
not accurately predict the behaviour of high Mw polymers. The relationship between T4 and
Mw is complex and can be influenced by multiple factors including polymer structure, chain
flexibility, and intermolecular interactions. Therefore, it should not be expected that T4 will
always decrease at high My, and the specific impact of Mw on T4 should be evaluated in the

context of the polymer's unique characteristics

2.3. Colloid crystallisation (aggregation)

Colloidal crystallisation is the process by which small particles suspended in a liquid come
together to form larger particles that eventually settle into a regular crystalline structure. This
process is driven by the attractive forces between the particles, typically due to van der Waals
forces or electrostatic interactions, and also can happen solely due to entropy.
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Colloidal aggregation can occur through mechanisms such as Brownian motion, depletion, or
electrostatics. In the Brownian motion mechanism, particles undergo random thermal
movements, and when two particles come close enough, they can stick together due to
attractive forces. In the depletion mechanism, large particles (such as polymers) are added to
the system, creating a depletion region around them, where smaller particles can aggregate. In

the electrostatic mechanism, charged particles can attract each other due to opposite charges.

Once aggregation begins, the resulting clusters can continue to grow by incorporating more
particles. As the clusters grow larger, they become more stable due to the reduction in surface
area per particle, which lowers the overall energy of the system. Eventually, the clusters can
become large enough to settle out of the solution and form a crystalline aggregate. The close-
packed lattices are the preferred packing symmetry for spherical particles (hard-sphere) and
are widely reported in the literature[70, 91].

The close-packed structure is often divided into two crystal structures in the literature:
hexagonal close-packed (HCP) and face-centred cubic (FCC), and both have the maximum
packing fraction (0.74) when packed [92-94]. The literature states that the HCP structure is
more stable than the FCC structure for spherical particles like QDs[95, 96]. Figure 2.8.
Illustrates the difference between the packing types; once a close-packed layer is placed, two
methods exist for identifying subsequent layers. In the FCC structure, the sequence of the
layers alternates as ABCABC.... While it is ABABA in the HCP structure with stacking
along the sequence (111) and (001), respectively [70, 97].
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Figure 2.8/ Sketch illustrating the differences between (HCP) and (FCC) close-packed structures. The
arrows refer to the difference in the arrangement of the layers.

2.3.1. Depletion interaction

In the past decade, there has been renewed interest in the depletion effect due to its
significant role in various industrial and biological projects. This phenomenon causes
colloidal dispersions to undergo phase separation, leads to the clustering of red blood cells,
facilitates protein crystallisation, and contributes to the helical structure of long molecular
chains[98, 99].

The depletion interaction is the most important interaction affecting colloidal aggregation in a
colloidal system containing, for example, inorganic particles embedded in a polymer matrix;
therefore, it must be understood. The interactions between the PbS QDs and the polymer
solution will be considered in my work. In this context, the depletion interaction is vitally

important.

The depletion interaction is an attractive interaction that arises whenever the solution contains
something else besides the suspended particles, intermediate-size particles between the
solution size and the suspended particles. The most common example is when a suspension

includes a polymer dissolved in a solution that does not adsorb to the surface of particles[70].
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Figure 2.9. lllustrates this situation; the polymer molecules are excluded from the region
between the surfaces of the particles (depletion zone). The depletion regions overlap when
they come close together; this results in a volume of solution between the particles in which
the polymer molecule concentration is less than in the bulk solution. As a result, a difference
in osmotic pressure arises outside and inside the depletion zones, inducing a depletion force
or effect that works to push the particles together[70, 100]. The depletion effect embodies the
alteration of both translational and conformational entropy in polymers and the solvent. Also,
it is a crucial factor in controlling the stability of colloidal dispersions. It is possible for phase
separation to occur, which is affected by various factors, such as the concentration and
molecular weight (Mw) of the polymer, the length of the chain, the quality of the solvent, and
the size of the particles. To fully comprehend the phase behaviour of colloid dispersions, it is

crucial to have accurate knowledge of the depletion potential[100].

Figure 2.9/ Sketch illustrating the effect of depletion interaction, a) well-dispersed QDs; b) polymer
coils (black squiggly lines) are excluded from the depletion zones near the QDs surface due to an
imbalance in the osmotic pressures, resulting in an attractive force between the QDs.

2.4. Nanocomposites

Nanocomposite materials include multiphase solid compounds with two or more phase
materials with a length scale on the order of >100 nm. The nano-scale structures within

composite materials have defined distances between the alternating phases that constitute the
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material [31]. Recently, a focus has been on improving nanocomposite properties by doping
photo-selective materials to enhance solar energy conversion efficiency. QDs such as InNP,
CdSSe, CdznS, and CdTe have been reported to enhance the properties of nanocomposite
materials considering their low bandgap energy. A new class of nanocomposites based on
graphene (GQDs) or carbon (CQDs) has emerged with superior solubility, facile passivation,
biocompatibility, and chemical inertness. Lower band gap QDs such as PbS, CdS and CdSe
have high conduction bands that can be enhanced to achieve higher efficiency in electronic
conversion [101, 102].

Thus, solar cells that include organic polymers and semiconductor QDs can provide a
flexible, cost-effective, lightweight, and efficient alternative to bulk conventional solar cells
with less than 20% power conversion efficiency if the structural issues are resolved, as we

will see in the following sections.

2.4.1. Polymer-QDs nanocomposite

Quantum Dots (QDs) are synthetic semiconductor particles measuring a few nanometres in
size, with unique optical and electronic properties from those of larger particles. Thus, they
are also called semiconductor nanocrystals or colloidal nanoparticles [23, 24, 103]. QDs
typically measure 2-10 nm in diameter and are considered nanoscale semiconductor crystals
because their nanosize-dependent properties are due to the confinement of electrons and
electron holes (h*, the conceptual opposite of an electron)[24]. The ability to adjust the
optoelectronic features of QDs by selecting their size, shape, and ligands is a significant

breakthrough afforded by the nanoscale nature of QDs [104].

Due to their unique quantum mechanics (quantum confinement effects), QDs exhibit a
narrow emission spectrum, high fluorescence emission, photostability, broad excitation
wavelength and biocompatibility [23, 24, 105]. They can transmit electrons in size-tuneable
emission spectra ranging from visible to near-infrared (NIR) spectral regions; hence they can
emit different coloured light when exposed to ultraviolet (UV) light [25]. Due to these unique

optoelectronic properties, QDs attract a wide range of applications, including nanocomposite
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materials, solar cells, lighting, fluorescent biomolecular tagging or labelling in biological

systems, fluorometric sensors, displays, and radiological medical imaging [24, 103, 106].

QDs-based nanocomposite materials produced by incorporating QDs into a polymer matrix
have promising potential for applications in photonic devices, including laser and light-
emitting diodes, solar and photovoltaic cells, displays and optical amplifiers [105]. Polymer-
QDs nanocomposite combines the unique optoelectronic properties of QDs with the
technological amenability of polymers [24, 105]. From the polymer literature, the first paper
that mentioned the word “nanocomposite” appeared in 1990. This paper describes cars
equipped with clay-polymer hybrid parts driven through fields and towns. Commercially, the
nylon-clay six nanocomposites were used to make the covers of timing belts for Toyota cars.

This was the first example of a commercial polymer nanocomposite [26].

Polymers are amenable to incorporating semiconductor nanocrystals because they are
relatively inexpensive, flexible, easily synthesised into films by simple spin-coating
technique and readily patternable by UV photolithography or electron-beam (e-beam).
Notably, the highly transparent characteristics of most polymers at wavelengths > 400 nm
makes them suitable optical material for waveguiding in integrated optical devices Polymer-
QDs based nanocomposites, especially polymethyl methacrylate (PMMA) and polystyrene
(PS)-QDs, and have already been fabricated into a microcavity laser and double-colour

waveguiding in integrated optical devices [105].

Metal chalcogenides (MC), including metal sulphide, selenide and telluride, are widely
studied QDs. MCs have attracted immense interest for use in MCQDs due to their unique and
excellent quantum confinement that produces MCQDs with size-dependent photoemission
characteristics [25, 27]. MCs are suitable for synthesising functional MCQDs materials for
photo-electrocatalysis and photovoltaic cell application, and they are also amenable to
biomolecular modifications [28]. Examples include cadmium chalcogenides (cadmium
sulphide-CdsS, cadmium selenide-CdSe and cadmium telluride CdTe), lead chalcogenides

(lead sulphide-PbS and lead selenide PbSe) and antimony chalcogenides (antimony sulphide-
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Sb2S3 and antimony selenide Sb2Se3). These MCs produce QDs with varying degrees of
desirable characteristics and, therefore, require careful selection depending on the intended
material application [107]. For example, lead chalcogenides QDs are suitable for strongly
quantum-confined systems such as size-tunable electron transitions at NIR spectral regions.
This property makes lead chalcogenides QDs ideal for device applications in

telecommunications, biomedical electronics, and optoelectronics [108].

The present study aims to develop well-dispersed QDs in a polymer matrix to form
nanocomposite films suitable for use in various applications, including optimising the
performance of optoelectronic devices via controlling the morphology of these
nanocomposite films. This project focuses on dispersibility issues that occur with
incorporating the QD into polymer matrices. In particular, the synthesis of Lead sulphide
quantum dots (PbS QDs) nanocomposite films by embedding PbS QDs into PMMA,
polystyrene (PS) or poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) polymer matrix. |
first review the history, application, significance, and structural limitations of PbS QDs

nanocomposite films and possible solutions.

2.4.2. Polymer-PbS QDs nanocomposite films

Organic-inorganic nanocomposites consisting of PbS QDs implanted into polymer matrix
have attracted immense attention due to the quantum-size effect that PbS QDs exhibit. This
was discovered before 1987 [109]. Organic colloidal semiconductor PbS QDs consists of
core nanocrystals composed of 100-1000 PbS atoms (group IV semiconductors) and surface
organic ligands. The crystallites' diameter is in the nanometer range, with their surface
covered with organic molecules and metal complexes. For example, as shown in Figure 2.10,
an octahedral PbS quantum dot has central metal ions (Pb cations) covered with chalcogenide

anions (sulphides) and organic ligands (oleate or oleic acid)[110, 111]
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Figure 2.10/ Pb-terminated octahedral truncated PbS quantum dot with Pb cations, S anions, and
organic ligands. [110].

The chemical preparation of colloidal semiconductor particles has a long history, dating back
at least 114 years ago when it was discovered that the colour of the colloids changed with the
growth of colloidal particles[112]. The first three-dimensional quantum size effect of small
PbS in PbS QDs was observed and correctly explained by Wang, Suna, Mahler and
Kasowski[109]. They observed that PbS QDs exhibited well-defined clusters in zeolites, with
a possibility of forming unique three-dimensional highly stable superlattice structures.
Polymer-PbS QDs nanocomposite films were first synthesised by Wang, Suna, Mahler and
Kasowski using ethylene-15% methacrylic acid copolymer (E- MAA)[109]. PbS QDs
photovoltaic devices have undergone significant research since they were first introduced in

2008, resulting in a massively improved power conversion efficiency of about 12%[104].

Later, more suitable polymer hosts for PbS QDs nanocomposite films were discovered in
several studies. Patel et al. summarise that semiconducting conjugated or insulating polymers
are the most suitable hosts for nanocomposites consisting of PbS QDs. Many of these
semiconducting polymers were discovered or described between 1994 and 2016[113]. More
insulating polymer hosts than conjugated polymer hosts have been found, as listed in Table
2.1. However, each polymer has unique structural limitations. For example,
PbS/polyvinylpyrrolidone (PVP) nanocomposite films exhibited strong interaction between
PbS and PVP, which limits nanoparticle aggregation [113].
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Semiconducting conjugated polymer hosts

Semiconducting, insulating polymer hosts

Poly[2-methoxy-5-(2'-ethylhexyloxy-p-
Phenylenevinylene)] (MEH-PPV)

Polyacryl amide (PAM),

Poly(2-(6-cyano-6'-methyl heptyloxy)-1,4-
Phenylene) (CN-PPP),

Poly-p-xylylene (PPX)

Poly(3-hexylthiophene-2,5-diyl) (P3HT)

Polyacrylonitrile (PAN),

Polypyrrole (PPy),

Poly(methyl methacrylate) (PMMA)

Poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4- | Polystyrene (PS)

phenylenevinylene] (MDMO-PPV)

Poly thiourethane (PTU)

Polyvinyl alcohol (PVA)

Poly(vinyl acetate) (PVAc)

Poly(vinyl pyrrolidone) (PVP)

Polyvinylidene fluoride (PVDF)

Poly(ethylene oxide) (PEO)

Table 2.1/ Semiconducting conjugated and insulating polymer hosts for PbS QDs /polymer
nanocomposites.

2.4.2.1. Importance and applications

This section briefly summarises some applications of the PbS QDs-polymer nanocomposite
films in optoelectronic applications and spectroscopic techniques, including multi-colour

photoluminescence optical waveguiding photodiodes and solar cells.

2.4.2.1.1. Photoluminescent optical waveguiding

A recent study synthesised light-emitting UV-curable active PbS QDs-polymer
nanocomposite using a vacuum-assisted microfluidic technique[114]. The produced PbS
QDs-polymer nanocomposite that exhibited size-tunable light emission at NIR wavelengths.
Their brightness was about 30-fold that of PbS-Epoxy (SU-8) polymer composites suitable

for optical waveguide applications. This supported the idea that polymers other than SU-8 are
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also suitable for synthesising PbS QDs-polymer nanocomposite for optical waveguides
applications [105, 114].

2.4.2.1.2. Infrared detection devices

Infrared (IR) detection is critical for technologies, including night vision, thermal medical
imaging diagnosis, and proximity detection [115]. Conventional IR detectors use vacuum-
processed materials such as indium gallium arsenide (InGaAs) and Cadmium mercury
telluride (CdHgTe), which are relatively expensive. Recent discoveries of solution-
synthesised colloidal QDs as excellent IR light-detecting materials have made producing low-
cost IR detection devices possible. PbS QDs have emerged as superior IR light harvesting
materials for use in Polymer-PbS QDs nanocomposite films for photodiodes[111, 115].

2.4.2.1.3. Photovoltaic cell applications

There is a growing demand for highly efficient photovoltaic (solar) devices for renewable
solar energy harvesting. Hybrid nanocomposites (HCs) synthesised from combining
conjugated polymers and colloidal semiconductor nanocrystals have emerged as promising
materials for photovoltaic applications [111, 116]. In 2012, a patent was published,
‘photovoltaic nanocomposite comprising solution-processed inorganic bulk nano-
heterojunctions, solar cell and photodiode devices consisting of the nanocomposite” [117].
Since then, several studies have evaluated the photovoltaic application of various quantum
dots optimising them by carefully selecting group 1V semiconductors and appropriate surface
ligands (anions and polymers). Unlike other types of solution-processed photovoltaic devices,
especially organic or organic-inorganic perovskite, QD solar cells have greater efficiency

performance.

For example, PbS QDs-polymer nanocomposites possess photovoltaic properties that make
them potentially efficient for applications in solar cells. PbS QDs have gained remarkable
research attention as potentially superior solution-based nanomaterials for third-generation

photovoltaic (PV) devices. This strong interest is attributed to their size-tuneable band gap,
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environmental stability (especially air exposure), and relatively low-cost solution synthesis
and processing [118]. Indeed, PbS QD photovoltaic devices have received considerable focus
in research since they were first introduced in 2008, resulting in remarkably improved power

conversion efficiency of about 12% [104, 118].

PbS QDs-polymer nanocomposites possess optimised morphology if wide-bandgap polymers
are used. It was recently demonstrated that the unique electro-optical properties of PbS-QDs
and spectroscopic (wide-bandgap) properties of polymers resulted in photovoltaic cells with
remarkably larger photocurrent densities. This was attributed to efficient charge/exciton
processes afforded by the wide-bandgap polymer, which also hinders the population of mid-
gap states on PbS QDs [116]. In general, surface molecules of PbS QDs-polymer HCs
(sulphide anion and polymer ligand) prevent aggregation of PbS QDs, with the interface
between QDs and surface ligands influencing the electronic structure, conferring a wide-
bandgap for superior optoelectronic properties [111].

2.4.2.2. Structural shortcomings

Despite many studies that report the importance of QDs-polymer nanocomposite films in
many applications, as mentioned above, the morphological issue of these materials continues
to be of considerable importance [5, 19, 119]. For instance, in earlier studies by S. Coe-
Sullivan et al. and B. Torriss et al. and F. Teng et al., the QDs aggregation was shown to
occur during the spinning process. They observed that the QDs aggregation caused a
photoluminescence (PL) concentration quench and subsequently, an energy transfer reduction
in the nanocomposite films [5, 19, 20].

PbS QDs-polymer nanocomposites have several structural limitations that must be overcome
to obtain their maximum optoelectronic properties for applications in IR detection,
photodiodes, and photovoltaic devices. Although PbS QDs-polymer HCs have reduced the
aggregation of the central QDs, this is only partial, and therefore, a definitive strategy is
required to solve this problem. The aggregation of central PbS QDs occurs through cation-
polymer bridges, limiting their optoelectronic properties in a concentration-dependent

manner. For example, aggregation of QDs in PbS QDs-polymer HCs leads to a concentration
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dependence of the photophysical properties of the complexes. Aggregation of QDs affects
their mobility in liquid and solid states. Although QDs tend to aggregate into larger colloidal-
size particles, nano-aggregates exhibit infinitely complex patterns, resulting in fractal
structures that impact surface interaction processes [120]. The main problem with QD
aggregation is that it affects the photophysics properties of the solid nanocomposites [120].

The tendency of the particles to aggregate, which results in diminished or distorted optical
characteristics, is one of the main difficulties researchers studying PbS QDs must overcome.
Due to factors like the size, surface chemistry, and passivation level of the nanocrystals, PbS
QDs can merge. The level of aggregation has a considerable impact on both the optical
properties and application possibilities of PbS QDs. Optimising these attributes requires
understanding how the particles agglomerate (the colloidal crystallisation or aggregations and

the most important forces that cause it have been explained previously in this literature.

2.4.2.3. Efforts to solve the structural issue

To solve QDs aggregation when QDs are incorporated into polymer matrices, we must
consider all elements of the nanocomposite films, such as the properties of host polymers and
QDs. Possible ways to achieve PbS QDs with improved photophysics properties include
changing the molecular weight of the host polymer, ligand exchange and adjusting the PbS

QDs volume fraction.

2.4.2.3.1. My, of the host polymer

In host—guest systems of the synthesised nanocomposite, the molecular weight (Mw) of the
host polymer determines the aggregation, stability, dispersibility, and mobility properties of
the guest QDs [121, 122]. One of the benefits of a host polymer with relatively lower My is
reducing the QDs aggregation is the efficient encapsulation of QDs. According to Jia, Listak,
Witherspoon, Kalu, Yang and Bockstaller [121], the higher the My, of the host polymer
matrix, the faster the nanoparticle coarsening or aggregation rate due to the cluster polymer
viscosity. This is explained by the network characteristics of high-Mw polymers that increase
nano viscosity in the context of nanoparticle diffusion (mobility) within host polymers. This

means that a high-polymer My, is not an ideal host polymer host choice for producing
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nanomaterials with excellent optoelectrical properties because these applications require

well-dispersed QDs within the polymer matrices.

For instance, a previous study evaluated the influence of polyvinylpyrrolidone (PVP)
molecular weight on the stability and spectral luminescence properties of PbS nanocrystals in
composite sols. The stability of spectral properties of PbS sols increased with decreasing Mw
of PVP. Thus, the formation of large particle aggregates in PbS composite sols was
associated with unstable spectral properties, including a high level of light scattering. High
molecular weight polymer was thus related to aggregates tendencies of nanocomposite [122].
A similar observation was noted where QD aggregation in luminescent solar concentrators
(LSCs) resulted in light scattering, which was the major cause of low efficiencies of the solar

collection capacity[123].

Ramkumar and Ju [124] visualised six polymer-QDs nanocomposites through the field
emission scanning electron microscopy (FE-SEM) technique. The study generally noted that
the polymer host forms a smooth and plain morphology due to its repeating units and high
molecular weight. However, polymer My, can be beneficial to a certain degree, above which it
limits the dispersibility of QDs in the polymer.

So, the host polymer My in the nanocomposite system consisting of QDs incorporated into a
polymer matrix is essential due to its effect on the morphological and optoelectrical
properties. Ideally, as seen in the literature, the polymer host My should not be too high,
where the high My, results in an increase in the nanocomposite's phase segregation
components. Also, Polymer hosts with the ideal My, can enhance the dispersibility and
mobility of PbS QDs and potentially increase the charge-carrier transport ability of polymer-
PbS QDs nanocomposite films, hence their optoelectronic properties. Despite this, the effect
of the host polymer My, on the final morphology of the blend films has yet to be discussed
deeply in the literature, particularly its impact on the depletion force that causes the QDs

aggregation in QDs: polymer systems.

2.4.2.3.2. Ligands exchange
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The organic ligands shell structure is essential in the synthesis of QDs self-assemblies besides
enabling QDs stability[38]; in this matter, the OA ligands mentioned to be the most proper in
controlling the shape and size of the QDs and protecting the QDs from the aggregation in the
organic solvents[61]. However, for some applications, when the QDs are incorporated into a
polymer matrix, the OA is a steric hindrance for the interaction, leading to phase segregations
of the components and hence, loss of the nanocomposite properties. So, using ligand-
exchanged PbS QDs is essential for enhancing the structural and photophysical properties of

PbS QDs in some media, such as polymers.

It was recently demonstrated that swapping OA ligands in Oleate-PbS QDs for inorganic-
organic hybrid material, methylammonium lead triiodide (CH3NH3PbI3, MAPI) resulted in a
core PbS with a shell of lead triiodide (PbI3-), which effectively hinders PbS QDs
aggregation tendency as shown in Figure 2.11 [125]. The core-shell structure of PbS QDs
was further enhanced by adding toluene, which resulted in PbS-CH3NH3PbI3. This
nanomaterial exhibited enhanced light absorption and photoelectric properties[125]. The
ligands shell structure affects the colloidal QDs properties; for instance, the

photoluminescence can be influenced by order or disorder in the shell [126-128].

MAPI-PbS QDs exhibited characteristics of Schottky barrier solar cells, which had almost 5-
fold higher photoconversion efficiency than Oleate-PbS QDs lacking a ligand exchange. The
observed photoconversion gain was attributed to a larger barrier height of the core-shell
structure of PbS-CH3NH3PbI3, which hinders their aggregation and MAPI shell, which
conferred a trap state passivation on the PbS QDs surface. Improved fill factor and
photocurrent were attributed to reduced aggregation, which improved PbS QDs mobility,
shortened inter-QDs distance, and enhanced charge transport velocity [125, 129]. The steric
bulkiness of the native ligands (aliphatic chains) can complicate the passivation of the QDs

surface, leading to atoms being undercoordinated and potentially trapping[40, 130].

The benefit of the ligand exchange strategy was later tested by Fukuda, Takahashi, Takahira,
Wang, Kubo and Segawa [131], where ligand-exchanged PbS QDs were synthesised by
swapping oleate in Oleate-PbS QDs for 1,2-ethanedithiol (EDT). EDT-exchanged PbS layers

improved photovoltaic performance, especially doubling the photoconversion efficiency
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initially observed with Oleate-PbS QDs. PbS QDs with EDT ligands are widely used as a
hole extraction layer in PbS quantum dot solar cells, especially in those with remarkable

efficiency, where lead iodide (Pbl2) ligands are utilised in the active layer of photovoltaic

devices.
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Figure 2.11/ Example of the ligand-exchanged PbS QDs[125].

Interestingly, ligand-exchanged PbS QDs from Oleate-PbS QDs (Oleic Acid - OA) to
Hexanoate-PbS QDs (Hexanoic Acid - HA), and Decanoate-PbS QDs (Decanoic Acid -DA)
have been proposed using other similar chalcogenide anions [29, 132]. Through
thermogravimetric analysis, Park, Kim and Kim demonstrated that Hexanoate- and
Decanoate- Indium Phosphide (InP) QDs had higher mass (87.3 and 84 wt %) than Oleate-
PbS QDs (82.1 wt %). This means that HA and DA enhance the packing density of QDs and
increase the miscibility, which helps reduce QDs aggregation and improve the mobility or
dispersibility of QDs in polymer matrices. Therefore, this strategy is like to improve the
photophysics properties of HA- and DA-PbS QDs making them even better for photovoltaic

applications.

To summarise this section, the OA ligands are the most suitable for PbS QDs that stabilise
and isolate them from aggregation in organic solvents. However, for specific applications, the
OA ligands need to be replaced with layers with different molecules of choice by a process
called exchange ligands; this is because the OA ligands work as a steric hindrance for the

interaction in some media, such as polymers; which leads to phase segregations of the
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components or QDs aggregation, hence lose structural and photophysical properties of the
QDs.

2.4.2.4. Some other strategies to disperse the QDs into polymers host
2.4.2.4.1. Surface modification of the QDs

In a landmark work, researchers modified particle surfaces with silane coupling agents to enh
ance compatibility between the polymer and QDs surfaces to enhance the

composite material properties[133, 134]. A nanoparticle was modified with a 3-
methacryloxypropyl trimethoxysilane coupling agent. Unmodified nanoparticles have only -
OH groups on their surface, but silane-modified nanoparticles have 3-

methacryloxypropyl trimethoxysilane molecules.

Modified nanoparticles behave differently in organic solvents and polymer matrices than unm

odified nanoparticles, with improved dispersion in both media[135].

Grafting synthetic polymers to the substrate surface improves chemical functionality and cha
nges the surface topology of inorganic and organic materials. The polymer-

grafted inorganic nanoparticles are classified as organic-inorganic nanocomposite particles.
Monomers' low molecular weight allows them to penetrate nanoparticles and interact with act
ivated areas on their surfaces.The interstitial volume inside nanoparticle aggregates is partiall
y filled with grafted macromolecular chains, causing the aggregated nanoparticles to split furt
her. Furthermore, the hydrophobic surface of the nanoparticles increases filler-matrix
miscibility, which increases the dispersion behaviour of bare and polymer-grafted

nanoparticles in a polymer matrix[136].

Other strategies for surface modification of inorganic nanoparticles include adsorption with
polymeric dispersants and in situ surface modification. Adsorption of polymeric dispersants
is a straightforward way for improving nanoparticle dispersion in agueous systems.
Hydrophilic nanoparticles can be dispersed in highly polar organic solvents with anionic or
cationic polymer dispersants. These dispersants improve nanoparticle dispersibility by
increasing surface charge and generating steric repulsive interactions between polymer
chains.

Anionic surfactants, including polycarboxylic acids and salts, have been employed to

disperse oxide nanoparticles like TiO2, Al20s, and Fe2O[137, 138]. In situ surface
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modification approaches, conducted during nanoparticle production, have also been reported
in the literature. Some of these approaches include the reverse micelle method, thermal
decomposition of organometallic compounds, and polyol procedures.

To prevent nanoparticle aggregation, capping agents or surfactants (e.g. TOPO, oleic acid, and
amines) are added to the synthesis solution. Surfactant-

capped nanoparticles synthesised during in situ surface modification can be modified for cert

ain surface properties[139].

2.5. Summary

Despite substantial research on the structural issues that show with incorporating the QD into
the polymer matrix, the QD aggregation, which is the main issue, still exists. This means
there is a need for more understanding of the mechanism interaction of QDs and the polymer
matrix, aiming to solve this issue and produce PbS QD: polymer nanocomposite films that

can be used in various applications.

So, to have a comprehensive view of this issue, the thesis examines and understands the
physical forces that cause the QD aggregation, such as depletion forces, and examines the
chemistry between the QDs and polymer matrix. To do so, the effect of the host polymer My
and the QDs volume fraction on the morphology of the QD: Polymer nanocomposite will be
examined; this is expected to determine the interparticle interaction role in mediating through

the physical force (depletion force).

Studying chemistry between the QDs and polymer matrix will be done via exchange ligands
where the native ligands will be replaced with different ligands (probably shorter-length
ligands). The approach of the exchange ligands is expected to control the QDs surface
chemistry via changing the length of the native ligand to shorter ligands, hence controlling
the QDs: polymer self-assembly and increasing the interactions of QD-QD and QD-polymer
matrix, which is expected to improve the miscibility between the QD and polymer matrix.
Moreover, engineered quantum dots with shortened ligands can improve the dispersion of
quantum dots in nanocomposite films, leading to enhanced optical properties and potential
applications in areas such as photocatalysis Additionally, the volume fraction of the QDs and

polymer must be considered, where it is a key parameter in optimising the nanocomposite
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film structure, for example, the arrangement and distribution of the QDs within the polymer

matrix.
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Chapter 3 Characterisation and Experimental Techniques

The characterisation of nanocomposites entails measuring, evaluating, and assessing
nanomaterials' chemical and physical properties. Nanocomposites that measure less than 100
nm are often engineered because of their unique properties [140]. Unlike conventional
materials, nanocomposites' chemical concentration or composition must be improved for their
complete characterisation. Nanocomposites differ in dispersion, crystallinity, surface
properties, shape, and size, so good characterisation techniques must be used [141]. Many
types of equipment and instruments are used to characterise nanomaterials, including
spectroscopy and microscopy methods. As applied to the current project, the main
characterisation techniques comprise Small angle X-ray scattering (SAXS), ellipsometry, and
Atomic Force Microscopy (AFM). The principles of these characterisation techniques and

some examples from previous studies are further discussed in subsequent subsections.

3.1. Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) is a widely used characterisation technique on a range
of particles, peptides, and macromolecular samples between 1 and 100 nm. SAXS is used to
identify the shape and size of particles, in addition to the internal structure of partially
ordered and disordered nanomaterials. Figure 3.1 shows the principle of SAXS, where a
monochromatic X-ray beam with a scattering angle of 0.1-1° and wavelength of between 0.7
nm and 0.2 nm is projected on a sample under study. Most of the X-rays pass through the
material sample without interaction. A small percentage of emitted X-ray photons strike
electrons from the sample atoms, resulting in inelastic scattering of the photons. Elastically
scattered photons maintain their wavelength and kinetic energy and slightly change their
vector. An X-ray sensitise detector situated on the opposite side of the sample from the X-ray
emitter obtains the scattered X-ray pattern and is used to identify information about the
sample under investigation. However, since most X-ray photons pass through samples
without interaction, detecting weak signals with low scattering angles may be difficult.
Therefore, an X-ray beam of non-scattered photons is blocked before it can reach an X-ray

detector using either line or point collimation.[142].
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Figure 3.1/ A schematic illustration of small-angle X-ray scattering

Structural information from a nanoparticle can be obtained using SAXS based on the
principle that when X-rays are scattered, their orientation direction depends on the relative

position of their atoms. As shown in Figure 3.2, the wave vector (K,), wavelength (1), and
magnitude (27") interact with a nanocomposite sample. The interaction results in a scattered
wave (kf) with a scattering angle of 26. The resulting transfer of momentum (q") is illustrated

as

¢ =kf -k, 3.1

Whereas its magnitude (q") aligns with the following:

4w sin 0
q= (T) 3.2

Using Bragg’s law, a length scale d can probe the equation as (27”). A 2D detector is used to

measure scattered intensity | (g). Further, the 2D intensity can be averaged for samples with
randomly oriented molecules to obtain their 1D profile in terms of | (q) as a function of g
[143].

67



<« length scale, d

-~
o
radial :
ko average >
3]
; €
K,: Incident beam i
K. scattered beam 20 momentum
D“'?ec transfer, g
to, 1D Profile

Figure 3.2/The interaction process of the X-ray beam with nanocomposite samples [143].

SAXS has been used to determine the size of nanoparticles based on quasi-spherical PbS. The
researchers noted that SAXS was adequate in characterising the diameter of nanoparticles,
dispersion of particles, and their size distribution. The researchers provided SAXS calibrated
sizing from 2.5nm to 7 nm on PbS material. Figure 3.3 shows the results obtained for the
diameter characterisation of the spherical PbS QDs and the clear link with peak absorption
wavelength [144].
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Figure 3.3/ Relation between the QD diameter and peak wavelength absorption for PbS spherical
nanocrystals [144].

Also, SAXS has been used to characterise PbS QDs with an OA ligand layer. The SAXS data

obtained enabled accurate measurement of PbS volume fractions in the nanomaterials,
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making it possible calculating the relative mass fractions of PbS—OA in a QD solution

(Figure 3.4)[145].
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Figure 3.4/ Small-angle X-ray scattering (SAXS) data :(a) the concentration of PbS-OA at different
concentrations, (b) the volume fraction of PbS cores against their effective concentration, as a
function of concentration in PbS-OA solution[145].

This project used the Xeuss 2.0 instrument to carry out the SAXS measurement with an
Excillium Metal Jet liquid gallium X-ray source. Collimating slits of 0.5 x 0.6 mm (“high
flux” mode) were used to collect the scattering data for 900s for each sample. A vertically-
offset Pilatus 1M detector was used to record the scattering pattern with a detector to sample
distance of 1226mm, calibrated using standard silver behenate to achieve a g-range of 0.001-
1AL

Solution capillaries. For the solution scattering the specimens were measured in borosilicate
glass capillaries 2mm diameter of external with a 0.01 mm wall thickness. Data were adjusted
for background (solvent and glass capillary), transmission, acquisition and sample thickness
time before placing the data on an absolute scale (cm™) using scattering from a glassy carbon
as a standard sample [146]. The data were fitted via Sas view (“core—shell sphere”) with a
hard-sphere form factor whose radius is bound to be the sum of the shell thickness and core
radius. The high electron density of the PbS quantum dot (QD) cores (length density of the
X-ray scattering, xXSLD, of PbS for a Ga source, = 50.7 x 10—6 A—2 ) translates to an
excellent contrast of X-ray with organic materials and solvents (e.g., XSLD toluene = 8.03 x
10-6 A-2).

The data reduction was performed using the GIXSGUI MATLAB toolbox that provides

script-based access and a graphical user interface to visualise scatter grazing incidence X-ray
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data from nanostructures in thin films and on surfaces [147]. The GIXSGUI MATLAB offers
routine surface scattering data reduction methods such as two-dimensional intensity

reshaping and one- dimensional intensity line cut.

The graphing package origin software was used to draw the 1D graphs and to fit the peaks
using the Gaussian fitting [148, 149]. From the peaks analyser tool, it was possible to select
the peaks that needed to be fit. In this experiment, | fitted one peak in each sample to have the
peak position and the full width of the half maximum (FWHM).
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Figure 3.5/The peaks around 0.11A selected to fit (using Gaussian fitting) in origin software to gain
some data such as peak position and the FWHM.

3.1.1. GISAXS

GISAXS is a member of the SAXS approach family and the small-angle complement to
GIWAXS. Itis a surface method used to characterise nanoscale surfaces and thin films. The
main difference between Grazing-Incidence Small Angle X-ray Scattering (GISAXS) and
Small-Angle X-ray Scattering (SAXS) lies in the angle at which the X-rays interact with the
sample surface. SAXS is used for nanomaterials in liquid or powder form, GISAXS is
applied to surface layers on flat substrates and provides information about the size, shape, and
alignment of nanoscale features on the sample surface. The limited penetration depth of the
X-rays into the sample in GISAXS, especially for thin films, results in low background
scattering from the bulk of the material, enhancing the sensitivity to surface structures. Figure
3.6 provides some basic information that can be obtained from the GISAXS in this
experiment, such as the direct reflection beam which originates from the X-ray beam that

strikes the sample surface at a very shallow angle. This beam is reflected and detected,
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providing information about the surface structure and morphology of the sample. Also, the
rings observed in GISAXS patterns are a result of the scattering of X-rays from the
nanostructured surface of the sample. These rings correspond to the distribution of electron
densities on the surface, reflecting the size, shape, and arrangement of PbS QDs. For
instance, ordered normal and lateral density fluctuations in the sample can lead to the

formation of these characteristic rings in the GISAXS pattern.

Second QDs
scattering ring

Direct reflection
beam

First QDs scattering
ring

Figure 3.6/ a 2D reshaped GISAXS image showing some basic features that can be obtained from the
GISAXS.

3.2. Atomic force microscopy (AFM)

The surface morphology of polymer quantum dots in the nanocomposite films was studied
via atomic force microscopy (AFM). AFM is one of the most effective tools for imaging
surfaces in a non-destructive manner on numerous length scales, ranging from nanometres to
tens or even hundreds of microns with ~ 5 A resolution. Also, the AFM is expected to be able
to give some details about the shape, texture and topography of nanocomposite films with

minimum sample preparation, as will be detailed in this chapter.

Atomic Force Microscopy (AFM) measures particles' surface characteristics and
morphology. The AFM can generate information about samples on the Angstrom scale with
minimum sample preparation; Figure 3.7 shows the basic principle of AFM. The AFM
principle is based on the use of a cantilever that has a sharp tip used to scan the surface of a
sample. As the tip approaches the surface, the attractive force between the tip and the sample
surface causes the cantilever to deflect towards the surface. In contrast, when the cantilever
comes close and touches the sample surface, there are increasing repulsive forces causing the

cantilever to deflect from the surface (Figure 3.8). The attractions and deflections are
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measured using a laser beam. An incident beam from the top of a cantilever is used to track
the changes and recorded on a Position-Sensitive Photodiode (PSPD). A sample with lowered
and raised surfaces causes the cantilever to deflect, revealing the accurate topographic map or

morphology of the sample surface [150].
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Figure 3.7/ Schematic illustration of the atomic force microscopy setup.
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Figure 3.8/ Schematic showing the attractive and repulsive forces that affect the cantilever in the
AFM.

This is an example of using AFM to characterise the nanocomposite films' surface
morphology. AFM has been used to examine the shape and thickness of reduced Graphene

Oxide (rGO)- PbS thin films. AFM images and their associated line profile cross-sections are
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shown in Figure 3.9. The smooth morphology of the thin PbS films showed a uniform
distribution of QDs on the surface of graphene. The thickness of the PbS film was between
12-22 nm showing the formation of monolayers of PbS on quantum dots attached to rGOs
from all sides. The surface roughness of the rGO-PbS was estimated to reduce from a particle
size of 2.9 nm to 1.7 nm [151].

3 6 9 12 15

.
.

Figure 3.9/ AFM images and their respective cross-sections (a, b) of the rGO-PbS thin films[151].

In addition, AFM is used to examine hybrid polymer—PDbS cells consisting of PbS
nanocrystals and conjugated polymers. Figure 3.10 reveals that blending PbS QDs with
polymer for hybrid solar cells can produce different morphologies. The morphology of the
PbS/PDBT polymer shows particles with relatively smooth and uniform surfaces. By
comparison, the PbS/P3HT combination shows an extremely coarse surface morphology with
the formation of large polymer or large QD domains. For other polymers that included PDTT,
PDFT, PDTD, and PDBF, the surface roughness after adding PbS increased gradually. The
phase segregation differs by the type of polymer used with PbS due to differences in
miscibility between the polymers and the QDs. Thus, these AFM results show that the
technique is suitable for characterising thin-film PbS QDs polymer composites to characterise

the surface morphology, shape, and texture[152].
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Figure 3.10/ AFM images of the PbS-polymer blend layers for PDBT (a); PDBF (b); PDTD (c);
PDTT (d); PDFT (e); and P3HT (f) [152].

In this project, tapping mode was conducted in the air using a Digital Instruments Dimension
AFM and a Nanoscope 4 /3A controller and software. The software's auto-tune function was
used to determine the cantilever's resonant frequency. The tip was manually lowered to
within a few hundred microns of the surface of the sample before using the sample engage
function on the Nanoscope software to reliably approach the tip to the surface of the sample
and engage the surface. The cantilever is driven to oscillate at the selected resonant frequency
as the tip is lowered to the surface in this process. The tip engaged with the surface, and
scanning begins when the tip-surface interactions decrease the amplitude from the accessible
amplitude to below a chosen level (the amplitude set point), with the piezo height being
adjusted during scanning via the feedback loop to maintain a constant oscillation amplitude
of the cantilever. The amplitude, piezo stage and, phase of the cantilever oscillation were
captured as 2-dimensional images. The exact imaging parameters differ from image to image,
but the initial parameters were used: scan size 10um, scan rate 1 Hz, samples/line 512, line
512, proportional gain (~0.3) and integral gain (~0.6).

The Gwydion software was used for imaging filtration, Gwyddion is a modular program for
SPM (scanning probe microscopy) data visualisation and analysis [153]. Gwyddion provides
many data processing functions, including all the standard statistical characterisation, filtering
or grain marking functions levelling and data correction. In this experiment (measure

distance and directions between points tool) has been used to measure the diameter of the

74



domains or the zones in the surface morphology of the nanocomposite films in this project, as

shown in Figure 3.11.
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Figure 3.11/ Example of calculating the average diameter of QD-poor domain using Gwyddion

(measure distance and directions between points tool, highlighted in blue in the tools panel on the
left). The sample is PMMA (2600My,): PbS QDs-OA.

3.3. Ellipsometry

Ellipsometry is an optical technique used to examine the dielectric properties of thin films.
This method characterises the polarisation changes of thin films upon transmission or
reflection. The ellipsometer is used to make optical measurements based on five principle
steps. As shown in Figure 3.12, a source of light with a known polarisation state is
manipulated using compensators and polarisers. Then, an oblique reflection of the beam is
projected on the sample, resulting in an emergent beam with an altered polarisation state. The
new polarisation state of the beam is analysed. The step is followed by parameter
determination to characterise information relating to the two polarisation states, Rp and Rs.
Finally, sample parameters are deduced via modelling parameters, including film thickness

and optical properties of the sample [154].
75



Polarizer
P .y Analyzer

8,
o (8 2
”’é/ A \&ecwl’
Zay
E,

Figure 3.12/The basic principles of the ellipsometer.

Pol.

r E
p=lan¥exp( jA) = === (==) /(
o K

T

Ellipsometry was previously used to model the dielectric function of PbS QDs as a function
of the average particle diameter. The researchers achieved this by modifying central energies
in the E-k diagram’s critical point. The results revealed the suitability of this technique for
determining the electrical and optical properties of PbS QDs in a nanocomposite material.
Figure 3.13 and Figure 3.14 show the electric and optical properties of PbS QDs obtained using
ellipsometry[155].
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Figure 3.13/ Obtained dielectric results of PbS QDs for particles of different average diameters.
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Figure 3.14/ Optical spectra for bulk PbS and PbS QDs of average diameters ranging from 5 nm, 10
nm, and 15 nm.

In this project, I mainly focused on the thickness of the films and | used Ellipsometry for this
purpose. As showing in Figure 3.15, building the model is starting with the substrate which
silicon, then NTVE JAW and finally Cauchy film. The Cauchy model is a valuable tool in
ellipsometry for studying the thickness of materials, offering simplicity, accuracy, and
improved reliability in the characterization of thin films and substrates. Also, the Cauchy

model includes roughness as a fitting parameter in this model.

Layer Commands: Add Delete Save
Include Surface Roughness = ON Roughness = 3.55 nm (fit)
Layer # 2 = Cauchy Film Thickness # 2 = 75.39 nm (fit)
A = 1.581 (fit) B =0.01581 (fit) C =-0.00100 (fit)
+ Urbach Absorption Parameters
Layer #1=NTVE_JAW Thickness #1 = 1.80 nm
Substrate = SI_JAW

Figure 3.15/ Data obtained from a film in this project showing that the model used.
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Chapter 4

Understanding the effect of host polymer molecular weight on the
nanocomposite film morphology of Lead Sulphide quantum dots

and polymer matrix

4.1. Introduction

The main object of the project is to understand the force that controls the dispersion of
Quantum Dots (QDs) into a polymer matrix to form Nanocomposite films with potential uses
in technological applications such as optoelectronic devices. The key parameters controlling
the interaction between the polymers and the QD, such as the effect of Polymer molecular
weight (Mw) and viscosity on the depletion force, are examined in this chapter. The polymer
molecular weight (My) is a critical aspect which the study must examine. This would be
expected to determine how the interparticle interaction is mediated through the depletion
force (for polymers that do not interact with the nanoparticle surface) or the bridging

interaction (for polymers that interact with the nanoparticle surfaces).

Three different kinds of blend films are discussed, including PS: PbS QDs-OA, PMMA: PbS
QDs-OA and F8BT: PbS QDs-OA; these experiments were carried out by varying the host
polymers My and seeing how this affects the structure of the nanocomposite films. The
reason for employing three different polymers is that each has different features: PS is easily
monodisperse and hydrophobic, PMMA is more hydrophilic and also monodisperse, and
F8BT is a conjugated polymer and more complicated being a semicrystalline polymer.

The blend films were characterised via Ellipsometry and Atomic Force Microscopy (AFM)

for thickness and surface morphology, respectively, while the nanostructure and ordering
were characterised via Grazing-Incident Small Angle Scattering (GISAXS).
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4.2. Experimental methods

In these experiments, three different polymers, each with a range of different molecular
weights (Mw), were used as host polymers: Polystyrene (PS), Poly (methyl methacrylate)
(PMMA) and Poly (9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT). The polymers were
purchased from different suppliers with high purity (> 99%), and the suppliers
characterisation data is shown in
Table 4.1.

Lead Sulphide Quantum Dots capped by Oleic Acid ligands (PbS QDs-OA), 1000nm
emission peak with a concentration of 8.7 mg/ml toluene, were purchased from Quantum

solution. All materials were used as received without any further purification.

Polymer supplier Mw Mhn PDI
(g/mol) (g/mol) (Myw/ M)

PS Polymer source 1,800 1600 1.13
PS Polymer source 7,500 7000 1.07
PS Sigma-Aldrich 40,000 39,000 1.02
PS Polymer source 50,000 49,000 1.02
PS Polymer source 90,000 86,538 1.04
PS Polymer source 350,000 339,805 1.03
PS Polymer source 850,000 790,000 1.08
PS Polymer source 1,600,000 1,500,000 1.10
PMMA Polymer source 2,600 2,500 1.09
PMMA Polymer source 8,400 7,000 1.19
PMMA Polymer source 40,000 36,363 1.10
PMMA PSS 50.000 48,543 1.03
PMMA Polymer source 350,000 336,538 1.04
PMMA Polymer source 1,000,000 666,666 1.5
PMMA Polymer source 1,500,000 1,271,186 1.18
F8BT Sigma-Aldrich 75,000 72,815 1.03
F8BT Sigma-Aldrich 200,000 192,307 1.04

Table 4.1/ The polymers used in this experiment and the suppliers, values for My, M, and PDI taken
from the suppliers datasheets.
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Figure 4.1/ Schematic structure of; a) polystyrene, b) Poly methyl methacrylate, c) Poly (9,9-

dioctylfluorene-alt-benzothiadiazole) polymers.

substance empirical Density Melting Boiling
formula (9/cm’?) temperature | temperature
(C) (*C)
Lead Sulphide PbS 7.6 1,118 1,281
Oleic Acid C18H3402 0.895 14 360
Polystyrene (CgHg)n 0.96-1.05 240 430
Poly methyl (C502Hg)n 1.18 -48 101
methacrylate
Poly (9,9- (C35H42N2S)n 1 215 240
dioctylfluorene-alt-
benzothiadiazole)
Toluene C7H8 0.87 -95 110

Table 4.2/ Some properties of the materials and solvent used in this experiment.

4.2.1. Synthesis of Lead Sulphide Colloidal Quantum Dots Capped via Oleic Acid (PbS

QDs-OA).

The methods of synthesis used by the Quantum solution were as follows; a master batch of

PbS nanocrystals capped via Oleic Acid was synthesised via the Hines and Scholes method
[60]. Oleic Acid (OA, 90%, 12.6 mmol, 4 ml), Lead Oxide (1,25g, 5.6 mmol), and 1-
Octadecene (ODE, 90%, 78mmol, 25mL) were placed in a 3-flask necked round bottomed

and degassed in the vacuum (<10-2 mbar) for 2 hours at 110 C° with stirring to form a

colourless solution. A syringe containing hexamethyldisilathiane (TMS2S, 95%, 592 uL, 2.8

mmol) and ODE (13.9 mL, 43 mmol) were prepared in a nitrogen glovebox. Under nitrogen

flow, the flask was injected rapidly via the syringe contents at 110 C° and allowed to cool.
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The reaction mixture was transferred to an argon glovebox upon cooling to 60 C°. Then, the
nanocrystals were precipitated in butanol/ethanol, and for 30 minutes, they were centrifuged.
Then, the nanocrystals were suspended in hexane and precipitated with ethanol again. For

storage, the purified nanocrystals were suspended in toluene.

4.2.2. Samples preparations

The preparation of the nanocomposite films started by making the polymer solutions, which
were prepared according to weight percentage. The whole polymer solutions (PS, PMMA and
F8BT) with different My are made 5% by weight in toluene and left to dissolve for 48 hours
at room temperature. After that, a 450nm filter was used to filter the polymer solutions from

any large impurities.

Then, 200pL from the polymer solution was mixed with another 200uL from the PbS QDs-
OA in a small glass tube to make the nanocomposite solutions with a quantum dots volume
fraction around 0.0024 (PbS QDs g = 0.0024) and polymer volume fraction around
0.021,0.018 and 0.021 for PS, PMMA and F8BT (Table 4.3), respectively. The polymer and
PbS QDs-OA solution were left at room temperature for 48-72 hours to ensure the
nanocomposite solution mixed well without any precipitates. Finally, for each sample, 30 pL
from the nanocomposite solutions were deposited on clean silicon substrates and spun using a

spin coater for 30 s at 2000 rpm (Figure 4.2).

substance Volume Volume
fraction(¢) percentage (%0)
PbS-OA 0.0024 0.24
PS 0.021 2.1
PMMA 0.018 1.8
FSBT 0.021 2.1

Table 4.3/ The volume percentage and volume fraction of the nanocomposites. The initial weight
fraction of PS: PbS QD-OA nanocomposite is (0.24% QDs, 2.1% PS and 97.66% toluene), the initial
weight fraction of PMMA: PbS —OA nanocomposite (0.24% QDs, 2.04% PMMA and 97.96 %
toluene) and the initial weight fraction of F8BT: PbS —OA nanocomposite (0.24% QDs, 2.1% F8BT
and 97.66% toluene).
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Figure 4.2/The process of nanocomposite film formation during spin coating: a) the solution on the
silicon substrate before spinning; b) during spinning (2000 rpm), the solvent is being lost in this step,
and the film becomes very viscous. C) Finally, the film becomes glassy after the majority of the
solvent is removed.

4.3. Results and Discussion

4.3.1. Ellipsometry

Ellipsometry was used to measure the nanocomposite film thickness; Spectroscopic
ellipsometry is an optical technique used for analysis and metrology. An elliptically polarised
light beam is shone on the sample of interest; then, the reflected light beam is analysed to see
the effect of the sample on the light beam polarization.

In this experiment, the ellipsometry data shows that the nanocomposite films thickness
increased as the My, of the host polymers increased, as seen in Table 3, Table 4, Table 5 and
Figure 3. In the PS system, the sample with lower polymer My, (PS 1800 Mw: PbS QDs-OA)
has a lower thickness (101nm) than the other samples with the same host polymer but higher
My such as PS(7.5k M), PS(40k Mw), PS(50K Mu), PS (89K My), PS(350K My), PS(850K
Mw) and PS(1.6M M) where have thicknesses of 196nm, 211nm, 231nm, 237nm, 258nm,

291nm, and 321nm respectively.

Similar behaviour is shown in PMMA and F8BT systems, as illustrated in Table 4.5,

Table 4.6 and Figure 4.3. The thickness of a PMMA (2600 Mw): PbS QDs-OA
nanocomposite film is 136nm; this keeps increasing as the PMMA M, increases until it
reaches the greatest thickness (389nm) in the highest PMMA My 1.5M M.
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The increase in the thickness of the nanocomposite films when the My, of the host polymers
increases is due to the rise in the viscosity of the nanocomposite solutions. Further, it was
noticed that the viscosity of the solutions increases with the My, of the polymers, which
agrees with previous studies [156]. Rising Mw means an increase in the initial viscosity of the
solutions, leading to increases in the thickness of the blend films due to the change in the
rheology of the films when spin-coated. In simple terms, the ability to reduce the thickness of
a polymer solution becomes harder as the viscosity of the solution increases.

So, the thickness is set solely by the initial solution viscosity. This confirms why the
thickness of the films increased with an increase in the polymer Mw, which is consistent with

the power-law exponent relationship (Figure 4.3)[156, 157].

Films Thickness (nm) Error bar (nm)

PS(1800 M,,): PbS QDs-OA 101 +2.87
PS(7.5k M,,): PbS QDs-OA 196 +2.34
PS(40kM,,): PbS QDs-OA 211 +0.98
PS(50K M,): PbS QDs-OA 231 +3.06

PS (89K M,,): PbS QDs-OA 237 +2.65
PS(350K M,,): PbS QDs-OA 258 +1.47
PS(850K M,,): PbS QDs-OA 291 +1.29
PS(1.6M M,,): PbS QDs-OA 321 +2.98

Table 4.4/ thicknesses of the PS: PbS QD-OA nanocomposite films,

Films Thickness (nm) Error bar (nm)

PMMA(2600 M,,): PbS QDs- 136 +1.09
OA

PMMA(8.4K M,,): PbS QDs- 186 +2.04
OA

PMMA(40K M,,): PbS QDs- 194 +0.45
OA

PMMA(50K M,,): PbS QDs- 199 +1.34
OA

PMMA(350K M,,): PbS QDs- 224 +2.76
OA
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PMMA(1M My): PbS QDs- 340 +3.09
OA

PMMA(1.5M My): PbS QDs- 389 +1.56
OA

Table 4.5/ PMMA: PbS —OA nanocomposite films thicknesses,

Films Thickness (nm) Error bar (nm)
F8BT(75K My,): PbS QDs-OA 205 +1.15
F8BT(200K M,,): PbS QDs-OA 249 +2.016

Table 4.6/ F8BT: PbS —OA nanocomposite films thicknesses,
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Figure 4.3/nanocomposite films thicknesses vs host polymers My, in all the three systems, (a) PS: PbS
QD-OA; (b) PMMA: PbS —OA,; (c) F8BT: PbS —OA.

4.3.2. AFM

The surface morphology of a series of polymer quantum dot (QD) blend films has been
investigated via atomic force microscopy (AFM). AFM is one of the most powerful tools for
imaging surfaces in a non-destructive manner on numerous lengthscales, ranging from
nanometres to tens or even hundreds of microns with ~ 5 A resolution. Also, the AFM is
expected to be able to give some details about the shape, texture and topography of

nanocomposite films with minimum sample preparation, as will be detailed in this section.
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Figure 4.4/ AFM images of the PS: PbS QDs-OA nanocomposite films. All samples were spun cast
from this solution of PS: PbS QDs nanocomposite; each sample differed from others in Mw of the PS.
(a); PS 1800 Mw (b);PS 7.5k Mw (c); PS 40k Mw; (d); PS 50k Mw (e); PS 89k Mw (f); PS 350k Mw
(9); PS 850k Mw (h); PS 1.5M Mw. The blue circle refer to the QD-rich domains, while the black
arrows refer to cracks. A/l the samples have the same scan size (10um).

Figure 4.4. Shows substantial surface morphology differences measured from samples of the
PS: PbS QD nanocomposite films with different PS molecular weights (Mw). The
nanocomposite films showed some domains and cracks in the surface morphology; these
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domains have different sizes and could be QD aggregations (QD-rich domains). For instance,
the film PS: PbS QD with 1800 My PS (Figure 4.4 a) shows QD-rich domains that have an
average diameter (240nm), and this is small compared to other samples, such as the films of
PS: PbS QDs with PS My 7.5k, 40k, 50k and 89k where they have an average diameter
500nm, 660nm, 700nm and 935nm respectively.

The QD-rich domains have a spherical shape and increased in size and became fewer in
number as the molecular weight (Mw) of the PS increased, when imaged using the same scan
size of 10pum. This can be seen in Figure 4.4 a, b, ¢, d and f with PS My, of 7.5k, 40k, 50Kk,
89k, and 350K, respectively. The samples of Figure 4.4 c, d, e and f showed a distribution in
the size of the QDs-rich domains over the surface of the specimen beside the large and

prominent domains (Figure 4.7).

In contrast, the PS: PbS QDs films with much higher PS My, (850k and 1.5m My) look
relatively smooth (Figure 4.4 g and h). These films do not shown any QD-rich domains in
their surface morphology as was seen for the films with lower My, of. Instead, they showed
flat planar structures with cracks in the surface morphology breaking up the QD-rich
domains. The cracks in the PS (1.5M Mu): PbS QDs sample are broader and fewer than those
in the PS (850k My): PbS QDs.
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Figure 4.5/ AFM images of the PMMA: PbS QDs-OA nanocomposite films. Again, all samples were
spun cast from the solution of PMMA: PbS QDs-OA nanocomposite and each specimen differed from
the others in the M, of the PMMA used. (a); PMMA 2600 My; (b); PMMA 8.4k My; (c); PMMA 40K
My; (d); PMMA 50K My; (e); PMMA 350K My; (f); PMMA 1M My; (g); PMMA 1.5M M,. The blue
circle refer to the QD-rich domains, while the black arrows refer to cracks. The scan size of all
samples is (10um).

Figure 4.5 shows the surface morphology of the PMMA: PbS QDs with different My, of
PMMA. Several morphology changes are seen with changing the My of the PMMA. They
generally show similar morphology changes to the behaviour seen for PS: PbS QDs (Figure
4.4), albeit with some differences. In (Figure 4.5 a), an image of the surface morphology of
PMMA (2600 M,,): PbS QDs nanocomposite film is shown. In this film, it can be seen that
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many QD-rich domains vary in size and have an average diameter of around 400 nm. This is
small compared to other samples, such as the films of PMMA: PbS QDs with PMMA My,
8400, 40k, 50k and 350k with an average diameter of 810nm, 1300nm, 1520nm and 2100nm,
respectively. The QD-rich domains turned out to be oval on a sample with PMMA My, 350k
with a diameter of 2600nm (Figure 4.5 f).

As the My, of the PMMA increased, the QD-rich domains became bigger and fewer when
imaged using the same scan size of 10um; this can be seen in ( Figure 4.5 b, c, d, e and f) with
My of the PMMA 8.4k My, 40k My, 50k My, 350k My and 1m My, respectively. Also, the
samples of Figure 4.5 ¢, d and e showed a distribution in the size of the QD-rich domains over
the surface of the samples beside the large QD-rich domains, similar to the behaviour of the

PS: PbS QD nanocomposite films in Figure 4.4, as seen the size distribution in Figure 4.7 .

However, the nanocomposite film with much higher My of PMMA 1.5M My, (Figure 4.5 Q)
showed some small cracks in the surface morphology instead of spherical QD-rich domains
presented in the films with lower PMMA M.

R F 70 PEW 2] 200 nm
| ‘ . 100
WL

‘R'"“ ‘.f‘i -3 50
sele ':‘. 0

Figure 4.6/ AFM images of the F8BT: PbS QD-OA nanocomposite films, similar to the
previous two figures, the samples were spun cast from the solution of F8BT: PbS QD-OA
nanocomposite and the difference between the samples is the F8BT My, used. (a); 75k;
(b)200k. The blue circle refer to the QD-rich domains, while the black arrows refer to cracks. The
scan size of all samples is (10um).

The surface morphology of the F8BT: PbS QD-OA nanocomposite films with two different
My of F8BT is shown in Figure 4.6. The specimen with lower F8BT My (F8BT 75k Mw: PbS
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QD-OA Figure 4.6 a) shows some spherical QD-rich domains that vary in size in the surface
morphology with an average diameter of 750nm. On the other hand, the sample with a higher
My of the host polymer (F8BT 200k Mw: PbS QD-OA Figure 4.6 b) shows no QD-rich
domains in the surface morphology; instead, it shows some cracks all over the sample

surface.
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Figure 4.7/ size distribution of some samples from PS system and PMMA system, this to show the
distinct QDs-rich domains size distribution in these samples.

Generally speaking, in this experiment, substantial morphology differences have been
observed for each polymer blend film, such as different QD-rich domain sizes and cracks.
The QD-rich domains and cracks in the surface morphology of the blend films result from
phase segregation, which can be largely affected by the miscibility between the polymer and
the QD.

Varying the molecular weight (Mw) of the host polymers (PS, PMMA and F8BT) affects the
surface morphology of the blend films, as seen in Figure 4.4, Figure 4.5 and Figure 4.6. The
different sizes of these zones and the cracks are most likely due to differences in the amount
of depletion forces or depletion interaction in these films. The depletion interactions are
attractive interactions caused by osmotic pressure[158]. In this experiment, the polymer coils

are probably pushed aside and excluded from the depletion zones between the colloidal QDs
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when the solvent leaves during drying. This means that the variation in the osmotic pressure
leads to a force that pushes the QDs together [70]. As a result, the colloidal QDs continue to

attract each other to make the QD-rich domains (Figure 4.8).

Figure 4.8/ Sketch illustrating the effect of depletion interaction, the polymer coils are
excluded from the depletion zones near the QDs surface due to unbalanced osmotic pressures
resulting in an attractive force between the QDs(the orange arrows represent the attractive
force that pushes the QDs to each other).

The differences in the sizes of the QD-rich domains in the surface morphology of the blend
films result from the changes in the magnitude of the depletion force. These changes could be
due to many reasons, but what is apparent is that these changes happened because the
depletion interaction or depletion force is increased with increasing polymer My, as has been
seen before in the literature in some studies [71, 122, 159]. The size of the depletion
interaction correlates to the solution osmotic pressure, with an amount of the order of the
macromolecular size indicating that the depletion layer thickness is about Rg. The sets of
attraction thus get determined by the size of the polymer molecules; this is why the size of
aggregations zones in the surface morphology of films decreased with decreasing the polymer
Muw [81]. The presence of the polymer causes some interaction between the colloidal QDs
because of the depletion interaction, which depends on the size of the M,, of the polymer. So,
as the My of the polymers increases, the depletion force also increases, which is why the
average size of the QD-rich domains became larger with increasing the My of the polymers.
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However, the films with higher My, of the polymers such as PS (850k Mw): PbS QDs, PS
(1.5M My): PbS QDs-OA, PMMA (1.5M My): PbS QDs-OA and F8BT (200k Mw): PbS Q —
OA (Figure 4.4 g and h), (Figure 4.5 g) and (Figure 4.6 b) respectively, do not show any QD-
rich domains in their surface morphology. This could be due to the high viscosity of the
solutions used to make these films, which makes the movements of the components slower,
so the zones cannot form the surface morphology at the short timescales of spin coating (~
30s). Instead, they make surface cracks, which could be due to the region of the QDs, and
these become weaker spots than the surrounding material, resulting in cracks. So, the effect
of the viscosity increase via increasing the My of the host polymers is that is reaches a point

when it prevents the zone formation in the surface morphology.

The QD-rich domains diameters were measured; before taking the average diameter for each
sample because they vary in size, as shown in Table 4.7. Then, the average diameters were

plotted against the My, of the host polymer, as illustrated in Figure 4.9.

PS PMMA

Mw The average Mw The average
diameter of the diameter of the
(8/mol) zones (g/mol) zones
(nm) (nm)

1800 240 2600 400
7500 500 8400 810
40k 660 40k 1300
50k 700 50k 1520
89k 935 350k 2100
350k 1280 1M 2600
850k - 1.5M ---
1.6M

Table 4.7/ the average sizes of the QDs aggregations in both systems (PS and PMMA), showing the
differences in the size of the QDs-rich domains as the M,, changed.

92



1000

PS:PbS QDs-OA nanocomposite films
A PMMA:PbS QDs-OA nanocomposite films

Average diameter of the QDs-rich domains(nm)

T T T T T T
10° 10* 10° 10°

M, (g/mol)

Figure 4.9/ Average diameter of the QD-rich domains vs My, of the polymers (PS and PMMA) in the
PS: PbS QDs and PMMA: PbS QDs nanocomposite films samples.

So, from Table 4.7 and Figure 4.9, the size of the QD-rich domains increased with increasing
My of the host polymer. As previously explained, this is probably due to an increase in the

depletion interaction force in solution as the My increased.

The average size of the QD-rich domains in the PMMA: PbS blend films is larger than that of
the QD-rich domains in the PS: PbS QDs blend films. This could be because of differing
polymer chemistries, for instance, PS being nonpolar and PMMA being more polar, or it
could be related to the bridging interaction, which could influence the surface morphologies
of the nanocomposite films.

In addition, the radius of gyration (Rg) has a power-law exponent relationship with the My
[160], and it was calculated for both polymers (PS and PMMA) from this equation:

(R?) = Coo N [? 4.1
Where Coo is the characteristic ratio of the polymers, N is Mw/molecular weight per repeat

unit, which is for PS (11%) and PMMA (;:%) and 12 is the length of a single bond, the Rga

N”* because the polymers are dissolved in a good solvent (toluene), and the Rq values and the

average sizes of the QDs-poor domains are presented in
Table 4.8 before they are plotted against each other, as displayed in Figure 4.11.
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PS PMMA
The average Re The average Re
diameter of the (nm) | diameter of the | (nm)
zones zones
(nm) (nm)
240 2.37 400 1.26
500 5.59 810 2.55
660 14 1300 6.52
700 16.38 1520 7.45
935 24.66 2100 23.97
1280 56 2600 45
95.53 57.39
139.63

of QD-rich domains.
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Table 4.8/ illustrates the radius of gyration of both polymers (PS and PMMA) vs the average diameter
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Figure 4.10/The relationship between the radius of gyration (Rq) and the molecular weight (My) of the
polymer in a good solvent (taken from [160]).
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Figure 4.11/ Average size of the QDs-poor domains vs radius of gyration (Rg) of the polymers (PS
and PMMA) in the PS: PbS QDs and PMMA: PbS QDs nanocomposite films samples.
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Increasing the My, of the polymers means increasing the Rg of polymers, resulting in a higher
degree of interpenetration between the polymer chains and the QDs. This increases the
depletion force between the polymer chains and the QDs because, with higher polymer Ry,
the mobility of the QDs is reduced, effectively blocking the diffusion of QDs [7, 9 and 10]. It
can be seen that the average size of the QDs aggregates increases with increasing R of the

polymer; this is evidence of the effect of the My on depletion force interaction[161].

To sum up, the depletion force that causes the QD-poor domains in the surface morphology
of the blend films could be partially controlled by changing the My, of the host polymers. The
specimens with a low polymer My showed smaller QD-poor domains than those with a
higher My, indicating more miscibility. This means that reducing the My, of the host
polymers reduces the strength of the depletion force, resulting in smaller QD aggregations
and better dispersion of QDs into the polymer matrices. The high viscosity of the blended
films in the specimens that have a high polymer My, prevents the making of spherical
depletion zones because the viscosity makes the movements of the blend films slower, and
this results in the QD-poor domains, which cannot be made in the short timescales take for

spin coating (~ 30s).

4.3.3. GISAXS

GISAXS is a relatively new technique which provides insights into thin film nanostructure
for samples, compared to conventional scattering methods such as light, neutron scattering
and X-ray diffraction. GISAXS is an essential tool that offers representative information
about the inner morphology of nanocomposite films and ideally complements high-resolution
surface techniques such as AFM. In this experiment, this section is separated into solution
scattering and thin film scattering. The solution scattering will show the dispersion state of
the QDs in the nanocomposite solution as well as the QD core diameter. Thin film scattering
will reveal the QDs dispersion state once the solvent is removed and the films solidify, in

addition to interparticle separation and grain size.
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4.3.3.1. Solution scattering
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Figure 4.12/ Solutions scattering of the three systems with different host polymers My, (a) PS: PbS
QDs-0A; (b) PMMA: PbS QDs-0A; (c) F8BT: PbS QDs-OA.

Figure 1.10 presents the solution scattering data of the three systems (PS, PMMA and F8BT).
For each system, three different My, of the host polymer were chosen (low-medium-high)
except the F8BT system since only two other My, are available. The solution scattering was
used to measure PbS QDs-OA core size and examine the dispersion state of the QDs in the

nanocomposite precursor solutions.

To predict the PbS QD-OA core radius, the g positions of the integrated data were used (as

illustrated by arrows in Figure 4.12), and use the equation % (. The g values in the samples

are 0.1827 A giving a core radius of the PbS QDs-OA about 24 A. For further confirmation,
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the data were fitted via Sas view (“core—shell sphere”) with a hard-sphere form factor whose
radius is bound to be the sum of the shell thickness and core radius. The high electron density
of the PbS quantum dot (QD) cores (length density of the X-ray scattering, XSLD, of PbS for
a Ga source, = 50.7 x 10—6 A~2) translates to an excellent contrast of X-ray with organic
materials and solvents (e.g., xXSLD toluene = 8.03 x 10—6 A2) [144] [145]. This showed the
same result of the QDs radius 24 A (= 4.8nm) and polydispersity of 0.1, Figure 4.13.

The solution scattering results have shown that the PbS QDs-OA are well dispersed within
the polymer matrices in the solution state with the presence of the solvent (Toluene); the
absence of a peak of the structure factor-aggregation = 0.1 A"t demonstrates this. In the next
section, the thin film blends will be examined after the solvent is evaporated and the films

reach the glassy dry state.

a b c
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Intensityicm ™)
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Figure 4.13/The SAS view fitting (core—shell sphere) of the solution scattering of the PS (a), PMMA
(b) and F8BT (c): PbS QDs-OA nanocomposite films with a hard-sphere model represented by red
lines.

4.3.3.2. Thin film scattering
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The 2D reshaped GISAXS images of the blend films are shown in Figure 4.14, Figure 4.15
and Figure 4.16. The inner structure of the blend films is mixed randomly between the ordered
surface layer and a disordered surface layer in the PS and PMMA systems, while the two
samples in the F8BT system look similar. The specimens in the PS system, such as PS (50k
Muw): PbS QDs-OA, PS (350k My): PbS QDs-OA, PS (1.5M Muw): PbS QDs-OA (Figure
4.14d, f and h respectively) display disordered structure or random orientation, while the
other samples showed an ordered structure. The specimen of PMMA (1M My): PbS QDs-OA
(Figure 4.15 f) is the only sample that showed a disordered structure in the PMMA system.
The presence of disorder in the QD monolayer may explain the differences in intensity
between the samples; qualitatively, the rod-type feature scattering was recognised as mainly a

well-ordered monolayer with a degree of disorder.

The superlattice structure and orientations affect the ordered and disordered structures.
Generally, the g spacing is consistent with the oriented pattern in the isotopically oriented
samples, which suggests that all samples formed the same unit cell, the orientation of the unit
cell has the closed packed (111) superlattice plane parallel to the substrate, still, the samples
may vary in grain sizes, which could disrupt the unit cell orientation relative to the substrate
[162, 163].

The films in the three systems show two continuous rings, one around g ~ 0.1 A another
faint ring around g ~ 0.2 A%, From the two peaks positions, it is possible to identify the QDs
aggregation morphology from the consecutive ratios of reciprocal Bragg spacing for the
observed structure. Further, the morphology type could be estimated from GISAXS by
comparing the observed reflection positions (d-spacing) with a given lattice characteristic
[164-167]. The reflection positions show ratio gi/gr = 1, \3, V4, N7 where gjis the position of
the reflection; these ratios are consistent with hexagonal closed-packed (HCP) packing
compared with the reflection reference positions. So, the QDs aggregation in the blend films

formed a (HCP) structure in all samples in this experiment (Figure 4.17).
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Mw increased

Figure 4.14/ 2D reshaped GISAXS images of the PS: PbS QDs-OA blend films. The samples have a
range in PS My as follows: a)1800 b)7.5k c)40k d)50k e)89k f)350k @)850k h)1.5M.

Mw increase

QA : : Q, (A
Figure 4.15/ 2D reshaped GISAXS images of the PMMA: PbS QDs-OA blend films. The samples have
a range in PMMA My as follows: a)2600 b)8.4k c)40k d)50k €)350k f)1M g) 1.5M.
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Mw increase
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Figure 4.16/ 2D reshaped GISAXS images of the F8BT: PbS QDs-OA blend films. The difference
between the samples is the F8BT My; a) 75k b) 200k.
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Figure 4.17/ PMMA 8.4k M,: PbS QDs -OA film, (a) 2D reshaped GISAXS image of the film, (b)1D
radially integrated GISAXS, (c) illustration of the HCP structure. The graph shows how to get the
observed structure's aggregate structure from the consecutive reciprocal Bragg spacing ratio

The data was radially integrated to gain further insight into the inner morphology and learn
more about the dispersion state of the QDs in the nanocomposite films. The apparent peaks

around 0.1 A* were fitted in all the specimens to estimate the crystal grain size from the full-
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width half maximum (FWHM) of the diffraction peaks using the Scherrer equation [168-172]
(Figure 4.18).

_ 2K
= g

4.2

Where D is the crystal grain size, K is the Scherrer constant, and Aq is the FWHM, the
Scherrer constant for the spherical crystals is 0.94 [173]. This equation helps determine
general trends and make internal comparisons. For a rough size estimation, it is sufficient to
analyse just one peak. However, one must be cautious when interpreting data from samples
with low diffraction quality because the physical parameters may differ significantly from the
obtained values[174].

Looking into the QDs aggregations, the inter-particle separation refers to the distance
between particles in a given system, the inter-particle separation for the PS: PbS QDs-OA,
PMMA: PbS QDs-OA and F8BT: PbS QDs-OA aggregates were calculated, first obtaining
the centre-to-centre distance of the QDs from the g values at the peak centre and applying d =
2n/q, then, subtracting the core diameter of the QDs (48A) from the obtained centre-to-centre
distance (Figure 4.20), and this data including grains size are presented in Table 8.1, Table 8.2
and Table 8.3 in the Appendix.

The grains size that form from (PS: PbS QDs-OA), (PMMA: PbS QDs-OA) and (F8BT: PbS
QDs-0OA) blend films range between 37-56nm, 35-59nm and 52-62 nm, respectively, around
7 to 13 times bigger than the core diameter of the PbS QDs-OA (~ 4.8nm), and this is
indicating to that the PbS QDs-OA become aggregated during the drying process as the

solvent is evaporated.

The My of the host polymer affects the inner morphology of the blend films; changing the
polymer M, affects the grain size and the interparticle separation, as seen in Table 8.1, Table
8.2, Table 8.3 (in the Appendix) and in Figure 4.21. The aggregation grain size increased with
increasing the host polymer My, in all three systems; for instance, the grain size in the
specimen of PS (1800 My): PbS QDs-OA is 37nm, and this increased to 56nm in a specimen
of PS (1.5M My): PbS QDs-OA which has the highest polymer My in PS system. Similarly,
the grain size in the lowest My polymer (2600 My,) in the PMMA system is 35nm; this keeps
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increasing to reach 59nm at the highest My of the PMMA polymer (1.5M My), which is

illustrated in Figure 4.21.

To look into the aggregation, the interparticle separation has slight changes in (PS: PbS QDs-
OA) and (F8BT: PbS QDs-OA) systems, where it ranges between 8-9 A, while it is 8 A in all

samples of PMMA: PbS QDs-OA system.

& PS3S 1800 M,,/FPbS QDs-0A
Gaussian fit

ligh/a.u.

IJIE IJI3
aiA™)
* PS1.6m M, /PbS QDs-OA
Gaussian fit
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Figure 4.18/ radially integrated GISAXS data of PS 1800 M,,: PbS QDs-OA and PS 1.6m M,: PbS
QDs-OA, an example of the PS system integrated data. This shows the difference in the aggregation’s
peaks when the PS My, was altered.

lig) a.u.
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Gaussian fit
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Figure 4.19/ radially integrated GISAXS data of PMMA 8.4k My,: PbS QDs-OA and PMMA 350k My,:
PbS QDs-0A, an example of the PMMA system integrated data. Also, this shows the difference in the
aggregation’s peaks when the PMMA M., increased.

QD has a diameter
=48A

Centre to centre distance= 57 A

Inter-particle separation= 9A

Figure 4.20/ schematic drawing illustrating the parameters from GISAXS that provide the
interparticle separation.
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Figure 4.21/Effect of polymer My, on the grain size in blends films in PS: PbS QDs-OA, PMMA: PbS
QDs-OA and F8BT: PbS QDs-OA systems. A relationship appeared between the polymer My, and the
PbS QDs-OA aggregations; the grain size increased as the host polymer My, increased.

So, increasing the Polymer My, increases the size of the PbS QDs-OA aggregates and changes
the interparticle separation; the relationship between QDs aggregation in polymer matrices
and host polymer My, is complex and depends on several factors, such as the nature of the
polymer and QDs as well as the processing conditions used. In this experiment, the increase
in the PbS QD-OA aggregation with polymer My, (Figure 4.21) is believed to be due to

increasing the depletion interaction as the polymer My increased, as mentioned in the AFM
section.

So, changing the host polymer My, affects the surface morphology of the blend films and the
inner morphology. Varying the polymer My, affects the depletion force that causes the QDs
aggregations; increasing polymer My increases the depletion amount, which leads to larger
grain sizes (QDs aggregation). Raising the My of polymers means bigger polymer Ry, as seen
in Figure 4.10. The size of the depletion interaction correlates to the solution osmotic pressure,

with an amount of the order of the macromolecular size indicating that the depletion layer
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thickness is about Rq. The sets of attraction thus get determined by the size of the polymer
molecules (colloidal and protein limited)[81]. Also, increasing polymer Rq reduces the space
for the QDs to fit in. This has a greater ability to increase the range and scale of the depletion

force, leading to a stronger depletion interaction between the QDs.

The QD-poor domains seen in the AFM and the grain size found by GISAXS showed similar
behaviour, both increased with increasing polymer My, However, the sizes are different; the
depletion zones in the AFM are much bigger, perhaps because of the differences in the
surface morphology from the bulk, resulting in these size differences (Figure 4.22).
Moreover, the QDs aggregation could be influenced not only by the intermolecular
interactions between the polymer chains and QDs explained above but also via the growing
polymer crystal front to either QDs drive expulsion “impurities” or distort in the case of
occlusion QDs [175]. The polymer crystal could be bigger in the polymer with higher My and
then bigger Ry, resulting in a bigger aggregation of the QDs [8].

Some factors determine the interparticle separation, including the interaction type between
QDs and the polymer chains, solvent nature, and the QDs size. The slight changes in the
interparticle separation in the (PS: PbS QDs-OA) and (F8BT: PbS QDs-OA) systems and the
8 A in (PMMA: PbS QDs-OA) system in this experiment are probably due to either the
ligands being tilted or partially interdigitated in neighbouring QDs because it is lower than
the extended length of the ligands[176]. The extended length of the ligands is represented by
the number of carbons in the ligands, which is 18 carbons in the Oleic Acid (OA). So, from to
have no ligands interdigitating between the QDs, it needs to have an interparticle separation
around 36 A (3.6nm); in other words, two full ligands length between two QDs (one from
each), which is not the situation in this experiment (Figure 4.23)[163].
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Figure 4.22/ Grain size found via GISAXS vs average depletion diameter found via AFM for PS and

PMMA systems, same behaviour but a different size. (The F8BT system is not included in this graph
because only one sample from the two studies showed a depletion zone).

Figure 4.23/ Sketch illustrates the difference in the interparticle separation due to the state of the
ligands: (a) complete interparticle separation between the neighbouring QDs (two full ligands
length), (b) the interparticle separation decreased because the ligands interdigitating between the
neighbouring QDs, which I believe this is the case in this experiment.
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4.4. Conclusion

The effect of polymer My on the final morphology of the nanocomposite films of PS, PMMA
and F8BT when blended with PbS QDs-OA was investigated in this experiment. The results
indicated that the film thickness, which was measured via ellipsometry, increased with the
M of the host polymer. This is due to the viscosity increase as the polymer My, increases

viscosity, determining the slower thinning during spin coating.

AFM was used to probe the surface topography of the blended films; the results showed some
domains on the surface of the films, which are believed to be QDs-poor domains. The
average diameter of the QDs-rich domains size increased as the polymer My increased; for
example, it is around 240 nm in PS (1800 My): PbS QDs-OA, which grew to 1280 nm in PS
(350k Mw): PbS QDs-OA. Another example is the average diameter of the QDs-rich domains
in a specimen of PMMA (2600 Mw): PbS QDs-OA is around 280 nm, which grows to 2600
nm in PMMA (1m Mw): PbS QDs-OA. Interestingly, the specimen that has high polymer
Muw, such as PS (850k and 1.6m My), PMMA (1.5m Mw) and F8BT (200k M): PbS QDs-
OA showed no QDs-rich domains, which is probably because of the high viscosity that
makes the movements of the components slower and cannot form in the short timescale of

spin coating (30s).

The inner structure was investigated via GISAXS by fitting the peaks around 0.1 A, It was
found that the PbS QDs-OA aggregated where the grain size is 7-13 times the core diameter
of the PbS QDs-OA (4.8 nm) in all three systems. The grain size increases with polymer My
for all the specimens in this experiment. This could be due to many factors, but in this
experiment, | think this may be due to increasing the depletion interaction with M, of the
host polymer. The aggregation crystal structure was estimated from the observed reflection
positions (d-spacing); the reflection positions of the peaks show a ratio gi/q: = 1, V3, V4, \7,

consistent with a hexagonal closed-packed (HCP) structure.

Finally, the depletion force that causes the QDs Aggregations could be partially controlled by
changing the My, of the polymer host. This means that reducing the My, of the host polymers
reduces the depletion force, resulting in smaller QD aggregates and better dispersion of QDs
into the polymer matrices. The specimens with a low My, showed better miscibility between
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the polymer chains and the QDs, as they have smaller QDs-poor domains and smaller grain
sizes than those with a higher Mw. Even though, the main aim of the project which is to
disperse the QDs to the polymer matrix is not fully reached in this chapter. This means that

more effort is needed to solve this issue.
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Chapter 5

Impact of ligand exchange on the nanocomposite film morphology

of Lead Sulphide quantum dots and polymer matrix

5.1. Introduction

The last chapter showed that the cohesive forces that cause the QDs aggregation, which
happens when QDs are incorporated into polymer matrices, can be partially controlled by
varying the host polymer M. However, this did not reach the dispersed within the polymer

matrix, which is the project’s main objective.

Even though OA ligands have been mentioned as being the optimum ligands for the synthesis
process, where they stabilise the QDs by controlling the shape and size of the QDs,
preventing the QDs from aggregation in organic solvents [57, 61], it has also been mentioned
that in the case of QD/QD and QD/polymer interactions could be modified with different
ligands for better QDs dispersion and interaction with the surroundings, where the OA
ligands often prevent this from happening due to the insulating nature of them, which end

with structural issues, such as aggregation or phase separation of the components.

So, in this chapter, the strategy has changed from trying to control the cohesive forces to
changing the chemistry between QDs and the polymer chains by adjusting the QDs ligands
besides trying to control the cohesive force. So, instead of the native ligands (OA), Hexanoic
acid (HA) and Decanoic acid (DA), which are both shorter-length chains than the native
ligands (OA) and also belong to the carboxylic acid group, will be used in this experiment.
The ligands exchange approach is employed to control the QDs surface chemistry by
adjusting the length of the ligand and hence the polymer: QDs self-assembly, switching the
nature of the QDs from the OA (native ligands) to (HA and DA) (Figure 5.1).
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Successfully modifying the QDs surface chemistry approach by utilising ligands chemically

similar to the host polymer could help achieve good QDs dispersibility into the polymer

matrices, which was demonstrated before [177, 178].

5.2. Experimental methods

This experiment used three different My, of the PS and PMMA (low-medium-high) and the
two My of F8BT that were available, as presented in Table 5.1. The Hexanoic Acid (HA) and

Decanoic Acid (DA) were purchased from (Sigma- Aldrich) and have been used as received

without any further purification.

Samples preparations and the use of the instruments (Ellipsometry, AFM, and GISAXS) have

been explained in detail previously in this thesis.

Polymer supplier Mw Mhn PDI
(g/mol) (g/mol) (Myw/ M)
PS Polymer source 1,800 1600 1.13
PS Sigma-Aldrich 40,000 39,000 1.02
PS Polymer source 850,000 790,000 1.08
PMMA Polymer source 2,600 2,500 1.09
PMMA Polymer source 40,000 36,363 1.10
PMMA Polymer source 1,000,000 666,666 1.5
F8BT Sigma-Aldrich 75,000 72,815 1.03
F8BT Sigma-Aldrich 200,000 192,307 1.04
Table 5.1/ The host polymers that were chosen in this experiment.
substance empirical Density Melting Boiling
formula (g/cm?®) temperature | temperature
(C) (°C)
Hexanoic Acid CsH1202 0.93 -3.4 205
Decanoic Acid C10H2002 0.89 31.6 269

Table 5.2/ some important properties of the ligands used in this experiment.
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substance Volume Volume
fraction(¢) percentage (%)
PbS-(HA-DA) 0.0024 0.24
PS 0.021 2.1
PMMA 0.018 1.8
F8BT 0.021 2.1

Table 5.3/ the volume percentage and volume fraction of the nanocomposites. The initial weight
fraction of PS: PbS QD-OA nanocomposite is (0.24% QDs, 2.1% PS and 97.66% toluene), the initial
weight fraction of PMMA: PbS —OA nanocomposite (0.24% QDs, 2.04% PMMA and 97.72 %
toluene) and the initial weight fraction of F8BT: PbS —OA nanocomposite (0.24% QDs, 2.1% F8BT
and 97.66% toluene).

o
O

Figure 5.1/ Schematic structure of the (a) Hexanoic Acid (HA), (b) Decanoic Acid (DA), and (c) Oleic
Acid (OA) all have a similar structure, but they differ in chains length, where HA has six carbon, DA
has ten carbon and OA has 18 carbons.

5.2.1. Ligands exchange from OA to HA and DA

A 2 molar excess of Hexanoic Acid (HA) and Decanoic Acid (DA) was added to the PbS
QDs-OA (10 mg mI? in toluene) based on an estimated PbS: OA mass balance of 1:1:21 and
left for 48 h. Then acetone (20 ml) was added to precipitate the nanocrystals of PbS (HA and
DA); the mixtures were centrifuged for 20 min at 12,000 rpm and 20 C°, after that the

supernatant was removed, and the QDs residue re-dispersed in toluene (1 mL). The
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purification process cycles (dispersion/ precipitation/ centrifugation) were repeated three

times, and the QDs were re-dispersed in toluene for final dispersion and storage.

This method has been used before by Daniel T. W. Toolan and Michael P. Weir [176]; in this
work, they demonstrated how modified QD self-assemble with TIPS-Tc to produce
hybridised QD/TIPS-Tc nanocomposite materials, where the QD dispersion is controlled
using the QD ligand. It is possible to direct self-assembly at length scales ranging from
nanometres to microns by controlling QD ligand chemistry, resulting in materials with
potential applications in solar energy conversion materials where well-dispersed QD
nanostructures are desired, but also in thermoelectric and QD semiconducting devices where

linked QD nanomorphologies are helpful.

5.3. Results and Discussion

5.3.1. Ellipsometry

Like the last chapter, the film thicknesses of the PS, PMMA, and F8BT blend systems were
measured via ellipsometry. The blend film thickness ranged between 69-216nm, 86-142nm,
and 91-156nm for PS, PMMA, and F8BT systems, as presented in Tables 1.3, 1.4, 1.5, and
Figure 5.2. Also, similar behaviour of the samples, as seen in the last chapter, was noticed
here; the thickness of the nanocomposite films increased as the polymer My, increased.
Nevertheless, the blend film thicknesses are lower with the (HA and DA) ligands compared
to the film thickness with the native ligands (OA), where they ranged between 101-321nm,
136-389nm, and 205-249nm for PS, PMMA, and F8BT systems, respectively, as seen in the
last chapter.

Changing the PbS QDs Ligands from the native ligands (OA) to the ligands of (HA and DA)
affects their chemical properties and interactions with the polymer matrices. It was noticed
that the viscosity of the nanocomposite solutions decreased with HA and DA ligands
compared to the solution with OA ligands. The HA and DA ligands have shorter chain
lengths than the OA ligands, as seen in Figure 5.1; this leads to a decrease in the QDs size

(core + shell), which changed the volume fractions of the QDs, resulting in lower viscosity of
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the solution with HA and DA ligands compared the solution with OA ligands, as seen from
this equation.

n =no(1+ 2.5¢) 5.1
Where 7 is the viscosity, no is the viscosity of the dispersing liquid and ¢ is the volume
fraction of QD [70]. This affects the thickness of the films by decreasing them compared to
the films with long-length ligands (OA), as seen in Table 5.4, Table 5.5, Table 5.6 and Figure
5.2. Also, the thickness of the nanocomposite films increased with increases in the polymers
Muw, as shown in Figure 5.2. The influence of the host polymer My, has been explained

previously in this thesis.

Films Thickness (nm) Error bar (nm)
PS(1800 Mw)+PbS QDs-HA 69 +3
PS(1800 Mw)+PbS QDs-DA 75 +3
PS(1800 Mw)+PbS QDs-OA 101 +3
PS(40k Mw)+PbS QDs-HA 201 +4
PS(40k Mw)+PbS QDs-DA 203 +5
PS(40k Mw)+PbS QDs-OA 211 +2
PS(850k Mw)+PbS QDs-HA 209 +5
PS(850kMw)+PbS QDs-DA 216 +5
PS(850kMw)+PbS QDs-OA 291 +2

Table 5.4/ thicknesses of the PS system samples. The data of films with OA ligands are taken from
Chapter 4 for comparison.

Films Thickness (nm) Error bar (nm)
PMMA(2600 Mw)+PbS 86 +4
QDs-HA
PMMA(2600 Mw)+PbS 93 +4
QDs-DA
PMMA(2600 Mw)+PbS 136 +1
QDs-0OA
PMMA(40k Mw)+PbS QDs- 113 +4
HA
PMMA(40k Mw)+PbS QDs- 103 +5
DA
PMMA(40k Mw)+PbS QDs- 194 +3
OA
PMMA(1M Mw)+PbS QDs- 122 +5
HA
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PMMA(1M Mw)+PbS QDs- 142 +4
DA

PMMA(1M Mw)+PbS QDs- 340 3
OA

Table 5.5/ thicknesses of the PMMA system samples. The data of films with OA ligands are taken from
Chapter 4 for comparison.

Films Thickness (nm) Error bar (nm)

F8BT(75k Mw)+PbS QDs- 91 +4
HA

F8BT(75k Mw)+PbS QDs- 80 +3
DA

F8BT(75k Mw)+PbS QDs- 205 +3
OA

F8BT(200k Mw)+PbS QDs- 145 +6
HA

F8BT(200k Mw)+PbS QDs- 156 +5
DA

F8BT(200k Mw)+PbS QDs- 249 +2
OA

Table 5.6/ thicknesses of the F8BT system samples. The data of films with OA ligands are taken from
Chapter 4 for comparison.
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Figure 5.2/The effect of the host polymer M,, and the ligands changed on the blend film thicknesses;
(a) PS system, (b) PMMA system, (c) F8BT system (The data of films with OA ligands are taken from
Chapter 4 for comparison).

5.3.2. AFM

The surface morphology images of PS: PbS QDs-(HA-DA), PMMA: PbS QDs-(HA-DA),
and F8BT: PbS QDs-(HA-DA) blends films are shown in Figure 5.3, Figure 5.4 and Figure 5.5,
respectively. Several surface morphological changes were noted between the blend films,
such as the size and shape of the QD-poor domains. The average QDs-rich domains diameter

was calculated similarly to the last chapter, and the values are presented in Table 5.7, Table 5.8

and Table 5.9.
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It has been seen in Chapter 4 that a QD-poor domain and cracks formed in the surface
morphology of the nanocomposite films that consist of polymer (PS-PMMA-F8BT) mixed
with PbS QDs-OA. The QDs-rich domains increase in size with an increase in the host
polymer My due to a rise in the depletion force that causes the formation of QDs-rich
domains in the surface morphology. The films with high My of the host polymer, such as PS
(850k Mw): PbS QDs-OA, PS (1.5M My): PbS QDs-OA, PMMA (1.5M Mu): PbS QDs-OA
and F8BT (200k Mw): PbS QDs-OA form cracks and this related to the higher viscosity of

these solutions which slow down the components movement upon drying

In this experiment, similar behaviour was shown by the PS system where the QDs-rich
domains form in the surface morphology of the blend films. These domains are increased
with the increase in the My, of the PS, as seen in Figure 5.3. Compared to nanocomposite films
with OA ligands seen in Chapter 4, QDs-rich domains are smaller in size in the films with
HA and DA (Figure 5.7). Also, the film of PS (850k Mw): PbS QDs-OA showed cracks on
surface morphology; this changed when the ligands changed to HA and DA to form QDs-rich

domains.

The average QDs-rich domains diameter is 120nm in the sample of PS (1800 My): PbS QDs-
HA (Figure 5.3 a); this increased to 250nm and 550nm in the PS (40k My,): PbS QDs-HA and
PS (850kMy): PbS QDs-HA (Figure 5.3 ¢, d) respectively. Similar behaviour was noted in the
same samples with different QDs ligands (DA); the average QDs-rich domains diameter in
the sample of PS (1800 My): PbS QDs-DA (Figure 5.3 b) is 130nm, and this extended to
230nm and 520nm in samples of PS (40K My): PbS QDs-DA and PS (850K My): PbS QDs-
DA (Figure 5.3 d, 1).
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Figure 5.3/ AFM images of the PS: PbS QDs nanocomposite films, the samples differ in QDs ligands
and Polymer Mw as follows: a) PS(1800 Mw): PbS QDs-HA; b) PS(1800 Mw): PbS QDs-DA; c)
PS(40k Mw): PbS QDs-HA; d) PS (40k Mw): PbS QDs-DA; ) PS(850k Mw): PbS QDs-HA; f)
PS(850k Mw):PbS QDs-DA. (scan size is 10um for all samples).

The films in the PMMA system show QDs-rich domains that increase with the My of PMMA
except films of PMMA (1M Mu): PbS QDs-HA and PMMA (1M Muy): PbS QDs-DA, where
they do not form spherical QDs-rich domains, as seen in Figure 5.4 e and f. The QDs-rich
domains are smaller in size in the films with HA and DA ligands than in those with OA

ligands seen in Chapter 4, as seen in Figure 5.7.

The PMMA: PbS QDs films show similar morphological changes to the behaviour seen in the
PS: PbS QDs films, albeit with some differences; the blend films show some QDs-rich
domains in the surface morphology, which increased with the PMMA M. However, the
QDs-rich domains in PMMA (1M Muy): PbS QDs-HA and PMMA (1M Muy): PbS QDs-DA
(Figure 5.4 e, f) do not form a spherical shape, so their diameter could not be calculated,

instead, the films show two different distinct layers, which indicate a phase segregated
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occurred in their surface morphology. The average QDs-rich domains diameter in the PMMA
(2600 My): PbS QDs-HA (Figure 5.4 a) film is 180nm, while it is 830nm in the film of
PMMA (40K My): PbS QDs-HA (Figure 5.4 c¢). This was also noted with the same samples
with (DA) ligands: PMMA (2600 My): PbS QDs-DA and PMMA (40K My): PbS QDs-DA
(Figure 5.4b, d), where the QDs-rich domains are 185nm and 678nm, respectively.
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Figure 5.4/ AFM images of the PMMA: PbS QDs nanocomposite films; also, the films differ in the
QDs ligands and polymer Mw as follows: a) PMMA(2600 Mw): PbS QDs-HA; b)PMMA(2600 Mw):
PbS QDs-DA; c)PMMA(40k Mw): PbS QDs-HA ; d)PMMA(40k Mw): PbS QDs-DA; e)PMMA (1M

Mw): PbS QDs-HA; f)PMMA(IM Mw): PbS QDs-DA. (Scan size is 10um for all samples).

Figure 5.5 shows the surface structure of the blend films in the F§BT system. There are some
holes in the surface of F§BT (75k My): PbS QDs-HA and F8BT (75k My): PbS QDs-DA
films, while the films of F§BT (200k My): PbS QDs-HA and F8BT (200k My): PbS QDs-DA
show flat planar surface. This is different compared to films with OA ligands where the
surface F8BT (75k My): PbS QDs-OA show QDs-rich domains and the film of F8BT (200k
My): PbS QDs-OA show cracks.

119



So, the F8BT system exhibits dark holes or spots in the surface films that have an average
diameter reaching 175nm for F8BT (75k My): PbS QDs-HA film (Figure 5.5 a), while it is
180nm in F8BT (75k My): PbS QDs-DA film (Figure 5.5 b). The blend films of FSBT (200k
My): PbS QDs-HA and F8BT (200k My): PbS QDs-DA show no QDs-rich domains or
cracks. Instead, they show flat planar structures without any further details.
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Figure 5.5/ AFM images of F8BT: PbS QDs nanocomposite films, a)F8BT(75k My,): PbS QDs-HA ;
b)F8BT(75k M,,): PbS QDs-DA ; c)F8BT(200k M,,): PbS QDs-HA ; d)F8BT(200k M.,): PbS QDs-DA.

Samples The average diameter of QD-rich domains
(nm)
PS(1800 Mw): PbS QDs-HA 120
PS(1800 Mw): PbS QDs-DA 130
PS(40K Mw): PbS QDs-HA 250
PS(40K Mw): PbS QDs-DA 230
PS(850K Mw): PbS QDs-HA 550
PS(850K Mw): PbS QDs-DA 520

Table 5.7/The average diameter of the QDs-rich domains in PS: PbS QDs nanocomposite films with
different ligands and polymer M.

Samples The average diameter of the QD-rich
domains (nm)
PMMA(2600 Mw): PbS QDs-HA 180
PMMA(2600 Mw): PbS QDs-DA 185
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PMMA(40K Mw): PbS QDs-HA

830

PMMA(40K Mw): PbS QDs-DA

678

PMMA(1M Mw): PbS QDs-HA

PMMA(1M Mw): PbS QDs-DA

Table 5.8/The average diameter of the QD-rich domains in PMMA: PbS QDs nanocomposite films

with different ligands and polymer My,.

Samples

The average diameter of the QD-rich
domains (nm)

F8BT(75k Mw): PbS QDs-HA

175

F8BT(75k Mw): PbS QDs-DA

180

F8BT(200k Mw): PbS QDs-HA

F8BT(200k Mw): PbS QDs-DA -—--

Table 5.9/The average diameter of the QD-rich domains in F8BT: PbS QDs nanocomposite films with
different ligands and polymer M.

Varying the Polymers My, and exchanging QDs ligands from the native ligands (OA) to HA
and DA both affect the surface morphology of the blend films. The effect of the changing
polymers My is represented by an increase in the QDs-rich domains size when the polymer
Mw increased, as shown in Table 5.7Table 5.8Table 5.9 and Figure 5.6. This could result from
the change in the amount of the depletion force or depletion interaction as the My, of the
polymers changed (the effect of the polymer My, has been detailed in the last chapter).
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Figure 5.6/ the effect of the polymers M, on the QD-rich domain size; (a) PS system, (b) PMMA
system, and F8BT systems are not included because the QD-poor domain in the samples with 200k
M,, are not spherical in shape, so it cannot be calculated.

Figure 5.7 compares the effects of the ligand exchange on the QDs-rich domains size in the
PS and PMMA systems. The average QDs-rich domains size in the samples with OA ligands
is bigger than in the samples with HA and DA ligands. The average diameter of the QDs-rich
domains in PS (1800 Mw): PbS QDs-OA and PS (40k My): PbS QDs-OA films are 240nm
and 660nm; this reduced to 120nm, 130 nm, 250 nm, and 230 nm in PS (1800 My,): PbS
QDs-HA, PS (1800 My,): PbS QDs-DA, PS (40K My): PbS QDs-HA, and PS(40K M,,): PbS
QDs-HA, respectively.

Similar behaviour was noted in PMMA and F8BT systems; the average diameter of the QDs-
rich domains in PMMA (2600 My,): PbS QDs-OA and PMMA (40k My): PbS QDs-OA are
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280 nm and 1250 nm; this decreased to 180 nm, 185 nm, 830 nm and 678 nm in the PMMA
(2600 My,): PbS QDs-HA, PMMA (2600 My): PbS QDs-DA, PMMA (40k My): PbS QDs-
HA and PMMA (40k My): PbS QDs-DA. Also, the film of F8BT (75k Mw): PbS QDs-OA has
an average QDs-rich domains diameter of 750 nm; this changed to become holes with the HA

and DA ligands with a diameter of 175 nm and 185 nm, respectively.

So, adjusting the surface chemistry of the PbS QDs by changing the ligands from the native
ligands (OA) to the shorter chain length ligands (HA and DA) has reduced the QDs-rich
domain sizes seen in the surface morphology of the blend films. This indicates a change in
the relative interaction between the PbS QDs and the polymer chains, which decreases the
QDs-rich domain size with HA and DA ligands compared to OA. HA and DA are shorter
chains; this means different interaction parameters, such as more favourably for the
interactions with the polymer chains than the native ligands, the long chains ligands of the
OA have unfavourable interactions with the polymer chain, leading to a bigger driving force
for aggregations of QDs. This results in smaller QDs-rich domains compared to the films
with OA ligands on the surface of the blend films. The more hydrophilic ligand means more
favourability of interaction, resulting in more compatibility between the QDs and the polymer
chains. These properties could modify the surface chemistry of the PbS QDs and increase the
miscibility between the polymers chains and QDs, which results in better miscibility and
dispersibility of the QDs into the polymer matrix. The phase segregations in the surface
morphology of PMMA (1M My): PbS QDs-HA and PMMA (1M My): PbS QDs-DA could
be due to the high viscosity of the solution and this is because the high polymer My, which
makes the movements of the components slower and do not have time to form the QDs-rich

domains.
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Figure 5.7/the ligands (OA, HA, and DA) and the polymers My, affect the QD-rich domain size. The
data for films with OA ligands is taken from Chapter 4.

5.3.3. GISAXS

The internal morphology of the blend of QD—HA and DA: polymer films was investigated
via GISAXS. GISAXS is an excellent tool for analysing the nanostructure and ordering
nanocomposite films. It gives valuable information about the internal morphology, such as
the dispersion state of the QDs in both nanocomposite solution and nanocomposite films,

morphology, grain size and interparticle separation.
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5.3.3.1. Solution scattering

The integrated solution scattering data of the PS, PMMA and F8BT systems are presented in
Figure 5.8. Similar to what has been seen in the last chapter, the samples show no
aggregations of the PbS QDs with HA and DA ligands in the solution state with the presence
of the solvent; this is demonstrated by the absence of the structure factor peak, which would
signify aggregation =0.11 A%; and this indicates that the aggregation happens during the
drying and when the solvent evaporates.

As seen in the last chapter, the core radius of the QDs is predicted from the g positions in the
integrated data (as illustrated by arrows in Figure 5.8). The QDs core radius in the samples
with HA and DA ligands = 24A and polydispersity of 0.1, which is similar to those with OA
ligands in the last chapter. This means the QD diameter is unchanged with the HA and DA
ligands, where it is = 4.8nm. Fitted data also confirm this via Sas view (“core—shell sphere”)
with a hard-sphere structure factor whose radius is constrained to be the sum of the shell
thickness and core radius (Figure 5.9, Figure 5.10 and Figure 5.11). In the solution scattering
whole the samples show the same result, where the QDs are well dispersed and they have the

same core radius = 24A.
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Figure 5.8/Solution scattering data of the PS, PMMA, and F8BT systems with HA and DA ligands and

different polymer M.
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Model fit

} PS5 (1300Mw):PBS QDs-HA

Madel fit
t PS (40k Mw):PRS QDs-HA

Model fit
+ PS5 (850k MwhFbS QDs-HA

Model fit
i PS (1800Mw)PRS QDs-DA

Model fit
tPS(40k Mw):PbS QDs-DA

Madel fit
t+  PS (850k Mw):PbS QDs-DA

Figure 5.9/ Solution scattering of the PS: PbS QDs-HA and DA system, the SAS view fitting
(core—shell sphere) with a hard-sphere model represented by red lines.
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Maded fit Madel fit
t PMMA (2600 Mw): PbS QDs-HA b PMMA (2600 Mw): PhS QDs-DA

Model fit Medel fit
PMMA {40k Mw): PbS QDs-HA b PMMA {40k Mw): PbS QDs-DA

Model fit Model fit
t PMMA (1M Mw): PbS ODs-HA § PMMA (1M Mw): PhS QDs-DA

Figure 5.10/ Solution scattering of the PMMA: PbS QDs-HA and DA system, the SAS view fitting
(core—shell sphere) with a hard-sphere model represented by red lines.
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[ b FBBT (200k Mw): PbS QDs-HA |pas t FBET (200k Mw): PbS QDs-DA

Figure 5.11/ Solution scattering of the F8BT: PbS QDs-HA and DA system, the SAS view fitting
(core—shell sphere) with a hard-sphere model represented by red lines.

5.3.3.2. Thin films scattering

This section studies the internal morphology of the blend films of the three systems (PS-
PMMA-F8BT). The 2D reshaped GISAXS images of the blend films are shown in Figure
5.12, Figure 5.13 and Figure 5.14. The inner structure of the nanocomposite films has some
changes with the carboxylic acid active group (-COOH) ligands (HA-DA), such as the QDs
aggregation peak positions and morphology. Generally, the films show an aggregation of the
PbS QDs when incorporated into the host polymer matrices and during the drying process
(solvent evaporation) in all three systems; this is demonstrated by the apparent peak of the
structure factor aggregation, which is not visible in the solution scattering, as seen in Figure
5.16.

Most of the blend films show HCP aggregation structure where the position of the reflections
show ratios qi/q: = 1, V3, V4, \'7, and these are consistent with HCP packing compared with
the reflection reference positions, similar to what was seen in the last chapter[167]. However,
the specimens of PS (40k My): PbS QDs-HA and PS (40k Mw): PbS QDs-DA (Figure 5.12 ¢
and d) and PMMA 2600 My PbS QDs-DA and PMMA 40k Myw: PbS QDs-DA (Figure 5.13 b
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and d) in the PMMA system have an extra peak around ~0.15 A in common with the other
peaks of ~ 0.11 A and ~ 0.18 A, which showed different QDs aggregations morphology
where the positions of the reflections display ratios gi/g: = 1, V4/3, V8/3, V11/3; these ratios
are consistent with FCC packing compared with the reference reflection positions[166, 167].
This means these blend films have shown a change in the crystal aggregation morphology
from HCP to form a face-centred cubic closed-packed (FCC-CP) morphology. The QDs are
described as being ordered on a face-centred cubic (FCC) lattice with paracrystalline
distortion. The distortion factor of the paracrystalline is a convenient metric for quantifying
the film QDs ordering [179]. HCP and FCC-CP morphologies differ simply by the stacking
sequence of layers, as shown in Figure 5.15 [96]. Moreover, the unit cell orientation in these
films changed relative to the substrate to be (100) plane parallel to the substrate[39, 163].

Increase in Mw of the PS

Figure 5.12/ 2D reshape GISAXS images of samples of PS system, (a) PS 1800 My: PbS QDs-HA; (b)
PS 1800 My: PbS QDs-DA; (c) PS 40k My: PbS QDs-HA; (d) PS 40k My: PbS QDs-DA; (e) PS 850k
Mw: PbS QDs-HA; (f) PS 850k My: PbS QDs-DA.
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Increase in Mw of the PMMA

0.2 0.1 0 0.1 0.2 0.2 0.1 0 0.1 0.2

Q, (A" Q (A7)

Figure 5.13/ 2D reshape GISAXS images of samples of PMMA system, (a) PMMA 2600 M,: PbS
QDs-HA; (b) PMMA 2600 My: PbS QDs-DA; (c) PMMA 40k My: PbS QDs-HA; (d) PMMA 40k M,
PbS QDs-DA; (e) PMMA 1M M,: PbS QDs-HA; (f) PMMA 1M M,,: PbS QDs-DA.

03
'.T< 0.2
VN
c 0.1
: /\ A

Increase in Mw of the F8BT

Figure 5.14/ 2D reshape GISAXS images of the samples of F8BT system, (a) F8BT 75k My: PbS QDs-
HA; (b) F8BT 75k Myw: PbS QDs-DA; (c) F8BT 200k My: PbS QDs-HA; (d) F8BT 200k My: PbS
QDs-DA
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Figure 5.15/ PMMA (40k My)): PbS QDs-HA and PMMA (40k My): PbS QDs-DA nanocomposite
films. (a) 1D radially integrated GISAXS, (b) 2D reshaped GISAXS image of the blend films, ()
Sketch shows the difference between the HCP and FCC-CP structures. The graph illustrates how to
get the different aggregate structures from the consecutive reciprocal Bragg spacing ratio for the
observed structure.

To gain further insight into the inner morphology of the nanocomposite films, the data was
radially integrated, and the peak of the structure factor-aggregation (~ 0.11 A™) was fitted to
estimate the crystal grains size from the full-width half maximum (FWHM) of the diffraction
peaks by the Scherrer equation similar to what have seen in the last chapter [168, 172]. Figure
5.16 presents an example of the radially integrated data, and the results are illustrated in Table
8.4, Table 8.5 and Table 8.6 for PS, PMMA and F8BT systems, respectively.

The grain size that forms from the blend films of (PS: PbS QDs-HA and DA, PMMA: PbS
QDs-HA and DA and F8BT: PbS QDs-HA and DA) range between 25-41nm, 23-51nm and
37-49nm, respectively. This indicates aggregations of the PbS QDs where the grain size is 5-
11 times bigger than the core diameter of the PbS QDs (~ 4.8nm).

The behaviour of the QDs aggregation is still affected by the polymer My, as seen in the last
chapter, despite the change in the QDs surface chemistry. From Table 8.4, Table 8.5, Table 8.6
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(in the Appendix) and Figure 5.17, it can be seen that the grain size increased with the
polymer My; for example, the PS (1800 Mw): PbS QDs-HA and PS (1800 Mw): PbS QDs-DA
films have grains size 25nm and 26nm, respectively. This increased to 28nm, 30nm, 36nm
and 41nm in PS (40k My,): PbS QDs-HA, PS (40k M,,): PbS QDs-DA, PS (850k My): PbS
QDs-HA and PS (40k My,): PbS QDs-DA films, respectively. This behaviour was also noted
in the PMMA and F8BT systems, where the grains sizes in the PMMA 2600 My: PbS QDs-
HA and PMMA 2600 My,: PbS QDs-DA films are 23nm and 24nm; this increased to 31nm,
34nm, 50nm and 51nm in films of PMMA 40k My: PbS QDs-HA, PMMA 40k M,,: PbS
QDs-DA, PMMA 1M My: PbS QDs-HA and PMMA 1M My: PbS QDs-DA, respectively.

However, the size of the QDs aggregations in the films with HA and DA ligands are smaller
than the same films with the native ligands (OA) seen in the last chapter (Figure 5.17). This
behaviour is attributed to two reasons: the shorter chain length of (HA and DA) ligands
compared to the native ligand (OA), which makes the QDs closer, as seen from the
interparticle separation and significantly changes the interaction parameters. This leads to
increasing interaction between the QD-QD and QD-polymer and reduces the driving force of
aggregation; this results in reduced size of the crystal grains or aggregations of QDs.
Secondly, this is probably due to the unfavourable or non-interacting nature of the oleate
ligand for interaction with the polymer chains [145]; this minimises the interaction resulting
in a significant driving force for QDs aggregations. On the other hand, this is not the situation
with the HA and DA ligands, which are chemically more suitable (similar) to the polymer
chains than the oleate ligands. This reduces the unfavourable interactions and enhances the
miscibility between the QDs and the polymer chains, which results in smaller QDs

aggregations and better dispersion of the QDs in the polymer matrix [180].

Looking at the aggregations, the inter-particle separation has been found in the same way as
in the last chapter. The inter-particle separation in the blend films ranges between 4-6 A, 4-6
A and 5-6 A in the PS: PbS QDs-(HA and DA), PMMA: PbS QDs-(HA and DA) and F8BT:
PbS QDs-(HA and DA) systems, respectively.

The slight change in the inter-particle separation between the films could be because of the

same reasons explained in the last chapter (the ligands being tilted or partially interdigitated
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in neighbouring QDs, where they are less than the extended length of the ligands [176]). The
blend films with (HA) have slightly shorter interparticle separation than the films with (DA)
ligands; this is expected because (HA) is a shorter length chain that contains six carbons
rather than (DA), which has ten carbons [163]. Figure 5.19 shows estimations of the ligand
length compared to the interparticle separation; the blue and red lines represent the extremes
that might be observed in the interparticle separation; the blue is one ligand length, and the
red is two ligands length[163]. To have a complete interparticle separation in films with no
ligands interdigitating or folding back on the QDs, the interparticle separation in the blend
films with HA ligands needs to be around 14 A and in the films with DA ligands, around 22
A according to Weidman et al.[163], this is not the case in this experiment, which indicates

that the ligands either interdigitate between the surrounding QDs or fold back on the QDs.

Compared to the films with the (OA) native ligands that were seen in the last chapter, it can
be seen that the inter-particle separation is slightly smaller in the films with ligands (HA and
DA). This is probably because the HA and DA are shorter-length chains than OA ligands
with different chemistry, making the distance between the QDs smaller; this also indicates
that the ligands were exchanged successfully. Also, the slight change in the interparticle
separation with HA and DA ligands could be ascribed to a difference in the interaction
parameters between PbS QDs-OA and PbS QDs-DA and HA [179].

Figure 5.18 compares the domains or the depletion zones in the surface morphology of the
nanocomposite films and the grain sizes found via GISAXS. Both have similar behaviour
where they are increased with the host polymer My. However, they have different sizes,

where the domains in the surface morphology are bigger. This could be because the AFM

only probes the surface morphology, which may differ from the bulk.
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Figure 5.16/ radially integrated GISAXS data of PMMA (40k My): PbS QDs-HA and PMMA (40k
Mu): PbS QDs-DA. This is an example of 1D integrated data and Gaussian fitting.
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Figure 5.19/ An estimation of the interparticle separation for some ligands plotted against the number
of carbons in each ligand (HA contains 6)and (DA has 10), the blue lines one ligand length and the
red lines two ligands length[163].

5.4. Conclusions

To summarise the work in this chapter, the effect of the exchange ligands approach, where
the ligands changed from the native ligands (OA) to carboxylic acid ligands (HA and DA),
was investigated. Three different polymers were used in this experiment, with different
polymer My (low-medium-high) for each, except the F8BT polymer, where only two My, are
available.

Results show an enhancement of the PbS QDs towards the dispersibility into the polymer
matrices compared to the samples with the native ligands (OA). This indicates a change in the
relative interaction between the PbS QDs and the polymer chains when the nature of the QDs
switched from the aliphatic (native ligands) to carboxylic acid by exchanging ligands from
OA to HA and DA. First, the films thickness decreased slightly with the carboxylic acid
ligands (HA and DA), as seen from the ellipsometry section. Also, the effect of the (HA and
DA) ligands could be seen in the AFM results when the QD-rich domains became smaller for
the samples with HA and DA ligands. Also, the GISAXS results show similar behaviours
when the grains size is reduced compared to the samples with the native ligands.

The unfavourable nature of the oleate ligands for interaction with the polymer chains and the
shorter chain length of the HA and DA ligands could be the main reasons for this

enhancement and determine the increase in miscibility between the QDs and the polymer
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chains. The Interparticle separation decreased in the films with HA and DA ligands compared
to the films with the native ligands (OA); this can be understood based on their shorter chain
length and different interaction parameters. Still, the interparticle separation is less than the
extended length of the ligands, which indicates that the ligands either fold back or

interdigitate between the surrounding QDs.
Despite the structural improvements noticed in this chapter, the QDs aggregations, which is

the main issue, still exist, meaning that there is still work that needs to be done on this issue,

which takes us to the next chapter.
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Chapter 6

The effect of changing the volume fraction on the dispersibility of

the quantum dots into the polymer matrix.

6.1. Introduction

This project aims to develop or discover processing routes that could help disperse lead
sulphide quantum dots (PbS QDs) into the polymer matrices to form Nanocomposite films
that can be used in technological applications such as optoelectronic devices. The effect of
volume fractions of the PbS QDs and polymers on the structure of PbS QDs: Polymer blend
films have been studied in this chapter. The volume fraction is defined as the ratio of the
volume of one component of a composite to the total volume of the composite. It is a
dimensionless and unitless quantity, with a minimum value > 0 and a maximum possible
value of one and taking symbol of ¢. I calculated the volume fraction mathematically and the
0 represents the absence of the constituent, while one represents the entire volume being

occupied by the constituent.

The volume fraction is a key parameter in optimising the nanocomposite film structure; for
example, changing the QDs volume fraction could affect the arrangement and distribution of
the QDs within the polymer matrix and, thus, significantly affect the structure and properties
of the nanocomposite films. It has been seen previously in this thesis the effect of polymer
Mw and changing ligands on the dispersion state of QDs. Adjusting the volume fractions of
both QDs and the polymer could play an essential role in further enhancing the QD
dispersibility and add to the understanding of the work done in the previous chapters.

The experiments in this chapter have been varying the PbS QDs and polymer volume fraction
in solution status up and down (the range studied will be detailed in the sample preparations
section) to see how this affects the surface and the internal morphology of the nanocomposite

films.
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6.2. Experimental methods

This experiment used three different My of PS and PMMA (low-medium-high) and the two

My of the F8BT that were available, as shown in Table 6.1. The chemicals were used as they

arrived without further purification.

Polymer Supplier Muw M, PDI
(g/mol) (g/mol) (Mw/ Mn)
PS Polymer source 1,800 1600 1.13
PS Sigma-Aldrich 40,000 39,000 1.02
PS Polymer source 850,000 790,000 1.08
PMMA Polymer source 2,600 2,500 1.09
PMMA Polymer source 40,000 36,363 1.10
PMMA Polymer source 1,000,000 666,666 1.5
F8BT Sigma-Aldrich 75,000 72,815 1.03
F8BT Sigma-Aldrich 200,000 192,307 1.04
Table 6.1/ The polymers used in these experiments.
substance Empirical Density Melting Boiling
formula (g/cm?d) temperature | temperature
Q) (°C)
Oleic Acid (OA) C18H3402 0.87 14 360
Hexanoic Acid CeH1202 0.93 -3.4 205
(HA)
Decanoic Acid (DA) C10H2002 0.89 31.6 269

Table 6.2/ The PbS QDs ligands that were used in this chapter.

6.2.1. Samples preparations

Two different concentrations of PbS QDs were used for each specimen in this experiment,
volume fraction of PbS QDs ~ 0.024 and PbS QDs ~ 0.00024. Firstly, the polymer solutions
were made, as explained in Chapter 1. Still, instead of taking 200uL from the QDs and

polymer solution, the volume fraction is changed here to take 200uL from the polymer
solution and 20pL from the QDs solution to make (PbS QDs volume fraction ~ 0.00024) and
(polymer volume fraction ~ 0.0420. 0.037 and 0.043 for PS, PMMA and F8BT, respectively).
To make the concentration (PbS QDs volume fraction ~ 0.024) and (polymer volume fraction
~0.0042, 0.0037 and 0.0043 for PS, PMMA and F8BT, respectively), 200pL from the QDs

solution was mixed with 20pL from the polymer solutions, as seen in Table 6.3.
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Then, the nanocomposite solutions were left at room temperature for 48-72 hours before the
drying process to ensure the nanocomposite solution mixed well without any precipitates.
Then, for each sample, 30 pL from the nanocomposite solutions were deposited on clean

silicon substrates and spun using a spin coater for the 30s at 2000 rpm.

substance Volume fraction Volume
percentage (%0)
PbS -(OA or HA or DA) 0.024 2.4
(200 pl)
PS (20 pl) 0.0042 0.42
PMMA (20 pl) 0.0037 0.37
F8BT (20 ul) 0.0043 0.43
PbS -(OA or HA or DA) 0.00024 0.024
(20 pl)
PS (200 ul) 0.0420 4.2
PMMA (200 pl) 0.037 3.7
F8BT (200 pl) 0.043 4.3

Table 6.3/ The volume percentage and volume fraction of the nanocomposites. The initial weight
fraction of polymer: PbS QD nanocomposite in case of 200ul (QD) and 20pul (polymer) is: (2.4%
QDs, 0.42% PS and 97.18% toluene), (2.4% QDs, 0.37% PMMA and 97.23% toluene) and (2.4%
QDs, 0.43% F8BT and 97.17% toluene). In the case of 200ul (polymer) and 20ul (QD), the initial
weight fraction of the composite is (0.024% QDs, 4.2% PS and 95.77% toluene), (0.024% QDs, 3.7%
PMMA and 96.28% toluene) and (0.024% QDs, 4.3% F8BT and 95.68% toluene).

6.3. Results and Discussion

6.3.1. Ellipsometry

The nanocomposite film thicknesses of the PS, PMMA and F8BT systems were measured by
Ellipsometry and the values are presented in Table 6.4, Table 6.5 and Table 6.6. There is a
difference in thicknesses between the samples with (PbS QDs volume fraction ~ 0.024) and
(PbS QDs volume fraction ~ 0.00024). The specimens with higher PbS QDs volume fraction
(~ 0.024) show a significant decrease in thicknesses compared to those with lower PbS QDs
volume fraction ~ 0.00024), as shown in Figure 6.1. The nanocomposite film thickness of the
samples with a concentration of (PbS QDs volume fraction ~ 0.024) in the PS system ranged
between 10-34 nm, while it was between 90-294nm in the samples with a concentration of
(PbS QDs volume fraction ~ 0.00024). Similar behaviour is shown in the PMMA and F8BT
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systems, where the thickness of the nanocomposite films ranged between 19-29 nm and 9-23
nm in the concentration of (PbS QDs volume fraction ~ 0.024) and in the concentration of
(PbS QDs volume fraction ~ 0.00024) it ranged between 110-217nm and 146-275 nm,
respectively.

The reason for the decrease in the thickness of the blend films with increasing the PbS QDs
volume fraction could be the viscosity and the evaporation rate. The nanocomposite solutions
with higher PbS QDs volume fraction (~ 0.024) are less viscous than those with lower PbS
QDs volume fraction (~ 0.00024) and higher polymer volume fraction. As a result, the
thickness of the films in this experiment is determined by the initial solution viscosity and the
amount of radial flow of the solution. Increasing the initial QDs volume fraction and reducing
the volume fraction of the polymers makes the solution less viscous and increase the amount
of the radial flow of the solution, which increases the evaporation rate during the same
spinning speed and time, resulting in a lower thickness of the blend films.

Not only does the QD concentration affect the thickness of the nanocomposite films, but also
the polymer My has an effect, where the thickness of the film increases with an increase in
Muw, which is noticed in both concentrations, as illustrated in Figure 6.1. Rising My means
increasing the initial viscosity of the solutions, causing the thickness of the blended films to

increase due to hydrodynamics.

Films Thickness (nm) Error bar (nm)
PS(1800 Mw): PbS QDs-OA 93 2
(0.00024)
PS(1800 Mw): PbS QDs-OA 10 2
(0.024)
PS(1800 Mw): PbS QDs-HA 90 1
(0.00024)
PS(1800 Mw): PbS QDs-HA 17 +3
(0.024)
PS(1800 Mw): PbS QDs-DA 90 1
(0.00024)
PS(1800 Mw): PbS QDs-DA 16 +1
(0.024)
PS(40k Mw): PbS QDs-OA 226 12
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(0.00024)
PS(40k Mw): PbS QDs-OA 28 +1
(0.024)
PS(40k Mw): PbS QDs-HA 214 +3
(0.00024)
PS(40k Mw): PbS QDs-HA 29 +1
(0.024)
PS(40k Mw): PbS QDs-DA 233 +2
(0.00024)
PS(40k Mw): PbS QDs-DA 30 +1
(0.024)
PS(850k Mw): PbS QDs-,0A 261 +3
(0.00024)
PS(850k Mw): PbS QDs-OA 33 +1
(0.024)
PS(850k Mw): PbS QDs-HA 294 +3
(0.00024)
PS(850k Mw): PbS QDs-HA 31 +1
(0.024)
PS(850k Mw): PbS QDs-DA 292 +2
(0.00024)
PS(850k Mw): PbS QDs-DA 34 +1
(0.024)

Table 6.4/ Thickness of the PS system samples.

QDs-DA (0.024)

Films Thickness (nm) Error bar (nm)
PMMA(2600 Mw): PbS 110 +2
QDs-OA (0.00024)
PMMA(2600 Mw): PbS 19 +1
QDs-OA (0.024)
PMMA(2600 Mw): PbS 141 +3
QDs-HA (0.00024)
PMMA(2600 Mw): PbS 23 +1
QDs-HA (0.024)
PMMA(2600 Mw): PbS 115 12
QDs-DA (0.00024)
PMMA(2600 Mw): PbS 22 13
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PMMA(40k Mw): PbS QDs- 156 +1
0OA(0.00024)
PMMA(40k Mw): PbS QDs- 26 13
OA(0.024)
PMMA(40k Mw): PbS QDs- 163 12
HA (0.00024)
PMMA(40k Mw): PbS QDs- 26 +1
HA (0.024)
PMMA(40k Mw): PbS QDs- 145 +1
DA (0.00024)
PMMA(40k Mw): PbS QDs- 26 12
DA (0.024)
PMMA(1m Mw): PbS QDs- 173 +3
OA (0.00024)
PMMA(1m Mw): PbS QDs- 29 +1
OA (0.024)
PMMA(1m Mw): PbS QDs- 196 12
HA (0.00024)
PMMA(1m Mw): PbS QDs- 29 1
HA (0.024)
PMMA(1m Mw): PbS QDs- 217 13
DA (0.00024)
PMMA(1m Mw): PbS QDs- 28 12
DA (0.024)

Table 6.5/ Thickness of the PMMA system samples.

Films Thickness (nm) Error bar (nm)
F8BT(75k Mw): PbS QDs- 162 +1
OA (0.00024)
F8BT(75k Mw): PbS QDs- 20 14
OA (0.024)
F8BT(75k Mw): PbS QDs- 146 +3
HA (0.00024)
F8BT(75k Mw): PbS QDs- 9 +1
HA (0.024)
F8BT(75k Mw): PbS QDs- 160 14
DA (0.00024)
F8BT(75k Mw): PbS QDs- 15 +3
DA (0.024)

144



F8BT(200k Mw): PbS QDs- 275 +2
OA (0.00024)
F8BT(200k Mw): PbS QDs- 26 +1
OA (0.024)
F8BT(200k Mw): PbS QDs- 252 +2
HA (0.00024)
F8BT(200k Mw): PbS QDs- 23 +1
HA (0.024)
F8BT(200k Mw): PbS QDs- 248 +1
DA (0.00024)
F8BT(200k Mw): PbS QDs- 24 +3
DA (0.024)

Table 6.6/ Thickness of the F8BT system samples.

nm
P
=
=
1

-

250 4

P
=
=1

150 o

/,,__;;___-ﬁii

Thickness

—— PS: PbS QDs-DA
——P5:PbSQDs-0A
—— PS: PbS QDs-HA
——PS:PbS QDs-HA
PS:PbS QDs-DA
PS: PbS QDs-DA

0.00024)
0.024)
0.00024)
0.024)
0.00024)
0.024) 50 4

.//-

=
=1

Thickness{nm)

../:PMMA: PbS QDs-OA (0.00024)

(
PMMA: PbS QDs-0A (0.024)
PMMA: PbS QDs-HA (0.00024)
PMMA: PbS QDs-HA (0.024)
PMMA: PbS QDs-DA (0.00024)
PMMA: PbS QDs-DA (0.024)

300 -

250

Thickness{nm

1
10° 10° 104

/—-— F8BT: PbS QDs-0A (0.00024)
—— F8BT: PbS QDs-0A (0.024)

(

(
—— F8BT: PbS QDs-HA (0.00024)
—+— F8BT: PbS QDs-HA (0.024)
F8BT: PbS QDs-DA (0.00024)
FBBT: PbS QDs-DA (0.024)

F==—

10°
M., (g/mol}

T
10° 108

Figure 6.1/ Blends films thicknesses vs polymers My, for (a) PS system, (b) PMMA system and (c)
F8BT system. This shows the effect of the QD and polymer concentration on the thickness, where
increasing the PbS QDs volume friction decreased the thicknesses of the films.
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6.3.2. AFM

The images of the nanocomposite films surface morphology of the PS: PbS QDs, PMMA:
PbS QDs and F8BT: PbS QDs are presented in Figure 6.2, Figure 6.3, Figure 6.4, Figure 6.5,
Figure 6.6, Figure 6.7, Figure 6.8 and Figure 6.9, respectively. Substantial surface morphology
differences were noted between the nanocomposite films, such as having some spherical
domains or holes with different diameters. In contrast, some films look uniform and relatively
smooth and show no domains or holes in their surface morphology. The diameter of the
domains and the holes are measured as in the previous chapters, and the values are presented
in Table 6.7, Table 6.8, Table 6.9, Table 6.10, Table 6.11, Table 6.12, Table 6.13 and Table 6.14.

In contrast to what we have seen in the last two chapters, the changes in the surface
morphology of the nanocomposite films in this experiment do not follow any specific order.
In the PS: PbS QDs system, substantial surface morphologies are shown in the surface
morphology of the nanocomposite films, such as QD-rich domains, holes, stripy patterns and

smooth surfaces.

The QD-rich domains range between 30-25 nm, and the holes range between 40-160nm. For
instance, the sample of PS(1800 My): PbS QDs-OA (QDs volume fraction ~ 0.00024)
(Figure 6.2 a) has QD-rich domains with an average diameter of ~ 70nm, while the same
sample with a different QD volume fraction (volume fraction ~ 0.024) show a stripy patterns
surface which indicates two distinct phases (Figure 6.2 b). Also, the samples of PS (1800
Mw): PbS QDs-DA (volume fraction ~ 0.00024) have QD-rich domains with an average
diameter of ~ 30nm, while the PS (1800 Mw): PbS QDs-DA (volume fraction ~ 0.024) show
no QD-rich domains in the surface (Figure 6.2 ¢ and d).

However, some samples showed holes in the surface morphology with different diameters,
such as PS(1800 My): PbS QDs-HA (volume fraction ~ 0.00024), PS(1800 My): PbS QDs-
HA (volume fraction ~ 0.024) (Figure 6.2 e and f), PS(40k My): PbS QDs-HA (volume
fraction ~ 0.00024) (Figure 6.3¢e), PS(850k Muw): PbS QDs-OA (volume fraction ~ 0.024),
PS(850k Mw): PbS QDs-DA (volume fraction ~ 0.00024), PS(850k Mw): PbS QDs-DA
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(volume fraction ~ 0.024), PS(850k My): PbS QDs-HA (volume fraction ~ 0.00024) and
PS(850k Mw): PbS QDs-HA (volume fraction ~ 0.024) (Figure 6.4 b, c, d, e and f,
respectively). The specimens of PS (1800 Mw): PbS QDs-DA (volume fraction ~ 0.024)

(Figure 6.2 d) do not show domains or holes except for a few impurities or polymer domains.

The PMMA: PbS QDs system is similar to the PS: PbS QDs system, where the films show
domains, holes, and stripy patterns, and some samples show relatively smooth surfaces
without any special features.

The average diameters of the QD-rich domains ranged between 120-650nm, while in the
holes, they were between 70-245nm. The films of PMMA (2600 My): PbS QDs-OA (volume
fraction ~ 0.024), PMMA (2600 My): PbS QDs-DA (volume fraction ~ 0.00024) (Figure 6.5 b
and ¢), PMMA(40k My): PbS QDs-OA (volume fraction ~ 0.00024), PMMA(40k Mu): PbS
QDs-OA (volume fraction ~ 0.024) (Figure 6.6 a and b) and PMMA(1m My): PbS QDs-HA
(volume fraction ~ 0.00024) (Figure 6.7 €) show QD-rich domains with an average diameter
of 120-189-650-200-120 nm, respectively.

The holes average diameters are 70-245-95-45-110-110 nm in the films of PMMA (2600
Muw): PbS QDs-HA (volume fraction ~ 0.00024) (Figure 6.5 €), PMMA (40k Mw): PbS QDs-
DA (volume fraction ~ 0.00024)(Figure 6.6 c), PMMA (40k My): PbS QDs-DA (volume
fraction ~ 0.024) (Figure 6.6 d), PMMA (40k My): PbS QDs-HA (volume fraction ~ 0.00024)
(Figure 6.6 €), PMMA(1m My): PbS QDs-OA (volume fraction ~ 0.024) (Figure 6.7 b) and
PMMA(1Im My): PbS QDs-DA (volume fraction ~ 0.00024), (Figure 6.7 c), respectively.
Some films show uniform and relatively smooth surface morphology, such as PMMA (2600
Muw): PbS QDs-DA (volume fraction ~ 0.024) (Figure 6.5 d), PMMA (2600 My): PbS QDs-
HA (volume fraction ~ 0.024) (Figure 6.5 f), PMMA (40k Mw): PbS QDs-HA (volume
fraction ~ 0.024) (Figure 6.6 f).

The surface morphology of the nanocomposite films in the F8BT: PbS QDs system is

uniform and smooth except for three films (F8BT 75k Mw: PbS QDs-HA (volume fraction ~
0.024) (Figure 6.8 f), F8BT 200k M: PbS QDs-OA (volume fraction ~ 0.00024) (Figure 6.9
a) and F8BT 200k Mw: PbS QDs-DA (volume fraction ~ 0.00024) (Figure 6.9 ¢) which show

holes with average diameter 40-70-100 nm, consecutively.
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Figure 6.2/ Blend film AFM images of PS: PbS QDs with PS My, is 1800, a) PS: PbS QDs-OA
(volume fraction ~ 0.00024), b) PS: PbS QDs-OA (volume fraction ~ 0.024), c) PS: PbS QDs-DA
(volume fraction ~ 0.00024), d) PS: PbS QDs-DA (volume fraction ~ 0.024), e) PS: PbS QDs-HA

(volume fraction ~ 0.00024), f) PS: PbS QDs-HA (volume fraction ~ 0.024).
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Figure 6.3/ Blend film AFM images of PS: PbS QDs with PS My, is 40k, PS My, is 40k; a) PS: PbS
QDs-OA (volume fraction ~ 0.00024), b) PS: PbS QDs-OA (volume fraction~ 0.024), ¢) PS: PbS
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QDs-DA (volume fraction~ 0.00024), d) PS: PbS QDs-DA (volume fraction~ 0.024), e) PS: PbS
QDs-HA (volume fraction ~ 0.00024), f) PS: PbS QDs-HA (volume fraction ~ 0.024).
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Figure 6.4/ Blend film AFM images of PS: PbS QDs with PS My is 850k, a) PS: PbS QDs-OA
(volume fraction~ 0.00024), b) PS: PbS QDs-OA (volume fraction~ 0.024), c) PS: PbS QDs-DA
(volume fraction~ 0.00024), d) PS: PbS QDs-DA (volume fraction~ 0.024), e) PS: PbS QDs-HA

(volume fraction ~ 0.00024), f) PS: PbS QDs-HA (volume fraction ~ 0.024).
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Figure 6.5/ Blend film AFM images of PMMA: PbS QDs with PMMA My, is 2600, a) PMMA: PbS
QDs-OA (volume fraction~ 0.00024), b) PMMA: PbS QDs-OA (volume fraction~ 0.024), c)
PMMA: PbS QDs-DA (volume fraction~ 0.00024), d) PMMA: PbS QDs-DA (volume fraction ~
0.024), e) PMMA: PbS QDs-HA (volume fraction~ 0.00024), f) PMMA: PbS QDs-HA (volume
fraction~ 0.024).
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Figure 6.6/ Blend film AFM images of PMMA: PbS QDs with PMMA My, is 40k, a) PMMA: PbS
QDs-OA (volume fraction~ 0.00024), b) PMMA: PbS QDs-OA (volume fraction~ 0.024), c)
PMMA: PbS QDs-DA (volume fraction~ 0.00024), d) PMMA: PbS QDs-DA (volume fraction ~
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0.024), ) PMMA: PbS QDs-HA (volume fraction~ 0.00024), f) PMMA: PbS QDs-HA (volume
fraction~ 0.024).
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Figure 6.7/ Blend film AFM images of PMMA: PbS QDs W|th PMMA MW is 1m, a) PMMA: PbS QDs-
OA (volume fraction ~ 0.00024), b) PMMA: PbS QDs-OA (volume fraction~ 0.024), ¢c) PMMA:
PbS QDs-DA (volume fraction ~ 0.00024), d) PMMA: PbS QDs-DA (volume fraction~ 0.024), e)
PMMA: PbS QDs-HA (volume fraction~ 0.00024), f) PMMA: PbS QDs-HA (volume fraction ~
0.024).
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Figure 6.8/ / Blend film AFM images of F8BT: PbS QDs with F8BT Mw is 75k, a) F8BT: PbS QDs-

OA (volume fraction~ 0.00024), b) F8BT: PbS QDs-OA (volume fraction~ 0.024), ¢) F8BT: PbS

QDs-DA (volume fraction~ 0.00024), d) F8BT: PbS QDs-DA (volume fraction~ 0.024), e) F8BT:
PbS QDs-HA (volume fraction ~ 0.00024), f) F8BT: PbS QDs-HA (volume fraction ~ 0.024).
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Figure 6.9/ Blend film AFM images of F8BT: PbS QDs with F8BT Mw is 200k, a) F8BT: PbS QDs-
OA (volume fraction ~ 0.00024), b) F8BT: PbS QDs-OA (volume fraction~ 0.024), ¢) F8BT: PbS
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QDs-DA (volume fraction~ 0.00024), d) F8BT: PbS QDs-DA (volume fraction~ 0.024), e) F8BT:
PbS QDs-HA (volume fraction~ 0.00024), f) F8BT: PbS QDs-HA (volume fraction ~ 0.024).

sample Average QD-rich Average holes
domains (hm) diameter
(nm)

PS(1800 Mw): PbS QDs-OA (0.00024) 70

PS(1800 Mw): PbS QDs-OA (0.024) | - | = e
PS(1800 Mw): PbS QDs-DA (0.00024) 30

PS(1800 Mw): PbS QDs-DA (0.024) | -~ | -
PS(1800 Mw): PbS QDs-HA (0.00024) 40

PS(1800 Mw): PbS QDs-HA (0.024) 50

Mu): PbS QDs nanocomposite films.

Table 6.7/ Diameter of the holes and QD-rich domains in the surface morphology of the PS (1800

sample Average QD-rich Average holes
domains (nm) diameter
(hm)
PS(40k Mw): PbS QDs-OA (0.00024) 250
PS(40k Mw): PbS QDs-OA (0.024) 70
PS(40k Mw): PbS QDs-DA (0.00024) 50
PS(40k Mw): PbS QDs-DA (0.024) | - | -eeeeee-
PS(40k Mw): PbS QDs-HA (0.00024) 80
PS(40k Mw): PbS QDs-HA (0.024) 125

PbS QDs nanocomposite films.

Table 6.8/ Diameter of the holes and QD-rich domains in the surface morphology of the PS (40k My):

sample Average QD-rich Average holes
domains (hm) diameter
(nm)
PS(850k Mw): PbS QDs-OA (0.00024) 200
PS(850k Mw): PbS QDs-OA (0.024) 160
PS(850k Mw): PbS QDs-DA (0.00024) 150
PS(850k Mw): PbS QDs-DA (0.024) 75
PS(850k Mw): PbS QDs-HA (0.00024) 110
PS(850k Mw): PbS QDs-HA (0.024) 100

Table 6.9/ Diameter of the holes and QD-rich domains in the surface morphology of the PS (850k
My): PbS QDs nanocomposite films.
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sample Average QD-rich Average holes
domains (nm) diameter
(nm)
PMMA (2600 Mw): PbSQDs-0A | - | e
(0.00024)
PMMA (2600 Mw): PbS QDs-OA (0.024) 120
PMMA (2600 Mw): PbS QDs-DA 180
(0.00024)
PMMA (2600 Mw): PbS QDs-DA (0.024) | -———- | = -
PMMA (2600 Mw): PbS QDs-HA 70

(0.00024)

PMMA (2600 Mw): PbS QDs-HA (0.024)

Table 6.10/ Diameter of the holes and QD-rich domains in the surface morphology of the PMMA
(2600Mw): PbS QDs nanocomposite films.

sample Average QD-rich Average holes
domains (nm) diameter
(nm)
PMMA(40k Mw): PbS QDs-OA 650
(0.00024)
PMMA(40k Mw): PbS QDs-OA (0.024) 200
PMMA(40k Mw): PbS QDs-DA (0.00024) 245
PMMA(40k Mw): PbS QDs-DA (0.024) 95
PMMA(40k Mw): PbS QDs-HA (0.00024) 45
PMMA(40k Mw): PbS QDs-HA (0.024) | - [ = -

Table 6.11/ Diameter of the holes and QD-rich domains in the surface morphology of the PMMA (40k
Mw): PbS QDs nanocomposite films.

sample Average QD-rich Average holes
domains (nm) diameter
(nm)
PMMA(1m Mw): PbS QDs-OA (0.00024) | -------—- [ = ===m-em-
PMMA(1m Mw): PbS QDs-OA (0.024) 110
PMMA(1m Mw): PbS QDs-DA (0.00024) 110

PMMA(1m Mw): PbS QDs-DA (0.024)
PMMA(1m Mw): PbS QDs-HA (0.00024)
PMMA(1m Mw): PbS QDs-HA (0.024)

Table 6.12/ Diameter of the holes and QD-rich domains in the surface morphology of the PMMA (1m
Mw): PbS QDs nanocomposite films.

sample

Average QD-rich
domains (nm)

Average holes
diameter
(nm)

F8BT (75k Mw): PbS QDs-OA (0.00024)
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F8BT (75k Mw): PbS QDs-OA (0.024)

F8BT (75k Mw): PbS QDs-DA (0.00024)

F8BT (75k Mw): PbS QDs-DA (0.024)

F8BT (75k Mw): PbS QDs-HA (0.00024)

F8BT (75k Mw): PbS QDs-HA (0.024)

40

Table 6.13/ Diameter of the holes and QD-rich domains in the surface morphology of the F8BT (75k

Mw): PbS QDs nanocomposite films.

sample Average QD-rich Average holes
domains (nm) diameter
(nm)
F8BT (200k Mw): PbS QDs-OA (0.00024) 70
F8BT (200k Mw): PbS QDs-OA (0.024) | - | -
F8BT (200k Mw): PbS QDs-DA (0.00024) 100

F8BT (200k Mw): PbS QDs-DA (0.024)

F8BT (200k Mw): PbS QDs-HA (0.00024)

F8BT (200k Mw): PbS QDs-HA (0.024)

Table 6.14/ Diameter of the holes and QD-rich domains in the surface morphology of the F8BT (75k
Mw): PbS QD nanocomposite films.

Changing the volume fraction of PbS QDs affects the surface morphology of the
nanocomposite films in the three systems. The changes in the surface of the blend films could
be due to many reasons, such as the difference in the thickness of the films, the size of crystal
QD aggregation, the film surface tension and the miscibility between the polymer and the
QD. The most important factor that affects the phase segregation in the surface morphology
of the blend films is the miscibility between the PbS QDs and the polymers [152]. So, the
nanocomposite films that show smooth and relatively uniform surface morphology may

indicate a higher level of miscibility between the components of the films.

Another effect of the miscibility increase in this experiment is a decrease in the average
diameter of the QD-rich domains or the holes compared to the same samples with different
PbS QDs volume fractions (~ 0.0024) seen in the last two chapters. For instance, the average
QD-rich domains of the domains in PS (1800 Mw): PbS QDs-OA and PS (1800 My): PbS
QDs-DA (volume fraction ~ 0.0024) is 240 and 130nm; this decreased to ~70 and 30 nm
when the PbS QDs volume fraction changed to 0.00024. Moreover, the average diameter is ~
120 and 200 in the samples of PMMA (2600 My): PbS QDs-OA and PMMA(40k Muy): PbS
QDs-OA volume fraction ~ 0.024, while it is ~ 280 and 1560 nm when the volume fraction of
the QD ~ 0.0024.
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Interestingly, many specimens in the three systems showed substantial changes in the surface
morphology from making QD-poor domains with (PbS QDs volume fraction ~ 0.0024) to
making holes with (PbS QDs volume fraction ~ 0.024) and (PbS QDs volume fraction ~
0.00024). An example of this is the sample of PS(1800 Mw): PbS QDs-HA (PbS QDs volume
fraction ~ 0.0024), where the average diameter of the QD-rich domains is ~ 120 nm; this
turns into a hole or void with an average diameter of ~ 40 and 50 nm when changed the PbS
QDs volume fraction to 0.00024 and 0.024, respectively. This behaviour includes other
samples, such as PS(40k My): PbS QDs-HA, PS(850k Muw): PbS QDs-OA, PS(850k Mu):
PbS QDs-DA, PS(850k My): PbS QDs-HA, PMMA (2600 My): PbS QDs-HA, PMMA (40k
Mw): PbS QDs-DA, PMMA(40k Muy): PbS QDs-HA, PMMA(1m My): PbS QDs-OA and
F8BT (75k My): PbS QDs-HA.

The voids or holes in the surface morphology of the blend films could be a cluster or
aggregation of the PbS QDs on the surface of the blend films, leaving voids in the
surrounding polymer matrices. The formation of holes happened due to either different
solubilities or because there is a difference in the film surface tension, especially with
changes in the thickness of the films. Both reasons could occur when the concentration
changed from the same amount of QDs and polymers (PbS QDs volume fraction ~ 0.0024) to
(PbS QDs volume fraction ~ 0.00024 and 0.024).

So, changing the PbS QDs and polymer volume fraction affects the nanocomposite films
surface morphology. Substantial surface morphology differences, including QD-rich
domains, QD-poor holes, stripy patterns, and relatively smooth surfaces, have been noted in
this experiment. The surface morphologies of QD-poor domains, QD-poor holes and stripy
patterns probably indicate relative immiscibility between the QDs and the host polymers,
which leads to QDs aggregations or phase segregation in the surface morphology of the blend
films. However, some films provided flat planar, relatively smooth surface structures such as
PS (1800 Mw): PbS QDs-DA (PbS QDs volume fraction ~ 0.024), PMMA (2600 My): PbS
QDs-DA (PbS QDs volume fraction ~ 0.024) and most films for the F8BT: PbS QDs system.
The smooth surface structures could indicate increased miscibility between the QDs and the

polymer host.
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6.3.3. GISAXS

The internal morphology of the three systems (PS: PbS QDs, PMMA: PbS QDs and F8BT:
PbS QDs) nanocomposite films are studied via GISAXS in this section, and the 2D reshaped
images of the three systems are shown in Figure 6.10, Figure 6.11, Figure 6.12, Figure 6.13,
Figure 6.14, Figure 6.15, Figure 6.16 and Figure 6.17, respectively. Most films in this experiment
have exhibited aggregated QDs structures, except for a few; this could be demonstrated by
the aggregation rings or peaks, which have different positions depending on the type of
aggregation structures and grain size. Initially between 0.10 A and 0.15 A1, Mostly, the
aggregation structure in the blend films forms HCP where the position of the reflections
shows ratios qi/gq. = 1, V3, V4, V7, which is consistent with HCP structure. Some films, such
as PS (1800 My): PbS QDs-HA (PbS QDs volume fraction ~ 0.00024) and PS (1800 Muy):
PbS QDs-HA (PbS QDs volume fraction ~ 0.024) (Figure 6.10 e and f) form FCC-CP
aggregations structure, where the positions of the reflections display ratios qi/q: = 1, V4/3,
\8/3, V11/3 [166, 167]; this has been explained previously to be due to paracrystalline
distortion [179].

In addition, some films do not show any aggregation structure in the surface morphology,
such as PS (1800 Mw): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) (Figure 6.10 d),
PMMA (2600 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) (Figure 6.13 d) and
F8BT (75K My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) (Figure 6.16 d). These
samples showed one peak for each of them with positions in ¢ around 0.14 A, 0.13A"* and
0.15 A1 for PS (1800 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024), PMMA (2600
Mw): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) and F8BT (75K Muy): PbS QDs-DA

(PbS QDs volume fraction volume fraction ~ 0.024).
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Figure 6.10/ 2D reshaped GISAXS images of the PS system samples with PS My, is 1800, a) PS: PbS
QDs-OA (volume fraction ~ 0.00024), b) PS: PbS QDs-OA (volume fraction ~ 0.024), c) PS: PbS
QDs-DA (volume fraction ~ 0.00024), d) PS: PbS QDs-DA (volume fraction ~ 0.024), e) PS: PbS

QDs-HA (volume fraction ~ 0.00024), f) PS: PbS QDs-HA (volume fraction ~ 0.024).

-0.2 0.1 0 0.1 0.2 0.2 0.1 0 0.1 0.2
Q, (A Q, (A"
Figure 6.11/2D reshaped GISAXS images of the PS system samples with PS M, is 40k, a) PS: PbS
QDs-0A (volume fraction ~ 0.00024), b) PS: PbS QDs-OA (volume fraction ~ 0.024), ¢) PS: PbS
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QDs-DA (volume fraction ~ 0.00024), d) PS: PbS QDs-DA (volume fraction ~ 0.024), e) PS: PbS
QDs-HA (volume fraction ~ 0.00024), f) PS: PbS QDs-HA (volume fraction ~ 0.024).
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Figure 6.12/2D reshaped GISAXS images of the PS system samples with PS M, is 850k, a) PS: PbS
QDs-OA (volume fraction ~ 0.00024), b) PS: PbS QDs-OA (volume fraction ~ 0.024), c) PS: PbS
QDs-DA (volume fraction ~ 0.00024), d) PS: PbS QDs-DA (volume fraction ~ 0.024), e) PS: PbS

QDs-HA (volume fraction ~ 0.00024), f) PS: PbS QDs-HA (volume fraction ~ 0.024).
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Figure 6.13/2D reshaped GISAXS images of the PMMA system with PMMA M,, is 2600, a) PMMA:
PbS QDs-OA (volume fraction~ 0.00024), b) PMMA: PbS QDs-OA (volume fraction ~ 0.024), c)
PMMA: PbS QDs-DA (volume fraction ~ 0.00024), d) PMMA: PbS QDs-DA (volume fraction ~
0.024), ) PMMA: PbS QDs-HA (volume fraction ~ 0.00024), f) PMMA: PbS QDs-HA (volume
fraction~ 0.024).
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Figure 6.14/2D reshaped GISAXS images of the PMMA system with PMMA My, is 40k, a) PMMA:
PbS QDs-0A (volume fraction ~ 0.00024), b) PMMA: PbS QDs-OA (volume fraction ~ 0.024), )
PMMA: PbS QDs-DA (volume fraction~ 0.00024), d) PMMA: PbS QDs-DA (volume fraction ~
0.024), e) PMMA: PbS QDs-HA (volume fraction~ 0.00024), f) PMMA: PbS QDs-HA (volume
fraction~ 0.024).

0 : 01 =
Q, (A Q, (A
Figure 6.15/ 2D reshaped GISAXS images of the PMMA system with PMMA M, is 1m; a) PMMA:
PbS QDs-0A (volume fraction ~ 0.00024), b) PMMA: PbS QDs-OA (volume fraction ~ 0.024), c)
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PMMA: PbS QDs-DA (volume fraction~ 0.00024), d) PMMA: PbS QDs-DA (volume fraction ~
0.024), e) PMMA: PbS QDs-HA (volume fraction ~ 0.00024), f) PMMA: PbS QDs-HA (volume
fraction ~ 0.024).
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Figure 6.16/ 2D reshaped GISAXS images of the F8BT system with F8BT M,, is 75k, a) F8BT: PbS
QDs-OA (volume fraction ~ 0.00024), b) F8BT: PbS QDs-OA (volume fraction~ 0.024), c) F8BT:
PbS QDs-DA (volume fraction ~ 0.00024), d) F8BT: PbS QDs-DA (volume fraction~0.024), e)
F8BT: PbS QDs-HA (volume fraction ~ 0.00024), f) F8BT: PbS QDs-HA (volume fraction ~
0.024).

Q, (AT
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Figure 6.17/ 2D reshaped GISAXS images of the F8BT system with F8BT M,, is 200k, F8BT M, is
200k; a) F8BT: PbS QDs-OA (volume fraction~ 0.00024), b) F8BT: PbS QDs-OA (volume fraction
~0.024), ¢) F8BT: PbS QDs-DA (volume fraction ~0.00024), d) F8BT: PbS QDs-DA (volume
fraction ~ 0.024), e) F8BT: PbS QDs-HA (volume fraction~ 0.00024), f) F8BT: PbS QDs-HA
(volume fraction~ 0.024).

Similar to what has been seen in the last two chapters, the aggregation peaks were fitted to
estimate the crystal grain size from the full width of the half maximum (FWHM) of the
diffraction peaks using the Scherrer equation [168, 172, 176], to give insight into the
aggregations structure (Figure 6.18). The data are provided in Table 8.7, Table 8.8, Table 8.9,
Table 8.10, Table 8.11, Table 8.12, Table 8.13 and Table 8.14 in the Appendix.

This showed that the nanocomposite films of PS: PbS QDs, PMMA: PbS QDs and F8BT:
PbS QDs form crystal grains that vary in size, measuring between 5-46 nm, 5-47nm and 9-45
nm, consecutively. The range between the biggest and smallest grains has increased in this
experiment compared to the two previous experiments, where it can be seen that in some
samples, such as PS (1800 Mw): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) and
PMMA (2600 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) have grains size =5

nm, the grain sizes in these films almost reach the core diameter of the QDs, which is (=
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4.8nm). These two films have shown high miscibility in their surface morphology already

mentioned in the AFM section, where their surface is flat planar and relatively smooth.

This could indicate that the QDs are well dispersed within the polymer matrices in these
films, which is the aim of this project. It is worth noting that these two films have identical
ligands (DA) and PbS QDs volume fraction 0.024. Through this research, the smaller grain
sizes always come with the lower My, of the host polymer, as seen in Chapter 4. The grain
size decreased with the shorter length ligands (HA and DA), as seen in Chapter 5; in this
experiment, the core diameter was almost reached by the samples that have the lowest host
polymer My, both have DA ligands which contain (10 carbons) and have higher volume
fraction of PbS QDs 0.024. This means that it possible to have the better structure in these
systems (QD dispersed in polymer matrix) via decreasing the host polymer molecular weight,

make the QD volume fraction more that polymer volume fraction and very thin films.

Apart from these two samples, the crystal grains size refers to an aggregation of the QDs in
polymer matrices in the blend films, where it is 3-10 times bigger than the core diameter of
the PbS QDs (~ 4.8nm). However, the crystal grains exhibited a decrease in size when the
PbS QDs volume fraction changed to be 0.024, compared to the grains size in the last two
chapters, where the grains size was ~ 5-13 and ~ 7-14 times bigger than the core diameter of

the PbS QDs when varying the host polymers My and ligand exchange experiments.

Moreover, looking into the aggregation, the inter-particle separation was found in the same
way as in the previous chapters, and the data are produced in Table 8.7, Table 8.8, Table 8.9,
Table 8.10, Table 8.11, Table 8.12, Table 8.13 and Table 8.14 in the Appendix. The inter-particle
separation is slightly bigger in the samples with the native ligands (OA) compared to those
with HA or DA ligands. For instance, it is 9 and 8 A in PS (40k My): PbS QDs-OA (volume
fraction ~ 0.00024) and PS (40k My): PbS QDs-OA (volume fraction ~ 0.024) films; this
decreased to 6 A in films of PS (40k My): PbS QDs-HA (volume fraction ~ 0.00024), PS
(40k My): PbS QDs-HA (volume fraction ~ 0.024), and 7A PS (40k My): PbS QDs-DA
(volume fraction ~ 0.00024) and PS (40k My): PbS QDs-DA (volume fraction ~ 0.024). This
behaviour was noticed in all systems (PS, PMMA and F8BT). However, films such as PS
(1800 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) and PMMA (2600 My): PbS
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QDs-DA (PbS QDs volume fraction ~ 0.024) are not included in this behaviour, where the
QDs dispersed into the polymer matrix in these films and do not form any specific aggregate
structure of the QDs.

« PS 1800 M, :PbS QD-DA (PbS QDs 0=0.005) ¢ PNMA 2600 M, PbS QDs-DA (PbS QDs #=0.005)
. 5 1*
5 ]
5 e Sk
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Figure 6.18/ GISAXS radially integrated data of PS (1800 My,): PbS QDs-DA (PbS QDs volume
fraction~ 0.024) and PMMA (2600 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024)
nanocomposite films; examples of the 1D integrated (the red lines is the Gaussian fitting).

The grain size is influenced by several factors in this experiment, such as the My of the host
polymer, the type of Ligand used and the volume fractions of the PbS QDs. Figure 6.19 (a),
Figure 6.20 (a) and Figure 6.21 (a) illustrate the effect of the polymer My and the ligands on
the grain size in PS, PMMA and F8BT systems. It was found that the grain size increased
with increasing the polymer My, and the crystal grain size was bigger in the samples with the
native ligands (OA) compared to the same samples with the same concentrations (PbS QDs
volume fraction). The effect of the host polymers My, on the grain size has been explained
previously in this thesis, particularly in the first result chapter. Raising the polymer My means
bigger polymer Rg, which results in a lack of space for the QDs to fit in and, eventually,

stronger depletion interactions between the QDs.

Also, the effect of modifying the surface chemistry of the QDs (exchange ligands) in

reducing the grain size has been explained in the second result chapter of this thesis. The
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miscibility between the QDs and the polymers increased more with (HA and DA) ligands
than with the oleate ligands (OA). This could be due to the shorter length chains of the (HA
and DA) ligands compared to the native ligands. Another possible reason for decreasing the
crystal grain size with shorter carboxylic acid ligands is because they are more favourable
(similar) for the polymer chains than the native ligands, which increases the interaction
between the QDs and the polymer chains, resulting in more miscibility between the QDs and

the polymers [180].

Figure 6.19 (b), Figure 6.20 (b) and Figure 6.21 (b) illustrate the effect of the PbS QDs volume
fractions in grain size; it is clear that the crystal grains size is bigger when the PbS QDs g
decreases (volume fraction ~ 0.00024) and smaller when it increases(volume fraction ~
0.024). This can be seen even with different variables, such as different host polymers (PS,
PMMA and F8BT), varying My, of the host polymers and different ligands. So, increasing the
PbS QDs volume fraction 0.024 effectively decreases the crystal grains size in the
nanocomposite films, indicating a better dispersion of the QDs with the polymer matrices.
For instance, the samples of PS (1800 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024)
and PMMA (2600 Mw): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) (Figure 6.10 d and
Figure 6.13 d, respectively); the 1D integrations presented in Figure 6.18 ) have the size of the
grain ~ 5 nm, which close to the core diameter of the QDs (~ 4.8 nm). This could indicate
dispersion of the QDs within the polymer matrices, not only a decrease in the grain size in
these two films. These two films share identical ligands (DA) and concentrations (PbS QDs
volume fraction ~ 0.024), and both have the lowest host polymer M, compared to other films
in the same system.

The potential cause for the crystal grains size to be smaller with increasing the PbS QDs
volume fraction is the thickness of the blend films. As the PbS QDs volume fraction rose, the
composite solution became less viscous; this made the films thinner (as seen in Figure 6.1),
affecting the evaporation rate of the solvent by making it faster during the drying process. As
a result, the films reach the solid state sooner, and the QDs do not have sufficient time to
make large clusters or aggregations or make them at all at the same time and spin speed (it is
known from the previous chapters that the QDs are well dispersed in polymer matrices in the

solution state).
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In addition, the higher concentration of the QDs is supposed to increase the homogeneous
distribution of the QDs within the polymer matrix, which can further decrease the size of the
QDs aggregations. Additionally, the homogeneous distribution of the QDs may increase the
interaction between the QDs and reduce the distance over which they can diffuse and
aggregate into the larger cluster, especially with the appropriate ligands. So, by increasing the
PbS QDs volume fraction and decreasing the volume fraction of the polymers, the grains size

reduces in the nanocomposite films.

Also, reducing the polymer volume fraction could affect the cohesive forces that cause the
aggregation of the QDs, such as the depletion force by reducing it. As explained, the
depletion force increases with increasing the My, of the host polymers and decreases with
lowering it. Increasing the polymer My and volume fraction increases the polymer Rg size,
leaving less space for the QDs to fit in and increasing the depletion force effect. Similar
behaviour has been seen in this experiment. Still, the grains size is smaller when increasing
the PbS QDs volume fraction (0.024) and reducing the volume of the polymer, which could
indicate a decrease in the effect of the depletion force that causes the aggregation of the QD,

resulting in better dispersion of the QDs into the polymer matrixes (Figure 6.22).

The behaviour of the interparticle separation is not affected by changing the QDs volume
fraction; it is still less than the extended length of all ligands (OA-DA-HA). It has been seen
in the last chapters that the extended length of the ligands is represented by the number of
carbon atoms in the ligands, which is 18 carbon atoms in the OA ligand, 10 in the DA ligands
and 6 in the HA ligands[163]. According to Weidman et al., to have a full interparticle
separation between the neighbouring QDs around 36 A, 22A and 14A in films with OA, DA
and HA ligands, respectively. This is not the situation in this experiment, where the
interparticle separation is shorter than these lengths, which indicates the ligands either

interdigitating between neighbouring QDs or folding back on the QDs.
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Figure 6.19/ (a) This graph illustrates the effect of Polymer My, and different ligands on the grain size
in the PS system and (b)the influence of changing volume fraction of PbS QDs on the grain size in the
PS system.
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Figure 6.20/ (a) This graph illustrates the effect of Polymer My and different ligands on the grains
size in the PMMA system, (b) The influence of changing PbS QDs volume fraction on the grain size in
the PMMA system.
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Figure 6.21/ (a) This graph illustrates the effect of Polymer My and different ligands on the grains
size in the F8BT system, (b) the influence of the changing PbS QDs volume fraction on the grain size
in the F8BT system.
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Figure 6.22/ Sketch showing the effect of polymer My and volume fraction of the polymer and QD
blend films morphology. Increasing the polymer M., volume fraction means increasing the polymer
Ry, leaving less space for QD to fit in and a higher depletion force.
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6.4. Conclusion

The effect of the PbS QDs volume fraction on the morphology of nanocomposite films was
examined in this experiment. This experiment used two different volume fractions ~ 0.024
and ~ 0.00024 of the PbS QDs. The blend films vary in thickness, where the films with lower
volume fraction of QDs ~ 0.00024 are much thicker than those with higher volume fractions
~ 0.024. This could be ascribed to the viscosity; decreasing the volume fraction of the PbS
QDs and increasing the volume of the polymer make the nanocomposite solution more
viscous, which lowers the film thinning and films reach the glassy state sooner, and this

results in thicker films.

Substantial surface morphology changes were noted between the nanocomposite films, such
as QD-rich domains and holes, and some films show neither of them, and they are relatively
smooth on their surface. In contrast to what we have seen in the last two chapters, the surface
morphological changes do not follow any specific order, and the domains and the holes vary
in size. Some reasons may determine these changes in the surface morphology of the blend
films, such as the miscibility between the QDs and polymers, surface tension and the
thickness of the films. The domains and the holes could be QD-rich domains and become
smaller in diameter compared to the samples in the last two chapters. Besides, some films do
not show domains or holes in their surface and are smooth, indicating an increase in the

miscibility between the components when the PbS QDs volume fraction is altered.

Most nanocomposite films form crystal aggregations with QDs in the internal structure, as
either HCP or FCC-CP structure. However, the films of PS (1800 My): PbS QD-DA (PbS
QD volume fraction 0.024) and PMMA (2600 My): PbS QDs-DA (PbS QDs volume fraction
0.024) are not included in this, these show a crystal grain size around 5nm which nearly reach
the QD core diameter (4.8nm), and this is an indication for good dispersion of the PbS QD in
these films especially with the absence of the aggregation peaks in these films. The films with
PbS QD volume fraction ~ 0.024 show smaller grains than volume fraction of 0.00024 and
0.0024, especially with shorter ligand lengths (HA and DA) and lower polymer My. This is
attributed to the effect of thickness; increasing the volume fractions of the PbS QD results in
a decrease in the viscosity of the nanocomposite solution, which results in thinner films and
eventually, a faster evaporation rate. This made the blend films reach the glassy state faster,
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which did not give sufficient time for the system to make bigger aggregations of QDs at the
same spin speed and time. Also, this could be attributed to a decrease in the effect of the
depletion force that causes the QDs to aggregate when the polymer volume fraction is
reduced, especially in samples with lower polymer M. In addition, increasing the QD
volume fraction and reducing the polymer's volume could increase the homogenous

distribution of the QD within the polymer, improving the interaction between the QDs.

Changing the QD volume fraction has no impact on interparticle separation. It behaves
similarly to the previous two experiments in this thesis, where it is larger in films with OA
ligands than in films with HA or DA ligands; in all cases, it is less than the length of the
extended ligand, indicating that the ligands are either interdigitating between neighbouring
QD or folding back on the QD.
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Chapter 7 Conclusions and Future Work

7.1. Conclusions

This thesis presents structural studies of nanocomposite films of PbS QD embedded into
three different polymer matrices (PS-PMMA-F8BT). This study includes in depth analysis of
nanocomposite film thickness, surface morphology and inner morphology. These
nanocomposite films often face structural issues, such as aggregation of the QD when
incorporated into polymer matrix; this affects the final optical properties of these films. So,
this thesis aims to have well-dispersed QD in a polymer matrix to form nanocomposite films
that can be used in several different applications. To achieve the main objective of the thesis,
there are some processing aspects that the thesis has examined and studied in detail, such as
the effect of the host polymer My on the morphology of the nanocomposite films, the impact
of exchanging ligands from the native oleic acid (OA) ligand to shorter ligand like Hexanoic

acid (HA) and Decanoic acid (DA), and the effect of altering QD volume fraction.

The host polymer My, affects the blend film thickness, surface morphology and inner
morphology, as seen in Chapter 4. The thickness was measured via ellipsometry. The
thickness increased with increasing host polymer My in all three systems (PS -PMMA-
F8BT), and this is attributed to the increase in the viscosity of the solution as the host
polymer My increased; increasing the My of the host polymer means increasing the initial
viscosity of the solutions, which causes the thickness of the blended films to increase due to
the change in the rheology of the films altering when spin coated. In simple terms, the ability
to thin a polymer solution by shear forces becomes harder as the viscosity of the solution

increases.

The surface morphology of the nanocomposite films was characterised using the highly
sensitive technique of AFM; the blend films showed QD-rich domains on the surface
morphology that varied in size and shape. From the AFM images, the average QD-rich
domains diameter was extracted, and it was found that it increased with increasing My of the
host polymer; for example, it was 240nm in the film of PS 1800 Mw: PbS QDs-OA; this
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increased to 1280nm in the film of PS 350k Mw: PbS QD-OA. This is due to the effective
change in the depletion force that causes the QD to aggregate, which can be partially
controlled by the choice of host polymer Mw. However, some films with higher polymer My,
such as PMMA (1.5M My): PbS QDs-OA, PS (850k My): PbS QDs, PS (1.5m Muy): PbS
QDs-OA, and F8BT (200k Mw): PbS-OA, their surface morphology shows no QD-rich
domains. This could be because of the high viscosity of these solutions, which causes a
reduction in the QD aggregation Kinetics, preventing QD-poor domains from forming on the

surface morphology at the short timescales encountered in the spin coating.

The inner morphology of the blend films and precursor solutions was characterised via
GISAXS; firstly, the SAXS solution scattering showed well-dispersed QD in the polymer
matrix precursor solution, and the QD core diameter was measured as (= 4.8nm). However,
the film GISAXS scattering showed different crystal grain sizes and interparticle separation.
The grain sizes ranged between 37-56nm, 25-59nm and 52-62 nm in PS, PMMA and F8BT
systems, respectively; this is 5 to 13 times bigger than the PbS QD-OA core diameter
(4.8nm), which indicates aggregation of the QD due the depletion force, the QD aggregates in
all nanocomposite films formed HCP structure in all specimens studied. The grain size
increased with increasing host polymer My; this is attributed to the change in the depletion
force that was affected by the difference in the host polymer Mw. The interparticle separation
varied between the films in PS and F8BT systems, ranging between 6-9 A and 7-8 A,
respectively, while it was 8 A in the PMMA system; this is probably due to the ligands either
being tilted or partially interdigitated in neighbouring QD in all systems because it is lower
than the extended length of the ligands.

Chapter 5 examined the effect of exchanging ligands on the nanocomposite film morphology.
The native ligand Oleic Acid (OA) was replaced with Hexanoic Acid (HA) and Decanoic
Acid DA, these are shorter-length carbon chain ligands than the native ligand. This
experiment applied three different My, of PS and PMMA (low-medium-high) and the two
accessible My of F8BT. The thickness of the blend films increased with increasing polymer
Muw. At the same time, it decreased compared to the films with OA ligands, ascribed to the
shorter length of the HA and DA ligands; this results in a reduction in the size of the QD
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(core + shell), which changes the volume fractions of the QD, resulting in decreased viscosity

of the solution with HA and DA ligands compared to the solution with OA ligands.

The AFM probed the surface morphology of the blend films, which showed QD-rich domains
that vary in size from one sample to another. The average diameter shows a reduction in these
QD-rich domains compared to the samples with native ligands (OA). This is due to the HA
and DA ligands' shorter chain lengths modifying the interaction parameters between the
polymer chains and QD, such that there is a much more favourable interaction with the
polymer chains than with the native ligands. This results in better miscibility and
compatibility between the polymer components of the nanocomposite films. The polymer My
still has an effect, where the QD-rich domain average diameter increased with increasing

molecular weight.

GISAXS was used to analyse the internal morphology; first, solution scattering shows the
dispersion of PbS QD into the polymer matrix, and the diameter of the core QD is =4.8nm.
Second, thin film scattering demonstrates that after the solvent evaporated, the PbS QD
aggregated due to the depletion interaction. The QD aggregates form two distinct structural
phases, HCP and FCC-CP, and the crystal grain sizes in PS: PbS QDs-HA and DA, PMMA:
PbS QD-HA and DA, and F8BT: PbS QD-HA and DA systems ranged between 25-41nm,
23-51nm, and 37-49nm, respectively. The grain size increased with host polymer My, and
compared to films that have OA ligands, the grain size was somewhat reduced; for instance,
the crystal grain size was 37nm in the film of PS: PbS QD-OA; this decreased to 25nm in PS:
PbS QD-HA and to 26nm in PS: PbS QDs-DA. This is ascribed to the shorter length ligands
of HA and DA compared to native ligands (OA), which increases the interactions between
QD-QD and QD-polymer, reducing the driving force for QD aggregation and increasing the
miscibility between the QD and polymers.

The interparticle separation was reduced in HA and DA ligand specimens compared to OA
ligand samples; this was expected due to the longer chain length of the OA (18 carbons)
compared to DA (10 carbons) and HA (6 carbons). Nonetheless, it is shorter than the ligands'
extended length, indicating that the ligands are tilted or partially interdigitated in surrounding

QD.
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Chapter 6 investigated the influence of changing the volume fraction of PbS QD and
polymer on the morphology of the nanocomposite films. This experiment utilised two distinct
volume fractions of PbS QD (volume fraction ~ 0.024 and ~ 0.00024). The thickness of the
blend films differs, with lower volume fractions of QD ~ 0.00024 being significantly thicker
than higher volume fractions ~0.024. This could be attributed to viscosity; decreasing the
volume fraction of PbS QD and increasing the volume of the polymer make the
nanocomposite solution more viscous, reducing component movements and enabling films to

reach the solid state quicker, which results in thicker films.

Notable surface morphological changes, such as QD-rich domains and holes, were observed
between the nanocomposite films, with some films exhibiting neither and being very smooth
on their surface. In contrast to the previous two chapters, the surface morphological changes
are not in a specific sequence, and the domains and holes vary in size. Some factors influence
these changes in the surface morphology of the blend films, such as the miscibility of the QD
and the host polymer, surface tension, and film thickness. The domains and holes could be
QD-rich domains with smaller diameters than the samples in the previous two chapters.
Furthermore, some films have smooth surfaces with no domains or holes, indicating

increased compatibility between the components as the PbS QD volume fraction is altered.

In the internal structure investigated via GISAXS, the aggregation of the QDs forms a crystal
grain in the nanocomposite films. However, this is not include some specimens, such as
PMMA (2600 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024) and PS (1800 My):
PbS QD-DA (PbS QD volume fraction ~ 0.024), where the crystal grain size is around 5nm
and nearly reaches the QD core diameter (4.8nm), and this could be an indicator of good PbS
QD dispersion in these films. Generally, the films with higher PbS QD volume fraction ~
0.024 show smaller crystal grains than the samples with lower PbS QD volume fraction ~
0.00024, also smaller grains than samples with PbS QDs volume fraction ~ 0.00024 that are
seen in the previous chapters. This is due to the thickness of the blend films. As the PbS QD
volume fraction rose, the composite solution became less viscous; this made the film thinner,
affecting the evaporation rate of the solvent by making it faster during the drying process,

which does not provide enough time for the system to create larger aggregations of QD at the
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same spin speed and time. This could also be related to an increase in the homogeneous

distribution of QDs within the polymer, which increases QD interaction.

The interparticle separation is largely unaffected by changing the volume fraction of the QDs.
It behaves similarly to the last two experiments in this thesis, where it is greater in films
packed with OA ligands than in films packed with HA or DA ligands; in all cases, it is less
than the length of the extended ligand, indicating that the ligands are either interdigitating

between surrounding QDs or folding back on the QDs.

The aim of this thesis is to find conditions that lead to a well-dispersed QD in a polymer
matrix to have a functional nanocomposite film that can be used in applications. This is not
fully achieved except in films of (1800 My): PbS QD-DA (PbS QD volume fraction ~ 0.024)
and PMMA (2600 My): PbS QDs-DA (PbS QDs volume fraction ~ 0.024). This means that,
to have a well-dispersed QD in the polymer matrix you need to make films with low host
polymer My, high QD loading and very thin films.

7.2. Future work

Firstly, following the completion of the PhD study, one essential goal for the future is to

publish the work from Chapters 4 to Chapters 6 in a relevant journal.

Polymer nanocomposites are employed in various applications, from high-tech and high-
performance materials to daily household goods. Nanocomposites are a rapidly developing
field with many opportunities for future exploration. Several additional experimental
parameters and ideas were identified during this thesis to improve the initial objectives. To
stay within the project scope, and due to time constraints and instrument limitations, not all
ideas could be addressed through to completion. However, from a technological perspective,
many challenges and obstacles must be overcome before these materials can reach their full
potential in real-world applications. So, | will discuss a few strategies and ideas that could

improve the current research in the following sections.
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On the materials side, this project used relatively simple amorphous homopolymers (PS,
PMMA and the more complicated semicrystalline polymer F8BT). The amorphous polymers
were chosen, as we can gain more from understanding lower complexity situations and can
also easily source highly monodisperse polymers in a wide range of molecular weights,
which this thesis has focused on. However, the next step may include using more complex
architectures like block copolymers such as polyethylene-vinyl acetate (PEVA) to control the
interactions between the QD and polymer matrix more precisely. Future work may also
include using other lead chalcogenides QD such as CdS, PbSe and CdSe to examine if we can
generalise the processing routes on PbS QD on whole lead chalcogenides QD. Also, future
work could expand to include more efficient QD like lanthanide QD.

It may be that we can use general trends in our choice of ligand to enable us to switch
between different QDs. The ligands are essential for the QD: polymer system, where they
play an important role in the QD overall stability, and solubility and assist in nanocrystal
growth in a wide range of organic solvents. The OA ligands are considered ideal for
controlling the size and shape of QD in organic solutions. However, when introducing QD
into other matrices, such as polymers, the insolating nature of OA ligand for interactions
leads to structural issues such as aggregation or phase separation of the components. So, for
specific applications, such as optoelectronics, it is helpful to add some more complex ligands.
In this thesis, the short-length carboxylate ligands (HA and DA) were used to exchange with
the long chains native ligands (OA); this resulted in some changes in the surface and internal
morphology of the nanocomposite films, such as smaller QD-poor domains and grain size.
However, future work may involve using even more complicated functional ligands with
specified optoelectronic properties, for instance, Benzoic acid (BA), Hydrocinnamic acid
(HCA) and Naphthoic acid (NA); these ligands are expected to tune the QD surface
chemistry and interfacial properties, which may result in more control of the relative
interaction between the nanoparticle and the polymer, and then achieve better QD dispersion
in the host polymer and so ultimately improve both the electronic and optical properties of

the nanocomposite films.

Future work may also include other materials, such as Organic-inorganic nanocomposite

films made from a combination of colloidal quantum dots and small-molecule organic
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semiconductors, which are promising prospects for high-efficiency, low-cost solar energy

harvesting systems.

On the processing routes side, one processing route (spin coating) was used in this thesis
because | have been focusing on different aspects; the samples were deposited on clean
silicon substrates and spun at 2000 rpm for 30s. Different processing routes may be
considered in the future, such as the effect of viscosity during the kinetics of the drying
process. As the solvent leaves, the film becomes very viscous and finally glassy, which locks
in the nanostructure. So, it might be expected that higher molecular weight materials with a
high glass transition temperature in a more volatile solvent (more volatile than toluene)
would lead to a reduction in aggregation because the mobility of the QD would decrease

more rapidly due to faster vitrification.

Moreover, having insight into the formation of nanocomposite films during the coating
process is of consequence and important and will be considered in future work. This would
be achieved via high-speed stroboscopic fluorescence microscopy or in situ grazing incidence
X-ray scattering (GIXS). These reveal how polymers and colloidal quantum dots self-
assemble during blade coating, providing insight into the factors affecting the final blend
films in such systems. These methods allow the intensity to be directly mapped to
composition, accurately evaluating compositional changes during the spin coating process. It
is difficult as the high spin speed reduces the spatial resolution of data obtained from
experiments. However, some studies have been done using similar approaches before.
Moreover, future work should include the photophysics of the nanocomposite films, such as
photoluminescence (PL) spectra and relate the results to their morphology and the processing

routes.

On the characterisation side, many tools and instruments are employed to characterise the
nanocomposite, including spectroscopy and microscopy. Small-angle X-ray scattering
(SAXS), ellipsometry, and Atomic Force Microscopy (AFM) are the principal
characterisation techniques that have been used in the current study. However, future work
may include additional instruments, such as Small-angle neutron scattering (SANS). This is

highly penetrating uses natural (or isotopically labelled) nuclear contrast, and exhibits
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exceptional ability in determining QD ligand structure when combined with rigorous
chemical-physical analyses (e.g., concentration and mass measurements) and provides
additional information to complement SAXS or the microscopy measurements (AFM, TEM
or SEM).

Finally, the field of polymer physics is a rich field that is full of research opportunities and is
widely used in applications in our daily lives. I did some work on this thesis, but I think the
future will be bright ahead of me. Hopefully, the PhD phase will be the first step of many

steps, and | contribute to the progress in this field.
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Chapter 8 Appendix
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Figure 8.1/ Ellipsometry data for PS: PbS QDs-OA blends films.
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Figure 8.2/ Ellipsometry data for PMMA: PbS QDs-OA blends films.
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Figure 8.3/ Ellipsometry data for F8BT: PbS QDs-OA blends films.
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Figure 8.4/ Ellipsometry data for PS: PbS QDs-HA and DA blend films.
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Figure 8.5/ Ellipsometry data for PMMA: PbS QDs-HA and DA blend films.
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Figure 8.6/ Ellipsometry data for F8BT: PbS QDs-HA and DA blend films.
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Figure 8.7/ Ellipsometry data graph of PS (1800): PbS QDs blend films with different ligands and
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Figure 8.11/ Ellipsometry data graph of PMMA (40k): PbS QDs blend films with different ligands
and concentrations.
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Figure 8.12/ Ellipsometry data graph of PMMA (1M): PbS QDs blend films with different ligands and
concentrations.
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Figure 8.13/ Ellipsometry data graph of F8BT (75k): PbS QDs blend films with different ligands and
concentrations.
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Figure 8.14/ Ellipsometry data graph of F8BT (200k): PbS QDs blend films with different ligands and
concentrations.
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Samples Peak FWHM Centre- Inter- Grain Morphology
Index position (q/A'l) to- particle size
centre separation (nm)
-1, H A
@A distance (A)
A)
PS(1800 0.1101 0.01600+0.0014 57 9 37+1 HCP
Mw):PbS
QDs
PS(7.5k 0.1125 0.01459+0.0023 56 8 40 +2 HCP
Mw):PbS
QDs
Ps(40K 0.1095 0.01405+0.0022 57 9 42 2 HCP
Mw):PbS
QDs
Ps(50K 0.1118 0.01199+0.0025 56 8 47 +2 HCP
Mw):PbS
QDs
Ps(89k 0.1110 0.01168+0.0023 57 9 51 +2 HCP
Mw):PbS
QDs
Ps(350k 0.1116 0.01098+0.0021 56 8 54 +2 HCP
Mw):PbS
QDs
Ps(850k 0.1113 0.01069+0.0024 56 8 55 +2 HCP
Mw):PbS
QDs
Ps(1.6M 0.1106 0.01049+0.0023 57 9 56 +2 HCP
Mw):PbS
QDs

Table 8.1/ Data of the PS: PbS QDs-OA nanocomposite films, the data comes from fitting the
distinctive peaks around 0.1 A™* found using GISAXS.

Samples Peak FWHM Centre- Inter- Grain Morphology
Index position (/A to- particle size
(/A centre separation (nm)
distance | (A)
A
PMMA(2600 0.1124 0.01669+0.0021 56 8 35+2 HCP
Mw)_PbS
QDs
PMMA(8.4k 0.1114 0.01306+0.0023 56 8 4542 HCP
Mw)_PbS
QDs
PMMA(40k 0.1110 0.0115740.0021 56 8 51+2 HCP
Mw)_PbS
QDs
PMMA(50k 0.1121 0.01138+0.0025 56 8 52+2 HCP
Mw)_PbS
QDs
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PMMA(350k | 0.1118 0.01092+0.002 56 8 5412 HCP
Mw)_PbS
QDs

PMMA(1IM 0.1116 0.01030+0.0022 | 56 8 57+2 HCP
Mw)_PbS
QDs

PMMA(15M | 0.1118 0.0099540.0023 | 56 8 59+2 HCP
Mw)_PbS
QDs

Table 8.2/ Data of the PMMA: PbS QDs-OA nanocomposite films, the data come from fitting the
distinctive peaks around 0.1 A™* measured by GISAXS.

Samples Peak FWHM Centre- Inter- Grain Morphology
Index position @AY to- particle size
centre separation (nm)
-1 H A
(AN distance (A)
A
F8BT (75K 0.1125 0.011440.0022 56 8 52+2 HCP
Mw):PbS
QDs
F8BT (200K 0.1095 0.0094+0.0034 57 9 6213 HCP
Mw):PbS
QDs

Table 8.3/ Data of the F8BT: PbS QDs-OA nanocomposite films, the data come from fitting the
distinctive peaks around 0.1 A found by GISAXS.
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Samples Peak FWHM Centre- Inter- Grain Morphology
Index position (q/A'l) to- particle size
centre separation (nm)
1 - A
@A) distance (A)
A)

PS(1800 0.1176 0.023540.0034 53 5 2542 HCP
Mw):PbS

QDs-HA

PS(1800 0.1173 0.02267+0.0013 54 6 26+1 HCP
Mw):PbS

QDs-DA

Ps(40K 0.1197 0.02136+0.0021 52 4 2842 FCC-CP
Mw):PbS

QDs-HA

Ps(40K 0.1176 0.01950+0.0024 53 5 30+2 FCC-CP
Mw):PbS

QDs-DA

Ps(850k 0.1198 0.01638+0.0032 52 4 3643 HCP
Mw):PbS

QDs-HA

Ps(850k 0.1176 0.01450+0.002 53 5 4142 HCP
Mw):PbS

QDs-DA

Table 8.4 / Data of PS: PbS QDs blend films with HA and DA ligands and different PS M,, (1800-40k-
850K).

Samples Peaks FWHM Centre- Inter- Grain Morphology
Index position (q/A‘l) to- particle size
(q/A'l) centre separation (nm)
distance A
GY)
PMMA(2600 0.1201 0.02546+0.0034 52 4 2343 HCP
Mw):PbS
QDs-HA
PMMA(2600 0.1188 0.02805+0.0032 53 5 2143 FCC-CP
Mw):PbS
QDs-DA
PMMA (40K 0.1198 0.01918+0.0024 52 4 31+2 HCP
Mw):PbS
QDs-HA
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PMMA(40K 0.1160 0.01727+0.0022 54 6 3442 FCC-CP
Mw):PbS
QDs-DA

PMMA(1IM 0.1188 0.01169+0.003 53 4 50+3 HCP
Mw):PbS
QDs-HA

PMMA(IM 0.1181 0.01158+0.0023 52 5 51+2 HCP
Mw):PbS
QDs-DA

Table 8.5/ Data of PMMA: PbS QDs blend films with HA and DA ligands and different PS M,, (2600-
40k-1m).

Samples Index Peaks FWHM Centre- Inter- Grain Morphology

position (q/A'l) to- particle size

(q/A‘l) centre separation (nm)
distance A)
)

F8BT(75k):PbS 0.1176 0.01589+0.0031 53 5 3743 HCP
QDs-HA
F8BT(75k):PbS 0.1169 0.0157740.0024 54 6 3742 HCP
QDs-DA
F8BT(200k):PbS 0.1182 0.01311+0.0023 53 5 4542 HCP
QDs-HA
F8BT (200K 0.1168 0.01215+0.003 54 6 4943 HCP
Mw):PbS QDs-
DA

Table 8.6/ Data of F8BT: PbS QDs blend films with HA and DA ligands and different F8BT M., (75k-
200k).
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Samples | Peak FWHM Centre- Inter- Grain | Morphology
Index position (q/A'l) to- particle size
centre | separation | (nm)

-1, H A
(@A) distance (A)
A)

PS(1800 0.1122 | 0.02236+0.0024 56 8 26+2 HCP
Mw):PbS
QDs-OA
0.00024
PS(1800 0.1115 | 0.02929+0.0022 56 8 20+2 HCP
Mw):PbS
QDs-OA
0.024

PS(1800 0.1157 | 0.03198+0.0022 54 6 18+2 FCC -CP
Mw):PbS
QDs-HA
0.00024

PS(1800 0.1159 | 0.03680+0.0012 54 6 16+1 FCC-CP

Mw):PbS

QDs-HA
0.024

PS(1800 0.1152 0.0333+0.002 55 7 18+2 HCP
Mw):PbS
QDs-DA
0.00024
PS(1800 0.1417 | 0.11279+0.0013 45 - 5+1
Mw):PbS
QDs-DA
0.024

Table 8.7/ fitted data of PS (1800 My): PbS QDs films with different ligands and concentrations.

Samples Peak FWHM Centre- Inter- Grain | Morphology
Index | position @A™" to- particle size
centre separAation (nm)
JAY distance (A)
(/A ) A

PS(40k 0.1099 | 0.01478+0.0031 57 9 39+3 HCP
Mw):PbS

QDs-OA

0.00024

PS(40k 0.1115 | 0.02212+0.0024 56 8 2742 HCP
Mw):PbS

QDs-OA

0.024

PS(40k 0.1154 0.02095+0.002 54 6 28+2 HCP
Mw):PbS

QDs-HA

0.00024

PS(40k 0.1155 0.02483+0.0011 54 6 24+1 HCP
Mw):PbS

QDs-HA

0.024

PS(40k 0.1132 | 0.01647+0.0033 55 7 3613 HCP
Mw):PbS

QDs-DA

0.00024
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PS(40k 0.1139 | 0.02636+0.0024 55 7 2242 HCP
Mw):PbS
QDs-DA

0.024

Table 8.8/ fitting data of PS (40k My): PbS QDs films with different ligands and concentrations.

Samples | Peak FWHM Centre- Inter- Grain | Morphology
Index position (q/A'l) to- particle size
centre separAation (nm)
JAY distance A)
(@A) A

PS(850k | 0.1082 0.012750.0033 58 10 4643 HCP
Mw):PbS
QDs-OA
0.00024
PS(850k | 0.1107 | 0.01650+0.0035 57 9 3643 HCP
Mw):PbS
QDs-OA
0.024
PS(850k | 0.1140 | 0.01325+0.0032 55 7 4443 HCP
Mw):PbS
QDs-HA
0.00024
PS(850k | 0.1149 | 0.01721+0.0025 54 6 3442 HCP
Mw):PbS
QDs-HA
0.024
PS(850k | 0.1123 | 0.01449+0.0034 56 8 4143 HCP
Mw):PbS
QDs-DA
0.00024
PS(850k | 0.1129 | 0.01712+0.0031 56 8 34+3 HCP
Mw):PbS
QDs-DA
0.024

Table 8.9/ fitted data of PS (40k M): PbS QDs films with different ligands and concentrations.

Samples Peak FWHM Centre- Inter- Grain | Morphology
Index position (q/A'l) to- particle size
centre sepa'r&ation (nm)
JAY distance A)
(wA) A

PMMA(2600 | 0.1091 | 0.01955+0.0024 58 10 30+2 HCP
Mw):PbS
QDs-OA
0.00024
PMMA(2600 | 0.10946 | 0.02885+0.002 57 9 20+2 HCP
Mw):PbS
QDs-OA
0.024

PMMA(2600 | 0.1148 | 0.02248+0.0031 55 7 2643 HCP
Mw):PbS
QDs-HA

0.00024

PMMA(2600 | 0.1139 | 0.02998+0.0022 55 7 19+2 HCP
Mw):PbS
QDs-HA

0.024

PMMA(2600 | 0.1130 | 0.02529+0.0033 56 8 23+3 FCC-CP
Mw):PbS
QDs-DA
0.00024

PMMA(2600 | 0.1306 | 0.11938+0.0013 48 0 5+1
Mw):PbS
QDs-DA

0.024
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Table 8.10 / fitted data of PMMA (2600 My): PbS QDs films with different ligands and
concentrations.

Samples Peak FWHM Centre- Inter- Grain | Morphology
Index position (q/A'l) to- particle size
centre | separation [ (nm)
1 :

@A™ distance A
A)

PMMA(40k | 0.1091 | 0.01423+0.003 58 10 4143 HCP
Mw):PbS
QDs-OA
0.00024
PMMA(40k | 0.1107 | 0.01946+0.0023 57 9 30+2 HCP
Mw):PbS
QDs-OA
0.024

PMMA(40k | 0.1155 | 0.02207+0.0024 54 6 2742 HCP
Mw):PbS
QDs-HA
0.00024

PMMA(40k | 0.1175 | 0.02233+0.0023 53 5 2642 HCP
Mw):PbS
QDs-HA

0.024

PMMA(40k | 0.1142 | 0.01895+0.0032 55 7 3143 HCP
Mw):PbS
QDs-DA
0.00024

PMMA(40k | 0.1152 | 0.0257240.0035 55 7 23+3 HCP
Mw):PbS
QDs-DA

0.024

Table 8.11/ fitted data of PMMA (40k My): PbS QDs films with different ligands and concentrations.

Samples Peak FWHM Centre- Inter- Grain | Morphology
Index position (q/A'l) to- particle size
centre | separation | (nm)
-1, . A
(@AY distance (A)
G))
PMMA(1m | 0.1091 0.01266+0.0021 58 10 4742 HCP
Mw):PbS
QDs-OA
0.00024
PMMA(1m | 0.1110 | 0.01799+0.0033 57 9 3343 HCP
Mw):PbS
QDs-OA
0.024
PMMA(m | 0.1176 | 0.01413+0.0031 53 5 42+3 HCP
Mw):PbS
QDs-HA
0.00024
PMMA(1m | 0.1160 0.01771+0.003 54 6 3343 HCP
Mw):PbS
QDs-HA
0.024
PMMA(1m | 0.1115 | 0.01461+0.0024 56 8 4042 HCP
Mw):PbS
QDs-DA
0.00024
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PMMA(Im | 0.1141 | 0.01934+0.0033 55 7 3043 HCP
Mw):PbS
QDs-DA

0.024

Table 8.12/ fitted data of PMMA (1m My): PbS QDs films with different ligands and concentrations.

Samples Peak FWH Centre- Inter- Grai | Morphology
Index positio M to-centre | particle n
n -1 distance | separatio | size
@A TR n | om)
(@A") *)
F8BT (75K 0.1097 | 0.0191 57 9 31 HCP
Mw): PbS 4
QDs-OA
0.00024
F8BT (75K 0.1119 | 0.0203 56 8 29 HCP
Mw): PbS 0
QDs-OA
0.024
F8BT (75K 0.1177 | 0.0224 53 5 26 HCP
Mw): PbS 1
QDs-HA
0.00024
F8BT (75K 0.1156 | 0.0277 54 6 21 HCP
Mw): PbS 4
QDs-HA
0.024
F8BT (75K 0.1150 | 0.0168 55 7 35 HCP
Mw): PbS 7
QDs-DA
0.00024
F8BT (75K 0.1620 | 0.0627 38 9
Mw): PbS 1
QDs-DA
0.024

Table 8.13/ fitted data of F8BT (75k My): PbS QDs films with different ligands and concentrations.

Samples Peak FWH Centre Inter- Grain | Morphology
Index positio M -to- particle size

n (q/A‘l) centre | separatio | (nm)

distanc R

7% e A

(@A) A)
F8BT 0.1099 0.0130 57 9 45 HCP
(200K 8
Mw): PbS
QDs-OA
0.00024
F8BT 0.1130 | 0.0142 56 8 41 HCP
(200K 7 4
Mw): PbS
QDs-OA
0.024
F8BT 0.1177 | 0.0147 53 5 40 HCP
(200K
Mw): PbS
QDs-HA
0.00024
F8BT 0.1174 | 0.0185 53 5 32 HCP
(200K 9
Mw): PbS
QDs-HA
0.024
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F8BT 0.1149 | 0.0148 55 7 40 HCP
(200K 2

Mw): PbS

QDs-DA

0.00024

F8BT 0.1157 | 0.0155 54 6 38 HCP
(200K 3

Mw): PbS

QDs-DA

0.024

Table 8.14/ fitted data of FBBT (200k My): PbS QDs films with different ligands and concentrations
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