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Introduction

1.1. Motivation
According to a recent report by the International Energy Agency, buildings accounts for 30% of the final energy
consumption worldwide [1]. Nearly two-thirds of this energy use is supplied by fossil fuels,1 representing 28%
of global energy-related CO2 emissions. At the same time, the global energy demand in buildings is expected
to rise by 50% in 2050, driven by a growing population, a doubling of building floor area and increased access
to energy in developing countries. Therefore, increasing the energy efficiency of buildings is crucial to keep
on track with the global climate ambitions set forth in the Paris Agreement2. Although solar photovoltaic (PV)
systems have become increasingly more cost effective—showing an astonishing 61 percent decline in system
costs between 2010 and 2017 [3]—the potential of PV systems in the commercial buildings sector remains
largely untapped. Conventional rooftop PV systems alone are often unable to provide self-sufficient office
buildings, because the rooftop surface area of these buildings is usually limited with respect to the floor area.
It is becoming increasingly clear that in order to move towards energy neutral building designs, the facade of
a building has to be transformed into a functional structural element. In line with the growing trend of using
glass as a structural element, several building-integrated PV (BIPV) windows have emerged, mounted with
for example semi-transparent thin film solar cells or conventional solar cells equally spaced apart. However,
all of these designs obstruct to some extent a clear view and alter the aesthetics of a building, thus far limiting
their large-scale application in the built environment. Moreover, solar cells operate most efficiently in direct
sunlight, whereas most light in the built environment is diffuse as a result of scattering and reflection by
clouds or any surrounding objects. The potential societal impact of power-generating windows that do not
compromise on aesthetics and function well in both direct and diffuse light is huge. One technology that
could enable the design of such windows is the luminescent solar concentrator (LSC), which can transform
conventional glass into a transparent, colorless, power-generating structural element. This research focuses
on a universal, low-cost and scalable fabrication method for a luminescent coating—the engine behind the
LSC.

1.2. Luminescent solar concentrators
The concept of LSCs dates from as early as the 1970s and initially led to a great number of patents, which
were never successfully commercialized due to the drop in oil prices in the 1980s [4–6]. LSCs operate by
absorbing solar radiation and re-emitting it at a different wavelength—a process called photoluminescence.
A schematic representation of the working principle of an LSC is shown in Figure 1.1. Part of the light emitted
in the LSC is trapped inside the waveguide by total internal reflection, which is a result of the difference in the
refractive index between the waveguide material and the surrounding air. In this way, an LSC concentrates
solar radiation collected over its entire surface area onto a small area at its perimeter, where it is readily
converted into electricity by solar cells. LSCs offer several advantages over conventional PV technology:

• LSCs greatly reduce the amount of required PV material due to the concentration of light at the edges.

1When the traditional use of biomass is excluded, this share rises to more than 80%.
2The Paris Agreement, signed in 2015 by 55 countries that account for an estimated 55% of global greenhouse gas emissions, aims to

respond to the threat of climate change by keeping the global temperature rise below 2 ◦C above pre-industrial levels [2].
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Figure 1.1: Working principle of a luminescent solar concentrator. Light is absorbed by luminescent centers and re-emitted towards the
edges, where it is converted into electricity by solar cells. Reproduced from [11].

• LSCs can be made fully transparent and colorless by controlling the absorption and emission spectra
of the luminescent material.

• LSCs can collect both direct and diffuse irradiance [7], thereby eliminating the need for expensive solar
tracking equipment.

• The narrow-bandwidth emission of the luminescent material can be matched with the band gap of the
attached solar cells, which significantly increases their energy conversion efficiency.

LSCs can be designed either by directly incorporating luminescent material into a waveguide, as depicted in
Figure 1.1, or by applying a luminescent thin film on top of a waveguide. The advantage of the latter—known
as a thin-film LSC—is that a glass pane can be transformed into an LSC simply by applying a coating, thus
allowing easy integration into the glass manufacturing process. A thin film of luminescent material can be
deposited directly onto a substrate (e.g., by sputter deposition) or luminescent material can be incorporated
into a polymer matrix, which is then coated onto a substrate. While sputter deposition offers the advantage
of being widely used in industry, there are several reasons to explore polymeric luminescent films.

First of all, incorporating luminescent material in a polymer matrix provides more control over the refrac-
tive index of the film. For efficient waveguiding, it is crucial that the refractive index of the film is similar to
the refractive index of the substrate. If the interference effects are discounted, the fraction of light trapped
inside the film—instead of being guided by the waveguide—depends on the refractive index mismatch by [8]:

Ffilm =
√√√√n2

film −n2
sub

n2
film

(1.1)

If the refractive index of the film is much larger than the substrate, a significant part of the emitted light will
be trapped inside the film only. Any light propagating solely in the film is rapidly lost due to the interface
scattering losses in the extremely thin layer [9]. Most polymers have a refractive index similar to glass, which
can therefore lead to more efficient waveguiding with respect to high-index sputtered films. In addition,
the polymer matrix protects the luminescent material from the outside environment and thus opens the
way for using materials sensitive to moisture or oxygen. Moreover, polymeric nanocomposite films open up
the possibility to alternative synthesis routes for luminescent materials. For example, while certain halides
have proven to be promising host materials for luminescent ions [10], their corrosive properties inhibit the
application of these materials in a sputter deposition process. Instead, nanomaterials can be synthesized by
a variety of methods, such as sol-gel, hydrothermal or microemulsion methods.

1.3. Rayleigh scattering
In order to obtain an optically clear nanocomposite film, the scattering effects induced by any embedded lu-
minescent material have to be minimized. The intensity of light scattered by spherical particles much smaller
than the wavelength of the scattered light can be estimated using Rayleigh scattering theory. The Rayleigh
scattering cross section σR is given by [12]:

σR = 8π

3

(
2π

λ

)4

a6

[
(np/nm)2 −1

(np/nm)2 +2

]2

(1.2)
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a is the particle radius, λ is the wavelength of the scattered light in the medium and nm and np are the refrac-
tive indices of the medium and the particles. The fraction of scattered light is equal to σR times the number
of particles per unit volume.

Note that when the refractive indices of the particles and the matrix are exactly equal, there is no scattering
and the film appears optically clear. However, matching the refractive indices is far from trivial, because
the refractive indices of all materials vary differently with the wavelength of light—a phenomenon known as
chromatic dispersion [13]. The scattering intensity is equal to the size of the particles to the power six. In
order to minimize the scattering losses as the emitted light propagates through the nanocomposite film, it is
crucial to keep the size of the luminescent particles as small as possible.

Organic dye molecules and quantum dots typically have a size ranging from just a few angstroms to a
few nanometers and consequently do not cause any visible scattering. However, as will be discussed in Sec-
tion 2.1, their luminescent properties are typically unfavorable for application in large-scale LSCs. Inorganic
rare-earth doped phosphors have promising luminescent characteristics and can be obtained in sizes ranging
from the micrometer to the nanometer scale depending on the synthesis method. Without refractive index
matching, particles with a mean diameter of only one hundred nanometers can cause already severe scatting
losses [14]. Therefore, it is essential that the luminescent particles in the polymer nanocomposites are dis-
persed as isolated nanosized objects. This thesis research focuses on integrating inorganic rare-earth-doped
nanoparticles into a polymer matrix to obtain transparent, clear and luminescent polymer nanocomposite
thin films. In Section 2.1, the motivation for selecting rare-earth-doped nanoparticles is discussed in more
detail. Incorporating nanoparticles inside a polymer matrix can be a very challenging process, as the high
surface energy of nanoparticles often leads to irreversible agglomeration upon direct mixing. The attractive
interparticle forces responsible for this behavior are described in Section 2.2. Two stabilization strategies
commonly used to suppress these attractive forces are discussed in Sections 2.3 and 2.4. In Section 2.5, im-
portant parameters for the preparation of nanocomposite films are outlined, finally leading to the research
question of this study in Section 3.1. The plans for the experimental phase, consisting of the approach, the
planning and the identified risks are discussed in Sections 3.2, 3.3 and 3.4.
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2.1. Luminescent materials
Luminescent materials are the engine behind LSCs and—as their name might suggest—work on the principle
of photoluminescence. Luminescent materials adsorb light and then re-emit this light with a different wave-
length. Typically, some energy is lost in the process and the emitted photon has a longer wavelength (i.e.,
lower energy) than the adsorbed photon.1 For the design of a transparent and colorless LSC with maximum
energy output, the luminescent material should fulfill several requirements. Ideally, the luminescent material
needs to have:

• a broad absorption band, allowing maximum solar energy conversion while avoiding a colored tint;

• high absorption efficiency;

• a large Stokes shift, eliminating self-absorption losses caused by an overlap between the emission and
absorption spectra;

• a high quantum yield, defined as the ratio of the number of photons emitted to the number of photons
absorbed by the luminescent center;

• emission at wavelengths below the band gap energy of the PV cell (e.g., < 1107 nm for crystalline silicon
solar cells) and above the visible spectrum (> 700 nm);

• high photostability to ensure long-term operation.

Over the last decades, various types of luminescent material have been explored and optimized with respect
to their performance in LSCs. They can be divided into three categories: organic dyes, quantum dots and
rare-earth elements.

2.1.1. Organic dyes
Organic dyes are organic molecules that absorb light due to their specific planar molecular structure. From
the earliest stages of LSC research in the 1970s, organic dyes have been studied due to their high quantum
yield, high absorption efficiency and miscibility with organic matrices. In fact, the quantum yield of some
contemporary organic dyes has even been shown to reach up to unity [15]. The disadvantages of organic
dyes include, in general, their small Stokes shifts, narrow absorption spectra and their low photostability. The
small Stokes shift of organic dyes causes considerable self-absorption losses (see the second and third plots
in Figure 2.1), thereby limiting their performance in large-area LSCs. Moreover, organic dyes are prone to
photodegradation, which reduces their performance over time [16].

1The opposite effect, in which the adsorption multiple low-energy photons lead to the emission of one photon with a shorter wavelength,
also extsts and is known as upconversion.
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2.1.2. Quantum dots
Quantum dots (QDs) are nanocrystals typically made from semiconducting materials. Because their size is in
the order of the de Broglie wavelength of the electron, electrons are confined in the semiconductor in a similar
way to orbital electrons in atoms. Due to their crystalline structure, QDs are more stable than organic dyes
[17]. The band gap of QDs—determining both their absorption onset and emission peak—can be engineered
by altering their composition as well as their size. By combining materials with different band gaps in so-
called core-shell structures, QDs can be designed to have a larger Stokes shift than organic dyes [18] (see the
bottom two plots in Figure 2.1). However, large-scale QD-based LSCs often still suffer from self-absorption
losses due to the low quantum yield of QDs, which is typically in the order of 0.1 − 0.6 [19, 20]. The low
quantum yield results in the fact that every time an emitted photon is absorbed by another QD, there is a
significant chance that no photon is re-emitted. Another disadvantage is that QDs absorb more light in the
lower end of the spectrum, thereby typically leading to LSCs with a reddish tint. Moreover, there has been
increased concern about the toxicity of some QDs, which has limited their application on a large scale [21].
Still, at the time of writing, a QD-based LSC holds the record optical efficiency of 8.1% for a 10 cm2 device,
which translates into an electrical power conversion efficiency of 2.2% [22].

2.1.3. Rare-earth elements
Rare-earth (RE) metals are a group of chemical elements that show characteristic luminescence depending on
the filling of their 4f electron shell. In contrast to what their name suggests, most of them are relatively abun-
dant on Earth. The luminescence of RE ions is caused by the excitation and relaxation of their orbital electrons
by means of absorbing and emitting photons. RE-doped materials—often referred to as phosphors—typically
have high photostability and can be tuned to have a large Stokes shift and broad absorption band (see the
first plot in Figure 2.1), thus making them promising materials for LSC applications [23]. RE ions are found
either as a complex—surrounded by organic ligands—or doped into inorganic host matrices, which play an
active role in the luminescence process by enabling energy transfer to the RE ions [24]. By controlling the
valency of the RE ion and the composition of the host material, RE-doped materials can be designed to have
a broad absorption band and a narrow emission peak. Common host materials include oxides, borates, phos-
phates, nitrides, oxynitrides, silicates, sulfides, selenides and halides.

2.1.4. Conclusion
The small Stokes shifts of organic dyes and QDs lead to self-absorption losses that limit the performance of
LSCs—especially in large-scale devices. Moreover, their relatively narrow absorption bands limit the amount
of solar energy that can be harvested and often lead to colored LSCs. RE-doped luminescent materials may
be designed to have a broad absorption band in the visible spectrum and a narrow emission peak in the
near-infrared spectrum, as can be seen in the absorption and emission spectra of CaI2:Tm2+ given in Figure
2.1. These characteristics allow for colorless films with high absorption, while eliminating the problem of
self-absorption. Therefore, this thesis research will focus on RE-doped nanoparticles, in particular those
consisting of oxide-containing host materials. As will be addressed in Section 2.2.1, the presence of oxide
ions on the surface of nanoparticles introduces binding sites that are beneficial to their stabilization.

2.2. Agglomeration
The ability to disperse isolated nanoparticles is crucial to obtaining non-scattering transparent films. How-
ever, nanoparticles have a natural tendency to reduce their effective surface area by forming agglomerate
structures. In this section, the different types of agglomerates as well as the theory behind their formation is
discussed.

2.2.1. Surface chemistry
Due to their extremely small size, nanoparticles have a relatively large surface area, which is exposed to and
interacts with the environment. A thorough understanding of the surface chemistry is therefore crucial to
dispersing nanoparticles in a medium. This thesis research will mainly focus on metal oxide compounds,
which are typically used in the design of commercial phosphors (e.g. in the LED industry) due to their ability
to stably host RE ions in their lattice structure [24]. The surface chemistry of metal oxides is characterized
by their high degree of surface hydroxylation, which can be exploited to control the interaction of metal
oxide particles with their surroundings [25]. The hydroxyl groups ( – OH) present on the particle surface typi-
cally participate in hydrogen bonding, acid-base reactions or electrostatic interactions [26]. The formation of
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Figure 2.1: Absorption (in grey) and emission (in white) spectra of a rare-earth doped phosphor (CaI2:Tm2+), two types of organic dyes
(Red 305 and L170) and three types of quantum dots (CdSe, CdSe/CdS and CdTe/CdSe/ZnS). The percentages indicate the part of the
solar spectrum that can theoretically be absorbed. Reproduced from [10].

these surface hydroxyl sites occurs through dissociative chemical adsorption of water molecules. Metal oxide
surfaces typically terminate in oxide ions rather than metal ions due to their large size and low polarizing
power [27]. The oxide ions on the surface contain what are known as dangling bonds: unsatisfied valences
due to insufficient coordination to the lattice metal ions. In other words, the oxide atoms do not have enough
neighboring metal atoms to share their electrons with and therefore possess a surplus of unpaired electrons.
The ability to donate an electron pair makes the surface oxide ion extremely reactive: in the presence of a
water molecule it acts as a strong Lewis base to form two hydroxyl groups:

−O+H2O −−→−OH(a)+−OH(b) (2.1)

where (a) and (b) are the conjugate acid of the surface oxide ion and the conjugate base of the water molecule.
The resulting hydroxyl groups form a bilayer on the metal oxide surface. This mechanism of surface hydrox-
ylation was first proposed by Tamura, Mita, Tanaka and Ito [28]. The authors attributed the surface hydrox-
ylation to exposed oxide ions rather than to metal ions, as they found that the hydroxyl site density does not
depend on the valency of the metal oxide. Apart from hydroxyl groups, other active sites could be present on
the particle surface depending on the environment, such as methoxy ( – OCH3), amino ( – NH2) or carboxyl
( – COOH) groups.

2.2.2. Types of agglomerates
Depending on the synthesis and processing conditions, nanoparticles can form either "hard" or "soft" ag-
glomerates [29]. The distinction between hard and soft agglomerates is based on the strength of the inter-
particle bonds, which keep primary particles together in agglomerate structures. Soft agglomerates are held
together by relatively weak van der Waals forces and can, to some extent, be broken down by mechanical
deagglomeration methods such as milling, high-shear mixing or ultrasonication [26]. The formation of hard
agglomerates on the other hand is typically irreversible, as the particles form strong interparticle bonds [30].
The terms "agglomerate" and "aggregate" are often used interchangeably in literature, underpinned by con-
flicting definitions of national and international standards [31]. Throughout this text the term "agglomerate"
will be used for the soft agglomerate type: an assemblage of particles that are loosely bound at their corners
or edges. The terms "aggregate" or "hard agglomerate" are reserved for particles rigidly bound by fusion, sin-
tering or growth. Most powders of course contain a combination of both types in different proportions and
a distinction between them can only be made qualitatively. Hard agglomerates are generally formed due to
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one of the following factors:

• High temperature synthesis steps such as pyrolysis or calcination often cause partial sintering of the
material, so resulting in strong interparticle necks [32].

• Hydroxyl groups present on the particle surfaces promote the formation of hydrogen bonds between
particles, which can subsequently lead to irreversible agglomeration [33].

• Drying of a colloid (nanoparticles dispersed in a liquid) to obtain nanopowder generates capillary
forces, which can lead to the formation interparticle necks due to the precipitation of dissolved species
at the particle contact points [34].

For this reason, high-temperature sintering and drying of a colloid should generally be avoided during
nanoparticle processing. The extent to which aggregation occurs when preparing nanopowder depends on
the drying technique [35]. However, one of the major issues associated with drying nanoparticles is that
nanopowders generally cannot be redispersed as primary particles. Zhang et al [36] studied the dispersibil-
ity of several commercially available oxide nanopowders (TiO2, Fe2O3, ZnO, NiO and SiO2) in water employ-
ing ultrasonication, chemical dispersants and acidic solutions. They found that none of them could be com-
pletely dispersed as primary particles, showing an average particle size of several hundred nanometers. Yeap
[33] reviewed the formation of hard agglomerates in nanopowders and concluded that the introduction of a
chemical stabilizer is essential to preventing the formation of hard agglomerates during the drying process.

2.2.3. Van der Waals forces
Nanoparticles that are in close proximity are attracted to each other through van der Waals forces, which
arise from interactions between permanent or fluctuating dipoles. The total of van der Waals forces between
atoms and molecules consists of three contributions:

• The orientation or Keesom forces, which originate from electrostatic interaction between two perma-
nent dipoles or charges.

• The induction or Debye forces, in which a permanent dipole or charge in one atom induces a dipole in
another atom.

• The dispersion or London forces, which arise when an instantaneous dipole in one atom—resulting
from the instantaneous position of the electrons around the nucleus— induces a dipole in another
nearby atom.

Since the electric field of an induced dipole is inevitably aligned with the electric field of the inducing dipole,
Debye and London forces are always attractive. London forces are present between all atoms and molecules
and generally dominate the other two interactions, except for small highly polar molecules like water [37].
Even though van der Waals forces are not as strong as electrostatic forces or hydrogen bonding interactions,
they play a central role in the agglomeration of nanoparticles. The van der Waals interaction energy VvdW

between two spheres with radii R1 and R2 separated by distance D was first derived by Hamaker [38] and is
equal to:

WvdW =− A

6

{
2R1R2

(2R1 +2R2 +D)D
+ 2R1R2

(2R1 +D)(2R2 +D)
+ ln

(2R1 +2R2 +D)D

(2R1 +D)(2R2 +D)

}
(2.2)

where A is known as the Hamaker constant. The Hamaker constant is a material-dependent parameter, which
increases with the contrast in dielectric properties between the nanoparticles and the medium in which they
are dispersed. When two particles are very close together, the equation can be simplified to the short-distance
limit [37]:

WvdW =− A

6D

(
R1R2

R1 +R2

)
(2.3)

which is valid only when the separation distance is much smaller than the particle radii (D ¿ R1,R2). When
D is large relative to R1 and R2—as is the case with nanoparticles at relatively large separations—equation 2.2
simplifies to [37]:

WvdW =−16AR3
1 R3

2

9D6 (2.4)
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Note that the van der Waals interaction energy is proportional to D−6 at the long-distance limit and to D−1

at the short-distance limit, making van der Waals forces particularly dominant when particles are closer to-
gether. As D → 0, at the point where two atoms of neighboring particles are separated by a distance known
as the van der Waals distance—equal to the sum of their van der Waals radii (typically ∼ 1Å)— the interaction
becomes repulsive rather than attractive due to the overlapping of their electron clouds. A simplified approx-
imation for the nonretarded2 Hamaker constant for two identical materials 1 interacting across a medium 3
is given by [37]:

A = 3

4
kT

(
ε1 −ε3

ε1 +ε3

)2

+ 3hνe

16
p

2

(n2
1 −n2

3)2

(n2
1 +n2

3)3/2
(2.5)

where k is the Boltzmann constant (JK−1), T is the absolute temperature (K), ε1 and ε3 are the dielectric con-
stants of materials 1 and 3, h is Planck’s constant (Js), νe is the electronic absorption frequency in the UV
(s−1) and n1 and n3 are the refractive indices for material 1 and medium 3. The first term on the right hand
side of equation 2.5 represents the contribution of the Keesom and Debye forces to the van der Waals inter-
action energy. This polar contribution is temperature-dependent and can never exceed 3/4kT (≈ 3×10−21J
at room temperature). The second term gives the London forces contribution, which is typically in the order
of 10−20J. Note that the dominant London forces contribution depends on the refractive index mismatch
between the nanoparticles and the medium. Bergström [39] calculated the nonretarded Hamaker constants
of 31 different inorganic materials across vacuum, water and dodecane (C12H26) with the full Lifshitz theory,
which is somewhat more advanced than the approximation given by equation 2.5. For SiO2, the nonretarded
Hamaker constant across vacuum, water and dodecane equals to 6.50×10−20, 0.46×10−20 and 0.14×10−20J.
As the contrast in the dielectric properties between the SiO2 particles and the intervening media decreases,
the Hamaker constant gets smaller. Therefore, the van der Waals interaction energy between the particles is
less in organic media such as dodecane than in water or air. Based on these findings, one might expect that
nanoparticles are more easily stabilized in organic solvents than in water. However, the presence of free ions
in aqueous solutions can introduce repulsive electrostatic interactions that balance the van der Waals forces,
as will be discussed in Section 2.3. Note that since the Hamaker constant given by equation 2.5 is always posi-
tive, the the totality of van der Waals forces is always attractive for two identical materials interacting across
a medium. Therefore, some form of repulsive interaction is needed to stabilize nanoparticles dispersed in a
liquid.3 Although van der Waals forces are essential to describing the phenomenon of agglomeration, several
other intermolecular forces exist that can contribute to the net interaction energy, such as depletion, solva-
tion, double layer and steric forces [37] [39]. Stabilization strategies typically involve the interaction of ions
(for electrostatic stabilization) or molecules (for steric stabilization) with the surface of nanoparticles. The
methods of electrostatic and steric stabilization are discussed in Sections 2.3 and 2.4.

2.2.4. Conclusion
Metal oxides are widely used for the fabrication of luminescent materials due to their ability to stably host
RE ions in their lattice structure. The surface of metal ion particles is characterized by a high coverage of hy-
droxyl groups (OH), which interact with the environment and can participate in hydrogen bonding, acid-base
reactions or electrostatic interactions. Nanoparticles have a natural tendency to reduce their effective surface
area by forming agglomerates, which is often irreversible and should be prevented during nanoparticle pro-
cessing. The agglomeration is caused by van der Waals forces, which depend on the particle geometry, the
separation distance and the contrast in the dielectric properties between the nanoparticles and the interven-
ing liquid medium. The van der Waals interaction is always attractive for two identical materials interacting
across a medium. Therefore, some form of stabilization is required to suppress the tendency of nanoparticles
to form agglomerates. The two most widely applied stabilization strategies, electrostatic and steric stabiliza-
tion, are discussed in Sections 2.3 and 2.4.

2The Hamaker constant in equation 2.5 does not take into account the retardation effect of dispersion forces. When two atoms are
sufficiently far apart, by the time the electric field of the inducing dipole reaches and returns from another atom, the direction of
the original instantaneous dipole will have changed. The reduced correlation between the inducing and the induced dipoles at large
separations results in a retarded attraction which can be up to one order of magnitude weaker (VvdW ∝ D−7) [37].

3In order to obtain a stable dispersion, the net attractive interaction energy should not exceed 1−2kT for the particle bonds to be broken
up by thermal motion or mechanical agitation [26].
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2.3. Electrostatic stabilization
2.3.1. Double layer interaction
Electrostatic stabilization is a result of the surface charge (or zeta potential) ψ0 of the particles. Particles in a
liquid can acquire a surface charge due to many phenomena, such as the ionization of its surface groups, the
differential dissolution of ions or the adsorption of charged species [26]. The surface charge of metal oxide
particles in water typically depends on the pH, which is a measure for the concentration of H+ ions in the liq-
uid. The hydroxyl groups ( OH) on the surface of many divalent and trivalent metal oxides are amphoteric—
that is, the hydroxyl groups can react both as an acid and as a base and can thus either donate or accept
a proton. A surface charge builds up on the amphoteric oxide (MO) due to the following site-dissociating
reactions [40]:

MOH MO– + H+ (2.6)

MOH +
2 MOH + H+ (2.7)

The pH at which the net surface charge of the particle is zero is known as the isoelectric point (IEP), which
is a material dependent parameter. At a pH higher than the IEP of the material, the hydroxylated surface is
deprotonated, giving rise to a negatively charged surface. Inversely, a lower pH leads to a negative surface
charge. Any free counterions present in the liquid are attracted to the charged particles, thereby forming an
oppositely charged region known as the electrical double layer (EDL) that balances the surface charge. The
characteristic length or thickness of the EDL is known as the Debye length κ−1 and depends solely on the
properties of the liquid [37]:

κ−1 =
(
εrε0kT

2NAe2I

)1/2

(2.8)

where εr is the dielectric constant of the liquid, ε0 is the permittivity of free space (C2 J−1 m−1), k is the Botz-
mann constant (JK−1), T is the absolute temperature (K), NA is the Avogadro constant (mol−1), e is the ele-
mentary charge (C) and I is the concentration of free ions in the solution or ionic strength (mM). Both a low
dielectric constant and a high ionic strength compress the Debye length and therefore reduce the range of
the repulsive interaction [30]. A typical example of agglomeration caused by increasing ionic strength is the
drying of a colloid; as the liquid in the colloid evaporates, the concentration of dissolved salts increases and
the EDL collapses. For two spherical particles with radii R1 and R2 separated by distance D , the repulsive
double layer interaction energy is given by [37]:

WEDL =
(

R1R2

R1 +R2

)
Z e−κD (2.9)

The interaction constant Z is analogous to the Hamaker constant A used for the van der Waals interaction
energy (cf. Equation 2.2) and is equal to:

Z = 64πε0εr

(
kT

e

)2

tanh2
( zeψ0

4kT

)
(2.10)

where z is the valency of the electrolyte (e.g., z = 1 for a monovalent 1:1 electrolyte such as NaCl). While the
derivation of Equations 2.9 and 2.10 outside the scope of this research and not directly relevant, it should be
noted that the double layer interaction energy increases as the surface charge and the Debye length increase.
French et al. [41] studied the influence of the pH, the ionic strength and the cation valence on the agglomera-
tion kinetics of TiO2 nanoparticles. At a pH below the IEP of TiO2 and at low ionic strength, the nanoparticles
with a primary size of 4–5 nm formed stable agglomerates with an average diameter of 50–60 nm. Increas-
ing the pH or the ionic strength immediately resulted in micron-sized agglomerates, as did exchanging the
monovalent electrolyte for a divalent one with identical pH and ionic strength.

2.3.2. DLVO theory
For the successful electrostatic stabilization of nanoparticles in a liquid, the electrostatic repulsion has to
overcome the attractive van der Waals interaction. The combined effect of the van der Waals interaction (see
Equation 2.2) and double layer interaction (see Equation 2.9) is quantitatively described by the DLVO theory
of colloidal stability, named after Derjaguin and Landau [42] and Verwey and Overbeek [43]. A schematic
representation of typical DLVO interaction energy diagrams is shown in Figure 2.2. Note that the electrostatic
repulsion decays exponentially with the distance (WEDL ∝ e−D ), while the van der Waals attraction decays
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Figure 2.2: Representation of the DLVO interaction energy versus
the distance. Reproduced from [37].

Figure 2.3: Electrostatic stabilization of negatively charged parti-
cles. Reproduced from [44].

inversely proportional to the power of the distance (WvdW ∝ D−n). Therefore, as D → 0, the van der Waals
attraction always dominates, thus resulting in irreversible agglomeration at the primary minimum of the in-
teraction energy. For a high surface charge or surface charge density4 and low ionic strength—equivalent to
a large Debye length—the electrostatic repulsion is high. This results in a high peak of the DLVO interaction
energy, referred to as the energy barrier, which the nanoparticles are unable to overcome (see Figure 2.2).
If this is the case, the dispersion of nanoparticles is referred to as thermodynamically stable. For lower sur-
face charges or more concentrated electrolyte solutions, the energy barrier decreases and a weaker secondary
minimum appears. If the particles are unable to overcome this lower energy barrier, they are said to be kinet-
ically stable and will either stabilize at the secondary minimum, where reversible adhesion occurs, or stay
dispersed in the liquid. Below a certain surface charge or above a critical electrolyte concentration, the net
DLVO interaction energy becomes negative and the particles start to agglomerate rapidly. Once this happens,
the dispersion is referred to as unstable.

Non-aqueous media like hydrocarbons typically have very low dielectric constants, causing the dissoci-
ation of electrolytes to be poor and the ionic strength to be negligible. However, while a low ionic strength
thus might seem to be beneficial for repulsion, a minimum concentration of free ions is required to ensure
a sufficiently large potential gradient at the particle surface. If the electrolyte concentration is too low, the
Debye length extends up to the point where particles are positioned inside each other’s double layers. Conse-
quently, the electrostatic repulsion in low εr solvents is often too small to ensure electrostatic stabilization of
nanoparticles. Van der Hoeven and Lyklema [46] found that for the electrostatic stabilization in liquids, three
regimes of εr can be distinguished:

• the (semi-)polar regime (εr ≥ 11), where electrostatic stabilization is easily achieved;

• the low-polar regime (5 ≤ εr ≤ 11), where stabilization is possible if a sufficient amount of dissociated
electrolyte is present;

• the apolar regime (εr ≤ 5), where effective electrostatic stabilization is not possible.

In non-polar solvents and polymer solutions, the repulsive electrostatic interactions between colloidal par-
ticles are generally negligible due to the absence of free ions [47]. For this reason, different stabilization
methods are required to disperse nanoparticles into common organic polymers. The adsorption of specific
molecules on the surface of particles introduces repulsive forces when the particles come into close contact.
This method—known as steric stabilization— allows effective stabilization in organic media and is discussed
in Section 2.4.

2.3.3. Conclusion
The repulsive double layer interaction between nanoparticles depends on the dielectric constant and the
ionic strength of the surrounding liquid, as well as on the geometry, separation distance and surface charge
of the particles. Particles in a liquid can be stabilized electrostatically if the double layer repulsion outweighs

4The relation between the surface chargeψ0 and the surface charge densityσ is derived by Grahame [45]. For low potentials, the surface
charge density is proportional to the surface charge and inversely proportional to the Debye length: σ= ε0εκψ0.
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the attractive van der Waals interaction. The interplay between the double layer forces and the van der Waals
forces is quantitatively described by the DLVO theory. For successful electrostatic stabilization, two condi-
tions have to be fulfilled:

• the surface charge on the particles needs to be sufficiently high;

• the ionic strength needs to be high enough for a steep potential decay, but not so high that the EDL is
compressed completely.

The charging of a surface occurs mainly due to the dissociation of surface groups and can be controlled by
changing the pH of the liquid. The dielectric constant of the liquid is important in order obtain a sufficiently
high ionic strength, since the dissociation of electrolyte is hampered in liquids with low εr. While electrostatic
stabilization can be effective for obtaining stable dispersions in (low-)polar liquids, the method is less suitable
for dispersing nanoparticles in organic solvents or polymer solutions. In organic media, nanoparticles can
be stabilized by adsorbing specific molecules on their surface that introduce repulsive forces. This method is
known as steric stabilization and is discussed in Section 2.4.

2.4. Steric Stabilization
As outlined in the previous sections, inorganic nanoparticles tend to form agglomerates when mixed directly
into organic solvents or polymers. In such organic media, stable dispersions can be obtained by modify-
ing the surface of the nanoparticles with a stabilizer. Surface modification is a method to hydrophobize
the particles by coating them with stabilizer molecules— forming an organic layer containing long aliphatic
chains—which adsorb to the surface either by chemical interaction (chemisorption) or physical interaction
(physisorption). The organic layers introduce a repulsive interaction between two nanoparticles in close
proximity, which opposes the attractive van der Waals force that causes agglomeration. This effect is referred
to as steric stabilization and is depicted in figure 2.4. When two atoms of the aliphatic chains adsorbed onto
neighboring particles come into close contact with each other, their electron clouds start to overlap. By Pauli
exclusion principle, the associated cost in energy causes a strong repulsion between the chains [48]. For ster-
ically stabilized particles, the attractive interparticle van der Waals forces are not strong enough to overcome
this repulsion. Several conditions should be fulfilled for successful stabilization:

• The stabilizer should be strongly anchored to the surface to prevent desorption during processing and
aging.

• The adsorbed organic layer should be thick enough to cause steric repulsion. For this reason, very low
molecular weight stabilizers are generally less effective [49].

• The particle surface has to be completely covered with stabilizers. When the surfaces are only partially
covered, regions with different polarities are introduced on separate particles. The resulting electro-
static attraction between regions of opposite polarity lead to the formation of agglomerates [50]. This
condition is closely related to the kinetics of the stabilizer, which determines how fast a uniform stabi-
lizing layer is formed.

• The aliphatic chains of the stabilizer protruding from the nanoparticle surface have to be compatible
with the surrounding organic medium. For coated particles dispersed in a non-solvent, it is energeti-
cally favorable to minimize the total surface area of the aliphatic chains in contact with their surround-
ings. Consequently, besides by contraction of the chains, the nanoparticles minimize their effective
total surface area by forming agglomerates [51].

2.4.1. Chemical adsorption
Chemical adsorption or chemisorption involves a chemical reaction of a molecule—also called an
adsorptive—with the surface of a nanoparticle, thereby forming strong covalent or ionic bonds. The adsorp-
tive can react with active sites present on the particle surface such as hydroxyl ( OH), methoxy ( OCH3),
amino ( NH2) or carboxyl ( COOH) groups. Alternatively, certain adsorptives can bind directly to surface
sites such as metal ions, which act as Lewis acids by accepting an electron pair from the adsorptive [51]. The
most commonly applied methods for stabilization by chemisorption are treating the particle surface with a
low molecular weight coupling agent and graft polymerization.
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Coupling agents
Coupling agents are low molecular weight molecules that improve the interfacial properties between two
incompatible materials. On one end, the coupling agent contains a functional group able to form a chemical
bond with the surface of an inorganic particle. The other end contains a hydrophobic moiety that interacts
well with the organic environment. Coupling agents based on silane, titanate or zirconate react with active
sites on the surface and can improve the interfacial compatibility of inorganic nanoparticles in organic media
[52]. Typically, methoxy ( OCH3) or ethoxy ( OCH2CH3) end groups of these coupling agents hydrolyze to
form hydrogen bonds with a hydroxylated particle surface. Upon subsequent dehydration, the coupling agent
forms a chemical bond with the particle surface. Van Ngo et al. [53] were able to hydrophobize the surface
and reduce the average size of ZnO nanoparticles during co-precipitation synthesis by using a trimethoxy
silane coupling agent. Alternatively, complexation of the nanoparticle surface with coupling agents such as
phosphonic or carboxylic acid is used to hydrophobize particles and improve their dispersion stability [51,
54–56]. The acids strongly coordinate to the surface of metal oxides, substituting any adsorbed molecules—
also known as adsorbates—that are occupying a free coordination site of a metal ion. While low molecular
weight coupling agents bind strongly to the particle surface and can give stable dispersions in liquid media,
they usually show poor interaction with a polymer matrix. Better compatibility between inorganic particles
and a polymer matrix can be obtained by the adsorption of polymeric molecules. This technique allows
nanoparticles to be directly incorporated in the polymer matrix and is referred to as graft polymerization.

Graft polymerization
Graft polymerization is a surface treatment in which polymeric molecules are chemisorbed on the nanopar-
ticle surface. Two grafting routes can be distinguished, grafting-from and grafting-to the nanoparticle.

Grafting-from In the grafting-from method, initiators or monomers are covalently bound to the parti-
cle surface after which polymerization is initialized. The surface is usually pretreated by a coupling agent
such as silane to introduce functional groups that participate in the polymerization process [57–59]. Com-
mon functional groups that are used to bind to an organic resin are vinyl ( – CH –– CH2), methacryloxy
(CH2 CCH3 COO ), epoxy (a cyclic ether, e.g. CHCH2O) or amino ( NH2) groups. The grafting ef-
ficacy depends on the interaction of these reactive groups with the surrounding organic resin. Zhang
et al. [60] showed that SiO2 nanoparticles modified with methacryloxy(propyl)trimethoxysilane (MPTMS)
and vinyltrimethoxysilane (VTMS) could be well dispersed in styrene, while using methyltrimethoxysilane
(MTMS) and propyltrimethoxysilane (PTMS) resulted in highly agglomerated particles. Avella et al. [61]
grafted polybutylactrylate (PBA) onto CaCO3 nanoparticles treated with vinyltrimethoxysilane (VTMS), af-
ter which the particles were dispersed into methylmethacrylate (MMA) phase and polymerization was ini-
tiated. SEM analysis revealed that the PBA-grafted CaCO3 particles were homogeneously dispersed into
the PMMA matrix, while agglomeration was observed for unmodified particles. Shin et al. [62] grafted
poly(ethylene oxide) methacrylate (PEOMA) and poly(propylene oxide) methacrylate (PPOMA) to the sur-
face of silica nanoparticles after pretreatment with vyniltriethoxysilane (VTES) to introduce vinyl groups. The
authors measured a lower water vapor absorption—indicating an increase in surface hydrophobicity—and
lower zeta potential, indicating a successful surface modification. Coordination complexes with ligands such

Figure 2.4: Organic layers adsorbed on the particle surfaces prevent agglomeration by introducing repulsive steric forces. Reproduced
from [44].
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as phosphonic acids that are terminated with polymerizable groups can also be used to increase the com-
patibility with organic polymers. Noack et al. [55] prepared highly transparent thin film and bulk composite
materials using MgF2 nanoparticles stabilized with vinylphosphonic acid. The undercoordinated magnesium
sites on the surface are strongly coordinated by the deprotonated phosphonates, thereby effectively prevent-
ing agglomeration by steric repulsion. The copolymerizable vinyl groups increased the compatibility of the
particles with the 2-hydroxyethyl methacrylate (HEMA) polymer matrix.

Grafting-to The grafting-to method uses presynthesized polymers that are functionalized with reactive end
groups to react with active sites on the nanoparticle surface. Although the grafting-to method allows greater
control over the molecular weight of the grafting polymer, the grafting-from method is often preferred, be-
cause a low molecular weight modifying agent can penetrate more easily into agglomerate structures than
end-functionalized polymers [63]. Apart from chemical grafting, γ radiation can also be used to graft poly-
mers onto nanoparticles by generating active sites on the nanoparticles that can react with vinyl monomers.
Irradiation grafting shows some benefits over the chemical method, such as a simplified process, enhanced
graft polymer homogeneity and the ability to penetrate previously formed agglomerates [64]. Rong et al. [65]
found that under irradiation even some metal nanoparticles can be effectively grafted with polymers despite
the low amount of hydroxyl groups present on their surface. In this case, unsaturated atoms resulting form
surface defects act as active sites for the grafting.

Conclusion
Graft polymerization is more suitable for fabricating polymer nanocomposites than using low molecular
weight coupling agents, because it enhances the compatibility with the polymer matrix. Both stabilization
methods rely on a chemical reaction between the stabilizer and the nanoparticle surface, after which a cova-
lent or ionic bond is formed. The strong covalent or ionic attachment of the adsorbate to the surface is often
irreversible at ambient temperature and pressure, which is beneficial for the stabilization of nanoparticles
in a polymer matrix. However, two major disadvantages related to chemical surface modification can be
identified:

• A chemical reaction perturbs the electronic states of the adsorbate and the nanoparticle surface due to
a redistribution of their electron densities [66]. Since the characteristic luminescent properties of rare-
earth-doped materials depend on the valency of the dopant ion (see Section 2.1.3), any perturbation of
the electronic states should be avoided during processing.

• Chemisorption is specific to the chemical nature of the nanoparticle surface, which means that there
is a considerable variation between materials and crystal planes. The adsorption efficacy therefore de-
pends on the chemical composition and atomic geography of the nanoparticle surface, thus restricting
the universal applicability of the stabilizer.

2.4.2. Physical adsorption
Physical adsorption or physisorption is characterized by physical interaction between the stabilizer molecule
and the nanoparticle surface. The attraction is the result of comparatively weak forces such as van der Waals
forces, electrostatic interaction and hydrogen bonds. Unlike in chemical bonds, the adsorption is always non-
dissociative and reversible. The electronic states are unperturbed, as there is no significant redistribution of
electron clouds in the stabilizer molecule or at the particle surface. Physical stabilization is achieved with
amphiphiles: molecules that contain both hydrophilic parts that interact with the inorganic particle surface
and hydrophobic parts that are compatible with an organic environment. There are three key parameters
for successful stabilization of nanoparticles in a polymer matrix with amphiphiles. The stabilizer should have
[50]:

• high binding strength

• fast adsorption kinetics

• good compatibility with the polymer matrix.

Two types of stabilizers can be distinguished depending on their molecular structure: low molecular weight
surfactants and amphiphilic copolymers.
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Low molecular weight surfactants
Low molecular weight amphiphiles or surfactants are molecules that contain one or few polar functional
groups connected to an aliphatic chain. The polar groups are called anchor groups and interact with the
hydrophilic particle surface, while the aliphatic tail protrudes into the organic medium. Surfactants can be
classified according to the type of anchor group: anionic, cationic, zwitterionic or nonionic.

Anionic surfactants contain negatively charged anchor groups, such as sulfate ( SO –
4 ), sulfonate ( SO –

3 ),
phosphate ( PO 2–

4 ) or carboxylate ( COO–). Wang et al. [67] successfully stabilized silver nanoparticles in
an organic solvent by the addition of different long-chain carboxylates. They found that the particle size can
be reduced by increasing the surfactant concentration. Anionic surfactants are typically found in household
products such as soaps and detergents, where they are used to form micelles around organic compounds like
grease with ther aliphatic tails inward and their polar heads outward. Commonly used anionic surfactants
include the soap sodium stearate, ammonium lauryl sulfate (ALS) and sodium lauryl sulfate (SLS).

Cationic surfactants contain anchor groups with a positive charge. They are generally not used in cleans-
ing products, since they bind strongly to skin and hair surfaces which are slightly negatively charged at neu-
tral pH [68]. Instead they are used in fabric softeners, adhering well to the negatively charged fibers and
neutralizing their charge. Cationic surfactants are often based on pH-dependent primary, secondary or ter-
tiary amines ( NH2, NHR or NR2), which become cationic in acidic solutions, or permanently charged
quaternary ammonium cations ( NR +

3 ). A commonly found cationic surfactants is cetrimonium bromide
(CTAB).

Zwitterionic surfactants contain both a negative and a positive ionic group. The formal charges in the
molecule cancel each other out, resulting in a zero net charge. Zwitterionic surfactants with permanent for-
mal charges, based on quarternary ammonium cations, are called betaines. Cocamidopropyl betaine is a
zwitterionic surfactant often found in cosmetics.

Nonionic surfactants do not carry any formal charge, but bind to a particle surface through van der Waals
forces and hydrogen bonds. Typically, their molecular structure contains covalently bonded ether groups
( O ) that impart hydrophilic properties to the molecule. The oxygen atoms are able to form hydrogen
bonds with surrounding water molecules or hydroxyl groups on the surface of a particle. The ability of non-
ionic binding groups to adsorb to a wide variety of polar surfaces makes nonionic binding groups the most
versatile option.

Due to their small size, low molecular weight surfactants exhibit a high mobility resulting in fast adsorp-
tion kinetics. They can be used to sterically stabilize nanoparticles in liquid dispersions. However, in polymer
nanocomposites, their relatively low binding strength can lead to agglomeration during processing or aging.
Especially when high-energy processes are used to fabricate the nanocomposite, such as high-shear mixing
or extrusion, a low stabilizer binding strength results in desorption [69]. Moreover, the relatively short tails
of low molecular weight surfactants do not interact well with the long chains of a polymer matrix, resulting
in a low compatibility. Lee et al. [70] showed that the dispersion stability of ZrO2 nanoparticles into poly-
dimethylsiloxane (PDMS) can be enhanced by increasing the molecular weight of the stabilizer tail. Both a
higher binding strength and a better compatibility with the polymer matrix can be achieved by using am-
phiphilic copolymers.

Amphiphilic copolymers
Amphiphilic copolymers are polymeric molecules consisting of both hydrophilic and hydrophobic
monomers. Their functionality is determined not only by the chemical composition of the monomers but
also by the structural order of the monomers. For block copolymers, a block of hydrophilic monomers is
covalently attached to a block of hydrophobic monomers, as shown in figure 2.5. Depending on the number
of distinct blocks, the copolymer can be classified as diblock, triblock, etc. Block copolymers are typically
synthesized by rather complex controlled polymerization techniques that allow polymer synthesis in stages,
each containing a different monomer [71]. Copolymers that have a random distribution of monomers instead
of ordered blocks are called random or statistical copolymers, depicted in figure 2.5. Statistical copolymers
can be synthesized by free radical polymerization, which is easily accessible and less expensive [72]. The
ability of block copolymers and statistical copolymers to stabilize nanoparticles in a polymer matrix can be
completely different, even when the type of monomers they are made up of and their molecular weight are
identical. The effectiveness of stabilization is determined by the combined effect of the binding strength, the
adsorption kinetics and the compatibility with the polymer matrix.
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Figure 2.5: Micelle formation and particle adsorption of amphiphilic block and statistical copolymers. Block copolymers tend to form
stable "kinetically frozen" micelles, from which unimers cannot easily desorb. Statistical copolymers on the other hand form unstable
"unimeric" micelles, thus leading to fast adsorption kinetics. Reproduced from [50].

Binding strength The adsorption of amphiphilic copolymers is stronger than that of low molecular weight
surfactants due to their large number of anchor groups. While a low molecular weight surfactant is bound to
the surface by just one or a few anchor points, the probability for all anchor groups of an amphiphilic copoly-
mer to release simultaneously is much lower. A quantitative experimental study by Chiad et al. [73] compared
the adsorption behavior of amphiphilic compounds bearing different types of anchor groups using isother-
mal titration calorimetry (ITC). They investigated the interaction of several surfactants and amphiphilic sta-
tistical copolymers containing nonionic, zwitterionic and acidic anchor groups with SiO2 nanoparticles in a
one-phasic solvent mixture of 1,4-dioxane, ethanol and water. For the nonionic ethylene oxide (EO) anchor
groups, which form hydrogen bonds with the hydroxylated SiO2 surface, the results indicate that the binding
strength increases with the number of EO units in the chain. This increase shows a converging trend, which
indicates that there is a limit to the number of nonionic anchor groups that can interact with the particle
surface. Furthermore, the results show that the bonding strength of a single nonionic EO unit is drastically
less than one of its zwitterionic (sulfate betaine) and acidic (phosphate) counterparts. However, in case a
sufficient amount of EO units are present in the chain (n ≈ 5), no significant difference in binding strength
was reported. Nonionic binding groups are the most universal option as they can adsorb to a wide variety of
polar surfaces. Lastly, the authors found that the adsorption strength of amphiphilic copolymers is up to two
orders of magnitude higher than that of their hydrophilic monomers alone. Even though the copolymers in
this study consist largely of hydrophobic monomers (85 mol%), the multitude of anchor groups renders their
adsorption entropically favorable.

Adsorption kinetics Apart from the binding strength, the effectiveness of stabilization is also dependent on
the speed of the adsorption process. The rate of adsorption is directly competing with the rate of nanopar-
ticle agglomeration. The fast adsorption of stabilizers is crucial in order to prevent agglomeration due to
partially covered surfaces. The kinetics of the adsorption process are closely related to the micellization
of the stabilizer. At low stabilizer concentrations, the dissolved amphiphiles are present in the solution as
isolated unimers. Above a certain concentration and temperature—known as the critical micelle concentra-
tion (CMC) and the Krafft temperature—the stabilizer molecules start to aggregate in the form of micelles:
approximately spherical supramolecular assemblies. In a non-polar solvent it is energetically unfavorable
for the hydrophilic parts to be in contact with the surroundings, so a micelle is formed with a core of hy-
drophilic groups and the hydrophobic tails extending out—referred to as a inverse micelle. The unimers in
the micelles are in thermodynamic equilibrium with the free unimers in the surrounding medium. A high
CMC—indicating a high concentration of free unimers in the solution—is beneficial to the adsorption ki-
netics. The CMC of amphiphilic copolymers is typically much lower than that of low molecular weight sur-
factants [74]. For the stabilization of nanoparticles, a high mobility is required for the unimers to quickly
adsorb to a nanoparticle surface. Low molecular weight surfactants generally show very fast adsorption ki-
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netics due to their high diffusion coefficients, which allows them to rapidly join and desorb from micelles
in a diffusion-controlled process. The micelles formed by such surfactants are known as dynamic micelles.
However, as discussed in section 2.4.2, the ability of low molecular weight surfactants to prevent agglomer-
ation in a nanocomposite is limited by their low adsorption strength and their incompatibility with polymer
matrices. Amphiphilic copolymers have a much lower diffusion coefficient as a result of their large molecular
weight, thereby causing the unimer exchange in micelles to be generally much slower. However, comparing
the kinetics of statistical and block amphiphilic copolymers shows that they exhibit very different kinetics.
Even when their molecular weight and composition are identical, the mere distribution of the monomers in
their structure plays an important role in the rate of adsorption. Block copolymers tend to from very stable
micelles due to the coiling and entangling of their solvophobic blocks in the micelle core, known as kineti-
cally "frozen" micelles (see figure 2.5). In-depth reviews on the formation and kinetics of block copolymer
micelles are written by Riess [75] and Nicolai, Colombiani and Chassenieux [76]. The formation of frozen mi-
celles is detrimental to the kinetics of adsorption, as the unimers cannot or only very slowly desorb from these
frozen micelles—even when their concentration drops below the CMC. This gives nanoparticles a chance to
agglomerate before the amphiphilic block copolymers can cover the surface. The exchange kinetics of block
copolymer micelles are mainly influenced by three parameters:

• The interfacial tension γ between the solvophobic block of the copolymer and the solvent. Minimizing
the interfacial tension increases the CMC and prevents the formation of frozen micelles [77]. If one of
the blocks of the copolymer is not soluble in the selected solvent, frozen micelles are always formed.
The interfacial tension can be estimated by [78]:

γ12 = γ1 +γ2 −2Φ
p
γ1γ2 (2.11)

with the constantΦ defined as:

Φ= 4(V1V2)1/3(
V 1/3

1 +V 1/3
2

)2 (2.12)

where γ1 and γ2 are the surface tensions and V1 and V2 are the molar volumes of the solvophobic block
and the solvent.

• The length and architecture of the solvophobic block. Longer chains as well as branched chains ex-
hibit lower mobility due to increased entanglement. The exchange kinetics of a block copolymer is a
decreasing function of the degree of polymerization (i.e., the number of monomers in the chain) of its
hydrophobic block to the power 2/3 [79].

• The temperature of the solvent in which the copolymer is dissolved. If the solvophobic blocks in the
core are glassy (below their glass transition temperature), unimer exchange is hampered and the mi-
celles are kinetically frozen [80, 81].

The influence of these three parameters on the kinetics of block copolymer micelle formation has mainly
been established on a qualitative level, as existing theories often fail to accurately predict any absolute values.
Statistical copolymers do not form frozen micelles due to the random order of monomers in their structure.
Instead, unstable "unimeric" micelles are formed comprising only a few unimers (see figure 2.5) [50, 82].
Since these unstable micelles can dissociate quickly into unimers that are free to adsorb on a particle surface,
statistical copolymers show much faster adsorption kinetics than block copolymers. Khrenov et al. [83] com-
pared the stabilizing effect of statistical and block copolymers with equal molecular weight and composition
for the synthesis of ZnO, CdS, MgCO3, Ni and Cu nanoparticles with an inverse emulsion technique, allowing
in situ hydrophobization of the particle surface. After redispersing the coated particles in an organic solvent,
they analyzed the average particle size and distribution. In all cases, the use of block copolymers resulted
in much broader size distributions with an average particle size that was approximately double. In an ear-
lier study, Khrenov et al. [72] investigated the influence of the molecular weight of a statistical amphiphilic
copolymer on the size of synthesized particles. To this purpose, ZnO nanoparticles synthesized in an in-
verse emulsion technique were stabilized by zwitterionic statistical amphiphilic copolymers with different
degrees of polymerization. The authors redispersed the stabilized particles into PMMA to obtain transpar-
ent nanocomposite films. The use of higher molecular weight copolymers resulted in the formation of larger
agglomerates, which can be attributed to a lower chain mobility.
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Compatibility with polymer matrix While sufficient binding strength and fast adsorption kinetics allow
for the hydrophobization of nanoparticles, these criteria do not ensure homogeneous dispersion in a poly-
mer matrix. In order to fabricate stable polymer nanocomposites, the compatibility between the stabilizer
and the matrix is important. As with polymer blends, compatibility results from sufficiently strong interac-
tions between the dissimilar molecules; in this case, the hydrophobic tail of stabilizer tethered to the particle
surface—also known as the polymer brush—and the polymer matrix. The importance of compatibility illus-
trates why the particle-stabilizer-matrix system should be designed as a whole; one universal stabilizer for all
types of nanoparticles and polymer matrices does not exist. However, as a rule of thumb, compatibility can
often be achieved by matching the chemical composition and the molecular weight of the stabilizer tail with
the polymer matrix.

A difference in the chemical composition of the stabilizer tail and the matrix can induce phase separa-
tion, causing the nanoparticles to agglomerate. Khrenov et al. [84] studied the compatibility of in-situ stabi-
lized ZnO nanoparticles with different polymer matrices. The particles were coated by a statistical copolymer
of 2-ethylhexyl methacrylate (EHMA) and dimethylaminoethyl methacrylate betaine (DMAEMA-betaine).
The authors found that the particles appeared to be homogeneously dispersed without agglomerates into
EHMA and to a slightly lesser extent into PMMA, showing a few small agglomerates. In both cases trans-
parent nanocomposite films were obtained by spin coating. However, large agglomerated were observed in
polystyrene (PS), resulting in optically hazy nanocomposite films. The results of the study suggest that in
order to achieve complete compatibility, the hydrophobic part of the amphiphilic copolymer should contain
the same monomers as the polymer matrix.

Apart from matching the chemical nature, the compatibility is also affected by the molecular weight of
the stabilizer tail and that of the polymer matrix. Corbierre et al. [85] studied the dispersion of polymer-
coated gold nanoparticles in polymer matrices with various molecular weights. Gold nanoparticles capped
with PS consisting of 125 repeating units (PS125) were fully dispersed into both low molecular weight (Mn ≈ 2
kDa or about 19 repeating units) and high molecular weight (Mn ≈ 80 kDa or about 755 repeating units) PS
matrices. Particles covered with 19 repeating PS units (PS19) on the other hand could only be fully dispersed
in the low molecular weight matrix. Gold nanoparticles coated with polyethylene oxide (PEO) brushes dis-
persed in PEO matrices showed similar results. In other words, if the molecular weight of the matrix polymer
is substantially higher than that of the copolymer tail, the coated nanoparticles cannot be fully wetted by the
matrix, thereby promoting agglomeration. Brush wetting also depends on the grafting density of the stabi-
lizer. For densely coated particles, complete dispersion is generally only achieved when the molecular weight
of the brush is greater than the polymer matrix. A less dense packing and the presence of edges between
facets of a nanocrystal introduce voids, which can be filled by the polymer chains of the matrix. The presence
of voids thus allows for dispersion even when the molecular weight of the matrix is higher than the brush. In
the study by Corbierre et al. [85], the PS chains are grafted to the surface at one end and are stretched away
from the surface, leading to a high grafting density. For amphiphilic statistical or block copolymers—which
bind to multiple sites on the surface and therefore obtain a more stretched out "pancake"-like conformation
on the nanoparticle surface [86]—a different behavior is observed. For example, in the study by Khrenov et al.
[72], no agglomeration was observed for a statistical amphiphilic copolymer with a molecular weight lower
than the polymer matrix (Mw ≈ 21kDa and Mw ≈ 35kDa, respectively). This result might be attributed to the
less dense packing of the tails, thereby allowing the matrix to fully wet the polymer-covered particles.

2.4.3. Conclusion
The key parameters for successful stabilization of nanoparticles in a polymer matrix are the binding strength
of the stabilizer, the kinetics of the adsorption process and the compatibility with the polymer matrix. Al-
though low molecular weight surfactants show a high degree of mobility and can quickly adsorb onto particle
surfaces, their binding strength and compatibility with polymer matrices is too low to effectively prevent
agglomeration in polymer nanocomposites. Amphiphilic copolymers bind more strongly to a particle sur-
face due to the simultaneous attachment of multiple binding sites. The adsorption kinetics of amphiphilic
copolymers can vary greatly depending on their structure and molecular weight. A high molecular weight re-
duces the mobility of the copolymer and therefore lowers the kinetics of adsorption. Block copolymers tend
to form kinetically frozen micelles due to the entangling of the large solvophobic blocks in the micelle cen-
ter. Such frozen micelles cannot or can only very slowly release unimers, thus inhibiting block copolymers
from adsorbing onto a nanoparticle surface. Statistical copolymers on the other hand adsorb much more
quickly, because they form small unstable micelles consisting of only a few unimers due to the random order
of their hydrophobic and hydrophilic monomers. Since the composition of amphiphilic copolymers can be
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easily tuned during their synthesis, their compatibility with different polymer matrices and the interaction
with various particle surfaces can be optimized. The compatibility of amphiphilic copolymers with a poly-
mer matrix can be enhanced by matching the both the chemical composition and the molecular weight of its
hydrophobic tail with the matrix. In general, statistical amphiphilic copolymers are more effective stabilizers
than block copolymers, as evidenced by the observation of smaller agglomerates in polymer nanocompos-
ites.

2.5. Polymer nanocomposites
2.5.1. Matrix parameters
The selection of a suitable polymer matrix is crucial for obtaining transparent nanocomposite films. The
hydrophobic tail of the stabilizer should be compatible with the polymer matrix in order to prevent agglom-
eration, as outlined in section 2.4.2. Although the precise interplay between particles, stabilizer and matrix
is complex, chemical matching of the polymer matrix and the stabilizer has proven to be a useful guideline.
However, apart from the criteria that allow proper dispersion of nanoparticles, there are also requirements
to the material properties of the polymer matrix itself. In this section, some important parameters for the
polymer matrix are outlined that affect the performance of the luminescent film.

Transparency High transparency of the polymer matrix is crucial to the performance of the luminescent
solar concentrator as well as to the aesthetics. While scattering effects induced by agglomerated particles
are often the main cause of turbid films, the polymer matrix itself also induces some losses due to its intrin-
sic transparency. The transparency of a polymer depends on its degree of crystallinity and its absorbance.
Amorphous polymers tend to be transparent, whereas semi-crystalline polymers are typically opaque. The
opacity is caused by light scattering at the boundaries between crystalline and amorphous regions, where the
material density is lower [87]. While some hydrocarbon polymers are very transparent to visible light, they
typically show strong absorption in the near-infrared spectrum due to the molecular vibrations of C – H, C – O
and O – H bonds [88, 89]. Perfluorinated polymers, on the contrary, do not show this unwanted absorption,
because the vibration frequency of C F bonds is much further in the infrared spectrum. The transparency of
a material is determined by measuring the total transmittance, defined as the ratio of the transmitted light to
the incident light [90].

Haze Surface effects and internal structural inhomogeneities in the polymer matrix, such as poorly dis-
persed particles, dust or air bubbles cause the incident light to diffuse in all directions [91]. If the scattering
angle is larger than about 2.5°—known as wide angle scattering—the image loses contrast and the film ap-
pears hazy. For haze values below approximately 3% the human eye is unable to detect any loss of quality
[92]. The transmission haze is defined by the ratio of light subject to wide angle scattering to the incident
light and is measured with a hazemeter [93].

Permeability Rare-earth ions with a valency below their most stable oxidation state are prone to oxidation.
When in contact with moisture or oxygen, the ions will oxidize to a higher oxidation state and lose the desired
luminescent properties. Incorporating rare-earth doped phosphors in a polymer matrix that acts as a good
barrier to oxygen and water vapor is an efficient way to obtain stable nanocomposites. Anesh [94] reviewed
the stability of Eu2+-doped strontium aluminate phosphors inside various polymer matrices and concluded
that, in general, polyolefins are more suitable for phosphor encapsulation than polyesters or polylactides.
The oxygen transmission rate (OTR) and the water vapor transmission rate (WVTR) are measures for the
oxygen and water vapor permeability of a material. The OTR and WVTR values of different polymers are of
particular interest to the food packaging industry, where they are studied for the development of packaging
that can extend the expiration date of fresh products [95]. Coating a nanocomposite film with additional
low-permeable barrier layers, such as ethylene vinyl alcohol (EVOH) or cyclic olefin copolymer (COC) can
enhance the OTR or WVTR, respectively [52].

Refractive index The refractive index is a material-dependent dimensionless number that describes the rel-
ative speed of light in a medium. On the interface between two distinct materials, the ratio of their refractive
indices determines the extent to which the path of light is refracted. For efficient waveguiding, the refractive
index mismatch between the luminescent film and the waveguide material should be minimized. Ideally, all
light is directly coupled into the waveguide, through which it is transported to the edges with maximum light
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transport efficiency. However, a difference in refractive index causes part of the light to be trapped inside the
film, where it quickly loses intensity due to surface scattering effects [96].

Linear thermal expansion coefficient The coefficient of linear thermal expansion α is a measure for how
much a material expands in length upon an increase in temperature. A mismatch of the thermal expansion
coefficients of the polymer film and the substrate leads to thermal stresses at elevated temperatures, which
might cause cracking of the film [97].

Relative temperature index A characteristic property of amorphous thermoplastic polymers is that they
transform from a brittle glassy state into a viscous state at a certain temperature, known as the glass transition
temperature Tg. This behavior is not observed in a crystalline polymer phase. Instead, crystalline regions
undergo an actual phase transition at their melting point, which is always higher than the glass transition
temperature of amorphous regions. The relative temperature index (RTI) is a measure for the maximum
acceptable temperature below which critical properties of the polymer are not significantly degraded over
the reasonable life time [98].

2.5.2. Dispersion methods
The main challenge in nanocomposite fabrication is to prevent the introduction of agglomerates during pro-
cessing and obtain a homogeneous dispersion of isolated nanoparticles in the matrix. Surface modification
of the nanoparticles prior to mixing generally enhances the dispersion state and the compatibility with the
polymer matrix. Commonly used dispersion methods are melt mixing, solution mixing and in situ polymer-
ization.

Melt mixing One rather straightforward way to disperse particles inside a matrix is by directly mixing them
with a polymer melt. Upon heating, polymer pellets form a viscous liquid in which the particles can be dis-
persed using a high shear force mixer. Due to the strong tendency of uncoated nanoparticles to agglomerate,
it is difficult to obtain a homogeneous dispersion of isolated particles using melt mixing [99]. Although high
shear forces are exerted on the material during melt compounding, agglomerates often do not completely
break apart. In addition, the poor interaction between the particles and the matrix leads to deteriorated ma-
terial properties [50]. Premodification of the nanoparticle surfaces can enhance the compatibility with the
matrix and allow for nanocomposites with homogeneously dispersed particles [64, 84]. Nanocomposite films
can be fabricated by extrusion, a common polymer processing technique in which the polymer is melted by
pressing the material under high pressure through the screws of an extruder. The dispersion of nanoparticles
added in the extrusion process is influenced by the temperature, rotation speed and time of the extrusion
[52, 57]. Melt mixing can be advantageous because it eliminates the need for toxic solvents and it facilitates
processing on an industrial scale.

Solution mixing The limitations of melt mixing can be overcome if both the particles and the polymer are
dispersed or dissolved in a solvent prior to mixing, which allows mixing on a molecular level [59]. If a polar
solvent is used, electrostatic stabilization may suppress agglomeration (see Section 2.3.2). Alternatively, the
nanoparticles can be hydrophobized and dispersed in a nonpolar solvent that is able to dissolve the matrix
polymer. As discussed in Section 2.4.2, the adsorption of amphiphilic copolymers can inhibit agglomeration
and improve the adhesion between the nanoparticles and the matrix. After agitating the mixture by stirring or
sonication, nanocomposite films can be prepared by for example spin coating, dip coating or spray coating.

In situ polymerization Instead of mixing nanoparticles into a polymer melt or polymer solution, the parti-
cles can also be dispersed into liquid monomers or a combination of monomers. The nanocomposite is then
formed in situ after initiation of the polymerization reaction. In order for the nanoparticles to be fully dis-
persed in the monomer and interact well with the polymer matrix, surface hydrophobization of the particles
is generally required before mixing. A grafting-from reaction (see Section 2.4.1) is simply a form of in situ poly-
merization in which the surface modifying agent is an initiator or a monomer. In this way, the nanoparticles
participate in the polymerization reaction and become part of the polymer network. In situ polymerization
is a useful method for polymers that do not melt or easily dissolve.
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2.5.3. Conclusion
Not all polymers are suitable binders for the fabrication of efficient thin film LSCs. Apart from compatibil-
ity with the stabilizer adsorbed to the nanoparticle surface, the matrix polymer has meet some important
criteria. Most importantly, the polymer should be highly transparent for the visible spectrum and for the
wavelength of light emitted by the phosphor. In general, amorphous polymers are more transparent than
semi-crystalline polymers due to the absence of light-scattering crystallite boundaries. For phosphors that
are unstable under ambient conditions, the permeability of the polymer to water and oxygen becomes im-
portant. A polymer binder that has a similar refractive index to the substrate it is deposited onto is beneficial
for the light guiding efficiency. With respect to the long-term operation of the LSC, the coefficient of linear
thermal expansion and the maximum allowable service temperature of the matrix polymer also have to be
taken into account.

Nanocomposites are commonly fabricated by melt mixing, solution mixing or in situ polymerization.
Melt mixing does not require any solvents and is suitable for industrial-scale processing. Although melt mix-
ing techniques typically exerts high shear forces on the particles which to some extent break up agglomer-
ates, functionalization of the nanoparticle surfaces is required to fully prevent agglomeration and enhance
compatibility with the polymer matrix. Solution mixing allows the nanoparticles and the polymer solution
to be mixed on a molecular level, thereby resulting in homogeneous dispersions. This method requires the
nanoparticles to be stabilized in a solvent that dissolves the matrix polymer prior to mixing with the polymer.
Stabilization can be achieved by the adsorption of amphiphilic molecules, which bind to the particles through
their polar parts while their nonpolar parts provide compatibility with the polymer matrix. In situ polymer-
ization is simply a form of solution mixing in which the particles are dispersed in a liquid monomer and
the adsorbed amphiphile participates in the polymerization reaction. In all cases, the surface of inorganic
nanoparticles has to be functionalized to obtain the best results and is therefore a key step in the fabrica-
tion. A solution mixing process allows for easy fabrication of nanocomposite thin films by spin coating and is
therefore favored over the other techniques.
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Research Plan

3.1. Research question
The aim of this thesis project is to develop a universal method for the fabrication of rare-earth doped lu-
minescent polymer nanocomposite films. The performance LSCs based on nanocomposite films depends,
among other things, on the the size and distribution of the incorporated nanoparticles. Since the loss due to
the scattering of light by the particles depends strongly on their size, it is crucial keep the nanoparticles as iso-
lated nanoscopic objects. The main challenge concerning the incorporation of inorganic nanoparticles into
polymer matrices is to prevent agglomeration. The incompatibility of inorganic nanoparticles with organic
media typically leads irreversible agglomeration upon direct mixing. This problem can be overcome by func-
tionalizing the particle surface with amphiphilic molecules. The function of the amphiphiles is to stabilize
the nanoparticles during the phase transfer from polar to nonpolar (organic) solvents and simultaneously
compatibilize them with the polymer matrix. In the previous sections we have seen that oxide-containing in-
organic nanoparticles accumulate a surface charge in polar solvents and can be electrostatically stabilized by
selecting a suitable solvent or adjusting the concentration of ions in the solution. For the transfer to organic
media, amphiphilic copolymers—and in particular amphiphilic statistical copolymers—are the best candi-
dates if both effective stabilization in the organic solvent and compatibility with the polymer matrix are re-
quired. Binding groups that adsorb through physical interactions (i.e. van der Waals forces, hydrogen bonds
and electrostatic interaction) are favored over chemically adsorbing groups. This is because they suffer less
from material and crystallographic specificity and do not perturb the electronic states of the particle surface,
which might interfere with the valence state of the luminescent ions on the nanoparticle surface. The lack
of specificity renders the amphiphilic copolymers applicable to a wide variety of inorganic nanoparticles—
especially in the case of nonionic binding groups—and not only the type that happens to be studied in this
research. The material properties of the amphiphilic copolymers and the process variables of the phase trans-
fer are expected to influence the successful stabilization and dispersion of the nanoparticles. Therefore, the
main research question of this study is as follows:

How can inorganic rare-earth doped luminescent nanoparticles be homogeneously dispersed as iso-
lated nanoscopic objects in a polymer matrix using amphiphilic copolymers to obtain transparent,
clear and luminescent nanocomposite films?

The main research question can be divided into the following sub-questions:

• How can inorganic rare-earth doped luminescent nanoparticles be stably dispersed into a polar sol-
vent?

• What is the influence of the composition, molecular weight and concentration of the amphiphilic
copolymers on the size of the nanoparticles after the phase transfer to a nonpolar solvent?

• Which process variables of the phase transfer affect the agglomeration of the nanoparticles?

• What is the effect of the composition and molecular weight of the amphiphilic copolymers on the dis-
persion of the nanoparticles into a polymer matrix?

23
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3.2. Approach
In this section, the approach for the experimental phase will be outlined. First, the selection of materials
for the experiments is substantiated. The method of dispersing the nanoparticles and preparing thin films is
discussed next. Thereafter, all variable parameters during the experiments are outlined and lastly the char-
acterization methods.

3.2.1. Materials
Because of the large amount of interactions involved, the nanoparticle-amphiphile-matrix system has to be
designed as a whole. The selected combination of nanoparticles, amphiphiles and polymer matrices is ex-
plained below.

Nanoparticles
For sufficient binding of the amphiphilic copolymers with the nanoparticles, it is important that the nanopar-
ticle surface has a high degree of surface binding sites. Oxides typically have hydroxylated surfaces (see sec-
tion 2.2.1), which allow the formation of relatively strong hydrogen bonds with amphiphilic molecules. Since
the working principle applies to all oxides, the functionality of the amphiphiles can be tested on commercially
available metal oxide nanoparticles first.

Al2O3
Alumina (Al2O3) nanoparticles are used in industry as a filler to enhance the toughness, fire resistance, anti-
friction properties and insulating properties. They are commercially available in the form of a powder or a
colloid. The refractive index of Al2O3 is significantly higher than that of common polymers, leading to in-
creased scattering and higher interparticle attraction. The density of surface hydroxyl sites is relatively high
[28], which increases the amount of anchor points for the stabilizer, but also the chance of agglomeration
due to interparticle hydrogen bonding [100]. Interestingly, Zhou et al. [101] increased the emission intensity
of YAG:Ce phosphor powder by coating it with Al2O3 using atomic layer deposition (ALD) in a fluidized bed
reactor. Al2O3 nanoparticles will be used as a starting point, because they are relatively cheap and the mech-
anism of stabilization is similar to luminescent nanoparticles with hydroxylated particles. The experiments
conducted with the Al2O3 nanoparticles are outlined in Section 6.1.1.

Ba3(PO4)2:Mn5+

Manganese-doped barium phosphate
(
Ba3(PO4)2:Mn5+) shows strong luminescent emission in the near-

infrared—centered around 1191 nm—and finds application in fluorescent imaging of tissues in vivo [102].
Unfortunately, hydrocarbon polymers show strong light absorption around 1200 nm due to excitation of the
C H bond vibrations [88]. The presence of these vibrational centers might cause luminescence quenching
of Ba3(PO4)2:Mn5+ nanoparticles, leading to a low quantum yield [103]. Nanoparticles of this material are
synthesized by PHYSEE and are available to use in the experiments. The experiments performed with the
Ba3(PO4)2:Mn5+ nanoparticles are described in Section 6.1.2.

SiAlON:Sm2+

One of the other nanomaterials that PHYSEE is trying to synthesize is a ceramic material made from sili-
con (Si), aluminum (Al), oxygen (O) and nitrogen (N), doped with samarium ions in their 2+ valency state.
SiAlON:Sm2+ originated as a material for the sputter deposition process, since the SiAlON host is widely used
in the coating industry. Sm2+ has a broad absorption band in the visible spectrum and a sharp emission peak
around 700 nm, on the verge of the spectral sensitivity of the human eye. Several exploratory experiments
have been conducted with the SiAlON:Sm +

3 particles, which is described in Section 6.1.3.

YAG:Ce
Cerium-doped yttrium aluminate garnet (Y3Al5O12:Ce3+ or YAG:Ce) shows a characteristic bright green lumi-
nescence and is commonly used as a phosphor for white light-emitting diodes (LED) [104] [105]. Pradal et al.
[106] studied the influence of thermal treatment on the size distribution, zeta potential and quantum yield
of YAG:Ce nanoparticles. They were able to obtain stable aqueous dispersions of particles with a mean size
of around 30 nm and a quantum yield of 15%. However, the quantum yield can be increased significantly by
lowering the Ce3+ concentration [107]. In the lab, several grams of (possibly severely agglomerated) YAG:Ce
nanopowder is currently available. The YAG:Ce nanoparticles turned out to be the best option throughout
this thesis research, as is explained in Section 6.1.4.
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Figure 3.1: Structural formula of PE-b-PEG: a diblock copolymer of
ethylene (m) and ethylene oxide (n). Reproduced from [108].

Mn (g/mol) ∼575 ∼875 ∼920 ∼1400

wt% EO 20% 20% 50% 50%
m (units) 16.4 25 16.4 25
n (units) 2.2 3.6 10 15.5

Table 3.1: Number average molecular weight and composition of
commercially available PE-b-PEG stabilizers.

Figure 3.2: Chemical structure of the amphiphilic statistical
copolymers of PEHMA (x) and MPEOMA (y).

Copolymer MPEOMA fraction Mn

(mol%) (kDa)

A 5 19.0
B 10 28.6
C 15 32.9

Table 3.2: Molar fraction of polar MPEOMA monomers in the chain
and molecular weight of the amphiphilic copolymers.

Amphiphilic copolymers
Chemical stabilization methods will be avoided due to their chemical specificity and potential perturbation
of electronic states (see section 2.4.1). As summarized in section 2.4.3, amphiphilic copolymers have proven
to be effective stabilizers for a wide range of nanoparticles and polymer matrices. The selection of suitable
amphiphilic copolymers for the experiments is unfortunately limited by their commercial availability, as their
synthesis is outside of the scope of this work. Although statistical copolymers—which are preferred over
block copolymers for nanoparticle stabilization—are typically easier to synthesize, it turned out that they
are very hard to come by. Instead, the commercially available block copolymer PE b PEG with varying
molecular weight and composition was initially selected. Later on in the project, the more suitable statistical
copolymers PEHMA-stat-PMPEOMA were used.

PE-b-PEG
Polyethylene-block-polyethylene glycol (PE-b-PEG) is an amphiphilic diblock copolymer of ethylene and
ethylene oxide, which is used in industry as emulsifier, lubricant, mold release agent and thickening agent. A
graphic representation of its molecular structure is given in figure 3.1, where m and n denote the number of
ethylene units and ethylene oxide (EO) units respectively. The EO units act as nonionic anchor groups, form-
ing hydrogen bonds with hydroxylated nanoparticle surfaces. In order to study the influence of the molecular
weight and the composition of the stabilizer on the dispersion stability, different types of PE b PEG will be
used (see table 3.1). Depending on the composition, PE-b-PEG is soluble in polar as well as non-polar sol-
vents such as toluene. Unfortunately, the crystalline nature of the PE-b-PEG copolymers turned out to them
unsuitable for the fabrication of transparent nanocomposites, as is explained in Section 6.2.2.

PEHMA-stat-PMPEOMA
Due to the unsuitability of the PE-b-PEG copolymers, a new type of amphiphilic copolymer had to be found
in the course of the project. Statistical copolymers of poly(2-ethylhexyl methacrylate) and methoxy polyethy-
lene oxide methacrylate (PEHMA-stat-PMPEOMA) were synthesized upon request by DSM Coating Resins.
The molecular structure of the copolymers is shown in Figure 3.2. Three different types were synthesized
with a varying fraction of polar MPEOMA binding groups (5, 10 and 15 mol%). The characteristics of the
copolymers are listed in Table 3.2. The reason for the selection of these particular copolymers and the exper-
iments that were conducted are outlined in Section 6.2.3.

Matrix polymers
Apart from compatibility with the amphiphilic copolymer, the polymer matrix has to fulfill the requirements
outlined in section 2.5.1. A comparison of various common polymers with respect to these requirements is
given in table 3.3. As the waveguiding substrate material is not yet known, the thermal expansion and re-
fractive index are left out of the selection for now. In fact, they are quite similar for most organic polymers
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Table 3.3: Comparative chart of common polymers on various parameters that affect the performance of the luminescent film. The OTR
and WVTR coefficients are under atmospheric pressure. Data acquired from [95, 109–116].

(as opposed to for example perfluorinated polymers). More polymers have been considered than shown in
table 3.3, but have been omitted for various reasons that rendered them impractical (e.g., biodegradabil-
ity and commercial availability). Concluding from the comparative table, CYTOP, cyclic olefin copolymer
(COC), polymethyl methacrylate (PMMA), polyethylene terephthalate (PET) and glycol-modified polyethy-
lene terephthalate (PETG) appear to be the most suitable polymers. Several notes should be added to this
outcome. First, the extremely high transparency of CYTOP might outweigh the disadvantage of its fairly
high oxygen transmission rate, which can be compensated for by adding an extra barrier layer (see section
2.5.1). Secondly, PET in its natural state is an opaque semi-crystalline polymer. Transparent PET can only
be obtained by rapidly cooling the molten polymer below its glass transition temperature—or alternatively
by stretch blow molding, which is used for the production of PET bottles. Moreover, PET is very difficult to
dissolve in common solvents [117]. PETG is produced by replacing glycol with a bigger building block that
inhibits crystallization, resulting in a transparent amorphous material that is also more easily dissolved. In
the end, the decisive factor for the selection of a polymer matrix is compatibility with the selected stabilizer
(see section 2.4.2), yielding COC as the best option for PE-b-PEG. For the PEHMA-stat-PMPEOMA copoly-
mers that were used later in the project, matrix polymers of PEHMA and PMMA were selected. The matrix
polymers that were acquired for this project are listed in Table 3.4.

COC
COC are a group of polymers synthesized by copolymerization of ethylene and cyclic monomers such as
norbornene, which is a combination known under the brand name TOPAS. The molecular structure of COC
is shown in Figure 3.3a. COC is used for the production of optical components due to its excellent optical
properties. It is soluble in common non-polar solvents such as toluene, allowing preparation of thin films
by spin-coating. As a result of the polyethylene chains in its molecular structure, COC forms homogeneous
polymer blends with polyethylene. Therefore, it is expected that the PE-b-PEG stabilizer is to some extent
compatible with a COC matrix, depending on its molecular weight and composition. The experiments that
have been conducted with COC are described in Section 6.3.

Ou and Hsu [118] prepared COC/fumed silica nanocomposites containing 1 to 15 wt% SiO2 nanoparti-
cles by solution blending using tetrahydrofuran (THF) solvent. They found that the SiO2 particles could be
dispersed in the COC matrix without large agglomerates, showing a transmittance of higher than 85% for a
SiO2 content up to 10 wt%. Dorigato et al. [119] studied the effect of the particle dimensions on the ther-
mal, mechanical and optical properties of 2 wt% filled COC/fumed silica nanocomposites prepared by melt
mixing. The authors showed that the nanocomposites containing the smallest primary particle size (7.8 nm)
provided the highest transmittance. However, the transmittance of these nanocomposites was still drastically
lower—at around 50% of pure COC. Using the same melt mixing technique and the exact same particles, Roy
et al. [120] succeeded in preparing transparent nanocomposites with a transmittance of up to 82% up to a
silica content of 3 wt%. The difference might be attributed to pre-drying of the particles, as well as to different
mixing equipment and parameters.

PEHMA
The PEHMA-stat-PMPEOMA copolymers acquired later in the project were not expected to be compatible
with COC. Therefore, they were used in combination with the chemically similar matrix polymer poly(2-
ethylhexyl methacrylate) (PEHMA). The molecular structure of PEHMA is shown in Figure 3.3b. The reader is
referred to Section 6.3.1 for more elaborate information on their selection. The experiments conducted with
nanocomposites of PEHMA are described in Section 6.3.
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Polymer type Abbreviation Mw (kDa) Acquired from

Cyclic olefin copolymer (TOPAS 5013) COC N/A TOPAS Advanced Polymers
poly(2-ethylhexyl methacrylate) PEHMA 850–1500 Polymer Chemistry Innovations, Inc.
poly(methyl methacrylate) PMMA 120 Sigma-Aldrich

Table 3.4: Matrix polymers that were used for the fabrication of polymer nanocomposite films.

(a) (b) (c)

Figure 3.3: Molecular structures of (a) COC, which is a copolymer of ethylene (n) and norbornene (m), (b) PEHMA and (c) PMMA. Images
reproduced from: (a) [119], (b) [121] and (c) [122].

PMMA
The PEHMA-stat-PMPEOMA copolymers were also tested in combination with poly(methyl methacrylate)
(PMMA). The molecular structure of PMMA is shown in Figure 3.3c. More information about the selection of
PMMA and the experiments conducted with nanocomposites of PMMA are described in Section 6.3.

Optional: CYTOP
If amphiphilic copolymers with fluorophilic functional groups could have been acquired during the project,
the plan was to extend the scope of the research to fluoropolymers. These polymers would especially be
suitable for the near-infrared emitting Ba3(PO4)2:Mn5+ nanoparticles (see Section 3.2.1). This is because C F
bond vibrations are excited at wavelengths further in the infrared than C H bonds, rendering fluoropolymers
very efficient waveguides for near-infrared light [88]. Dispersing nanoparticles in a perfluoropolymer requires
a stabilizer with fluorophilic functional groups. Unfortunately, fluorinated amphiphilic copolymers are very
specific and complex materials and could not be obtained.

Due to the substitution of carbon-hydrogen with higher energy carbon-fluorine bonds, fluoropolymers
have some unique properties. They typically have high chemical, thermal and degradation stability, as well
as a low refractive index, surface tension and dielectric constant [123]. The term fluoropolymer is used
for partially fluorinated polymers, whereas perfluoropolymers do not have any carbon-hydrogen bonds in
their molecular structure. CYTOP is the brand name of an amorphous perfluoropolymer made by cyclo-
polymerization of perfluoro-3-butenyl-vinyl ether (PBVE) [124]. Due to its amorphous structure, CYTOP ex-
hibits exceptional transparency and good solubility in specific fluorinated solvents. Stelzig et al. synthesized
in situ functionalized silver and copper nanoparticles using laser ablation in tetrahydrofuran (THF) with sta-
tistical amphiphilic terpolymers bearing fluorinated side chains [125]. The stabilized particles could be suc-
cessfully redispersed into different THF-soluble fluoropolymers without forming agglomerates.

3.2.2. Methods
Inorganic nanoparticles are typically dispersed in polar solvents due to their hydrophilic surfaces. How-
ever, both the polar solvent and the hydrophilic nanoparticles are generally incompatible with organic poly-
mer matrices. Compatibilization of the entire system—including the solvent—is therefore crucial to obtain
nanocomposites without agglomerates. The challenge that arises is how to transfer inorganic nanoparticles
to an organic matrix polymer while preventing agglomeration in the process. The method used to accom-
plish this is divided into three steps: i) dispersing the nanoparticles in a polar solvent, ii) phase transfer of the
nanoparticles to a nonpolar solvent and iii) mixing the nonpolar nanodispersion with matrix polymers and
applying the mixture as a thin film.



28 3. Research Plan

Figure 3.4: Surface modification and transfer of inorganic nanoparticles from an aqueous solution to a non-polar solvent using the
monophasic solvent mixture procedure. Reproduced from [127].

Dispersion in polar solvent
The nanoparticles are first dispersed in a polar solvent to obtain electrostatically stable nanodispersions.
If necessary, the pH of the liquid or the solvent can be adjusted to increase the dispersion stability. The
experiments that were conducted on dispersing the nanoparticles in polar solvents are outlined in Section
6.1.

Phase transfer to nonpolar solvent
The polar nanodispersions cannot be mixed directly with nonpolar media, as this either leads to phase sep-
aration or rapid agglomeration of the nanoparticles. One way to overcome this challenge is by using a com-
bination of polar and nonpolar solvents to obtain a hybrid monophasic solvent mixture that is still able to
dissolve the amphiphilic copolymers. This simple strategy, developed by Jonschker et al. [126], is depicted
schematically in figure 3.4. First, the amphiphilic copolymer is dissolved in a nonpolar solvent and the aque-
ous dispersion of nanoparticles is diluted with ethanol, which are then mixed together. By finding the exact
balance of polar and non-polar components, the addition of ethanol closes the miscibility gap to create a
multicomponent monophasic solvent mixture. In the solvent mixture, the polar groups of the amphiphilic
copolymer now adsorb to the inorganic nanoparticle surface. By adding additional water the phases again
separate, effectively transferring the hydrophobized particles to the nonpolar solvent. Stelzig, Klapper and
Müllen [127] were able to transfer silica (SiO2), alumina (Al2O3) and ceria (CeO2) nanoparticles to a nonpolar
solvent without the formation of agglomerates using this approach. In addition, the authors prepared highly
transparent SiO2/polyurethane (PU) nanocomposite films, showing a homogeneous distribution of particles
with a particle size well below 100 nm. This strategy is only effective if the amphiphilic copolymer is solu-
ble in both the nonpolar solvent and the solvent mixture. Also, a sufficient amount of hydrophilic anchor
groups is necessary to ensure interaction with the particle surfaces. These requirements translate into a min-
imum concentration of the hydrophobic and hydrophilic contents of the copolymer, which is suggested to be
around ∼70 mol% and ∼5 mol%, respectively [127]. A major advantage of this approach is that the formation
of micelles by the amphiphilic block copolymers in an optimized solvent mixture is likely to be suppressed,
as the interfacial tension between the polar block and the solvent is lower. Additionally, the process is easy to
scale up and is environmentally friendly, as the solvents can be recycled after phase separation.

The YAG:Ce nanoparticles used throughout the project were found to be stable in ethanol, as described in
Section 6.1.4. As a result, the nanodispersion can be directly mixed with the nonpolar phase and the ethanol
can simply be evaporated. The adapted version of the monophasic solvent mixture process that was used
during the project is explained in Section 6.2.1. The phase transfer experiments that have been conducted
are outlined in Section 6.2 and in the paper in Chapter 4.

Thin film preparation
After the nanoparticles are successfully stabilized in a nonpolar solvent, the stable nanodispersion can
be mixed with matrix polymers dissolved in the same solvent. The resulting mixture will be spin-coated
onto glass substrates to form polymer nanocomposite films. The preparation and characterization of the
nanocomposite films is outlined in Section 6.3 as well as in the paper in Chapter 4.
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Variable parameters
Multiple parameters are varied in the process to study their influence on the success of stabilization, includ-
ing:

• the type of nanoparticles

• the type of amphiphilic copolymers

• the type of matrix polymers

• the molecular weight and composition of the amphiphilic copolymers

• the concentration of the amphiphilic copolymers

• the volume fractions of solvents in the solvent mixture

• the phase transfer process parameters (e.g., temperature, agitation, sonication)

• the spin coating parameters (e.g., viscosity of the liquid, spin speed, acceleration)

3.2.3. Characterization
In order to study the influence of these variable parameters on the state of agglomeration, it is important to
characterize the samples in every step of the process. In liquids, the particle size can be analyzed by dynamic
light scattering. When the nanocomposites are incorporated into polymer films, one has to resort to scanning
electron microscopy or white light interferometry to study the particles and the structure of the nanocom-
posite films. The optical properties of the films, such as the transmittance, haze and luminescence intensity
can be characterized by spectrophotometry and fluorescence spectroscopy.

Dynamic light scattering
Dynamic light scattering (DLS) is a tool to analyze the size distribution of small particles (in the range of 1
nm to 10 µm) in a liquid. Due to Rayleigh scattering, a light beam incident on the particles scatters in all
directions. The particles in the liquid constantly undergo Brownian motion and their mean displacement in
a certain time interval depends on their size. The light that scatters on these particles undergoes construc-
tive or destructive interference, thereby causing the light intensity to fluctuate over time. By analyzing this
fluctuation, information on the particle size distribution can be deduced. DLS is frequently used in literature
to study the size distribution of nanoparticles in solution [30, 33, 36, 41, 56, 60, 72, 73, 83, 84, 128] as well the
formation of micelles [50, 71, 75, 82]. DLS is a useful tool to study the agglomeration state of nanoparticles be-
fore and after transfer to a nonpolar solvent (see Section 3.2.2), as well as the potential formation of micelles
by the amphiphilic copolymers.

DLS is most reliable for monodisperse particle size distributions. For polydisperse and multimodal size
distributions, the interpretation of the results becomes more involved. Rayleigh scattering intensity is pro-
portional to the particle size to the power six. Since larger particles in the dispersion scatter much more light
than the smaller particles, the particle distributions based on the scattering intensity emphasize the larger
particles. Additionally, DLS can compute the particle size distributions by volume or by number, known as
the volume distribution and number distribution. This corrects for the emphasis on larger particles by show-
ing the relative volume or relative number of particles of a given size rather than the relative intensity of light
scattered by these particles. The volume and number distributions are calculated from the intensity distribu-
tion and therefore the intensity distribution is closest to what is actually measured. The conversion is valid
only when the particles are much smaller than the wavelength of the laser or the parameters for Mie scatter-
ing theory are well-known (i.e., the refractive index and absorbance), provided that the measurement data
meets the quality criteria.

Scanning electron microscopy
The particle size in the prepared thin films can be analyzed by scanning electron microscopy (SEM), which
creates an image of a sample by scanning the surface with a high-energy beam of electrons. Although the res-
olution is slightly lower than for transmission electron microscopy (TEM), SEM allows three-dimensional
imaging with a nanoscale resolution. In order to study electrically insulating samples—such as organic
polymers—an thin layer of conductive material must be applied to prevent an accumulation of surface charge
from distorting the image. SEM is a commonly used method in literature for analyzing particle size and dis-
tribution in nanocomposite films [61, 62, 84, 106, 118, 127, 129].
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Figure 3.5: Quantities to measure during the three original experimental phases, as well as their required precision and method of
characterization.

White light interferometry
White light interferometry makes use of light interference effects to measure the surface profile of a sample,
producing 3D images of the surface with sub-nanometer precision. It is a useful tool to analyze the smooth-
ness and thickness of the spin coated polymer films. Moreover, it might provide information about the effect
that the embedded nanoparticles have on the morphology of the films.

Spectrophotometry
Spectrophotometry is a method to measure the optical properties of a sample as a function of the wavelength.
It is a useful tool to measure the transmission and haze of the nanocomposite films, indicating to what extent
the nanoparticles have agglomerated in the polymer matrix [70, 120, 130, 131]. UV-vis spectrophotometers
can record the absorption spectra of luminescent samples [18, 19, 67, 84, 85, 105, 132–138], while Fourier
transform infrared (FTIR) spectrophotometers can measure the vibrational absorption of the organic bonds
[72, 83, 118, 139, 140].

Spectrofluorometry
Spectrofluorometry or fluorescence spectroscopy is a method to analyze the luminescence of a sample. A
high intensity light source passes through a filter to excite the sample at a certain wavelength, after which
the emission—also passing though a filter—is recorded. A spectrofluorometry setup is commonly used to
measure the photoluminescence (PL) or photoluminescence excitation (PLE) spectra of a sample by fixing
the excitation filter or the emission filter, respectively [18, 81, 102, 105, 134, 136, 137, 141, 142].

3.3. Planning
The initial and final timeline are discussed in Section 7.3. Originally, the experimental plan was divided into
three different phases, each of which was concluded with a well-defined milestone or deliverable based on a
measurable quantity. The quantities of interest, as well as their required precision and method of character-
ization are show in Figure 3.5. As will be explained in Section 7, the project focus has mostly been narrowed
to the first phase due to multiple unforeseen circumstances.

Dispersion
The first phase is focused on controlling the dispersion of nanoparticles in both a solvent and the film and
was originally planned to comprise about 60% of the total time. During this phase, the influence of the type
and concentration of the stabilizer and nanoparticles as well as the process parameters on the size distribu-
tion of the nanoparticles will be thoroughly studied. As a general guideline, non-scattering films can usually
be obtained when the particle clusters are not larger than 100 nm [14]. In reality, the amount of scattering
induced by the particles depends on several additional parameters, including the refractive index mismatch,
the particles concentration and the wavelength (see Equation 1.2 in Section 1.3).

Original plan: Functionality
Once the size distribution of dispersed nanoparticles can be controlled, the second phase will focus on the
functionality of the nanocomposite film. To this end, the nanoparticle size and loading and the film thickness
will be related to the optical performance of the film: the haze, the transmittance and the luminescence
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intensity. For windows, the recommended maximum allowable haze—below which the human eye is unable
to detect any loss of quality—is equal to 3% [92]. The minimum transmittance for uncoated windows should
be between 82% and 78%, depending on the thickness [92]. Windows with applied low emissivity (low-E)
coatings typically have a visible light transmittance of 20% to 70% [143]. As the luminescent particles absorb
light in the visible spectrum, there is a trade-off between the transmittance and the luminescence intensity
of the film. The measured luminescence intensities can be compared qualitatively for samples with similar
transmittance.

Original plan: Prototype
The last phase will focus on optimization of the optical performance and the development of a prototype.
An LSC test setup with connected solar modules is available at PHYSEE to which the glass substrates with
spin coated nanocomposite films can be attached. The electrical power output can be studied in the solar
simulator at PHYSEE.

3.4. Risk mitigation
Before the experimental phase, several risks were identified that might cause agglomeration of the nanopar-
ticles in the organic solvent or unsuccessful dispersion in the the polymer matrix. The anticipated risks are
outlined in this section. In hindsight, the compatibility indeed turned out to be a serious issue. The risk has
been mitigated by shifting towards a new type of amphiphilic copolymer and corresponding matrix polymers,
as described in Sections 6.2.3, 6.3.1 and 7.2.

Frozen micelle formation
First and foremost, there is high risk ineffective stabilization due to the formation of kinetically frozen mi-
celles by the block copolymer PE-b-PEG (see section 2.4.2). Unimers cannot or only very slowly desorb from
these stable micellar structures, giving the nanoparticles time to agglomerate in the solvent mixture. On the
other hand, using a concentration of PE-b-PEG below the CMC might be too low for effective stabilization.
This risk can be mitigated in several ways. First of all, minimizing the interfacial tension between the PEG
and the solvent mixture by the addition of ethanol increases the CMC and reduces the formation of frozen
micelles. Secondly, selecting a lower chain length of PEG reduces the entanglement and therefore the sta-
bility of the frozen micelles. Also, the temperature should always be kept higher than the glass transition
temperature of the PE-b-PEG copolymers. Above all, the risk of frozen micelle formation should be mitigated
completely by using statistical amphiphilic copolymers. The search for commercially available statistical
copolymers should be a continuous process throughout the experimental phase.

Incompatibility
There is a risk of incompatibility between the PE-b-PEG stabilizer and the COC matrix. As discussed in section
2.4.2, nanoparticles can sometimes not be fully wetted by the matrix if the molecular weight of the stabilizer
is much lower than the polymer matrix, leading to agglomeration. The molecular weight of the commercially
available COC (TOPAS) is not specified, but it is expected to be much higher than the commercially available
grades of PE-b-PEG. Moreover, the molecular structures of COC and PE-b-PEG are only partially similar. Even
though COC is known to be miscible with polyethylene (PE), it is unsure whether it is compatible with PE-b-
PEG. This risk can be mitigated by finding a higher molecular weight stabilizer and a corresponding matrix
polymer. For example, a diblock copolymer of polystyrene and poly(ethylene glycol) with a molecular weight
of 20−30 kDa is commercially available (and very expensive) [144]. Again, statistical copolymers would be
the preferred option.

Vibrational quenching
The excitation of molecular vibrations in the polymer matrix quenches the luminescence if the emission of
the phosphor is in the same frequency range. For example, the presence of C H bonds causes hydrocarbon
polymers—including COC—to strongly absorb light with a wavelength around 1200 nm, which is very close to
the characteristic 1191 nm emission of Ba3(PO4)2:Mn5+. The overlap between emission and vibrational exci-
tation might cause total quenching of the emission or lead to complete absorption before it reaches the edges
of the substrate. This risk can be mitigated by either using a phosphor that emits at a shorter wavelength, or
by selecting a polymer matrix that does not absorb in the near infra-red (such as perfluoropolymers).
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4.1. Summary
The integration of luminescent nanoparticles into transparent polymer matrices opens the way to affordable,
scalable and efficient luminescent solar concentrators (LSCs). A key challenge in the fabrication is to pre-
vent agglomeration of the nanoparticles as this will drastically reduce the performance due to scattering ef-
fects. In this paper, luminescent YAG:Ce nanoparticles were successfully incorporated into poly(2-ethylhexyl
methacrylate) (PEHMA) matrices without any notable agglomeration to form fully transparent nanocom-
posite thin films. The fabrication method involves an easy, universal and scalable three-step procedure: i)
dispersion of the inorganic particles in a polar solvent, ii) phase transfer of the polar nanodispersion to an
organic solvent with dissolved amphiphilic statistical copolymers and iii) mixing the organic nanodispersion
with a compatible polymer and spin coating the solution.

In order to obtain transparent nanocomposite films, it is essential that the nanoparticles are dispersed in
the matrix as isolated, nanoscopic objects. Stabilization of the NPs during the phase transfer process is there-
fore a crucial step in the procedure. The polar parts of the amphiphilic copolymers adsorb to the hydroxy-
lated YAG:Ce NP surfaces through van der Waals forces and prevent agglomeration by sterically stabilizing
the particles. The nonpolar parts ensures compatibility of the particles with the polymer matrix during the
fabrication of the nanocomposite.

The rate of nanoparticle agglomeration during the phase transfer process is directly competing with the
rate of adsorption of the amphiphilic copolymers. The adsorption rate is ultimately limited by the rate of
transport of the amphiphiles to the NP surface, but can be severely hampered by kinetic effects during the
binding step. These kinetic effects are described by the adsorption rate constant, which depends exponen-
tially on the temperature and the activation energy for adsorption. In order to prevent agglomeration, it is
crucial to maximize the adsorption rate constant and thereby shift the controlling mechanism of adsorption
from kinetic-controlled to diffusion-controlled.

Three amphiphilic statistical copolymers of PEHMA and MPEOMA (PEHMA-stat-PMPEOMA) were stud-
ied containing 5, 10 and 15 mol% of MPEOMA binding groups. The nonionic binding groups were selected
because of their applicability to a wide range of inorganic nanoparticles. In toluene, rapid adsorption of all
the studied amphiphilic copolymers was found to be hampered by kinetic effects, leading to a significant in-
crease in particle size during the phase transfer process. It is suggested that the low adsorption rate constant
is the result of steric shielding of the MPEOMA binding groups due to intramolecular self-assembly of the
amphiphilic copolymers. When the affinity of the polar binding groups with the solvent system is low, the
nonpolar EHMA moieties form a protective shell shielding them from the solvent—and from a nearby NP
surface. The inaccessibility of the binding groups poses a structural barrier to the adsorption process, which
is represented by a high activation energy. The state of agglomeration was found to be influenced by three
process parameters that together determine the success of stabilization: the amphiphile concentration, the
solvent temperature and the solvent composition.

Increasing the solvent quality for the MPEOMA groups by the addition of ethanol to the solvent system
drastically improved the efficiency of stabilization. To a lesser extent, the temperature was also found to in-
fluence the measured particle size after the phase transfer process. The effect of the temperature is expected
to be two-fold. Elevating the temperature increases the average kinetic energy of the amphiphilic molecules
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and thereby improves their chance to overcome the energy barrier to adsorption. In addition, a higher tem-
perature favors the solvent quality for the binding groups, thereby reducing the effect of steric shielding.
Increasing the amphiphile concentration is beneficial up to a certain point, after which intermolecular in-
teractions start to play a role. Moreover, the beneficial effect of increasing the concentration is much lower
for kinetic-controlled adsorption processes. By carefully tuning the solvent composition, the temperature
and the amphiphile concentration, EtOH/YAG:Ce nanodispersions were successfully transfered to toluene
without any noticeable agglomeration of the YAG:Ce particles. Although the activation energy was found to
decrease with increasing PMPEOMA fraction, no significant difference in performance was observed between
the three copolymers. The findings prove that the fraction of polar binding groups in the copolymer is not
important as long as a sufficient amount is present.

In this paper, a theoretical approach is presented to relate the kinetics of the agglomeration and adsorp-
tion process to the state of agglomeration after the phase transfer. The theoretical model shows excellent
agreement with the experimental observations. By comparing the experimental data with the model, it is
possible to identify the controlling mechanism of adsorption and obtain order-of-magnitude estimates of
the kinetic rate constants and the activation energies of the copolymers in the studied system. In the case
of diffusion-controlled adsorption, the model accurately predicts the minimum amphiphile concentration
required to prevent agglomeration.

In addition, a simple method is developed to identify the optimal solvent composition by minimizing the
difference in Hansen solubility parameters between the binding groups of the amphiphile and the solvent
system. At the optimal solvent composition and the corresponding maximum temperature, the limiting ki-
netic effects were completely eliminated. In general, the following procedure is recommended for the transfer
NPs to a nonpolar solvent: i) identify the amphiphile concentration that gives the best results in the nonpolar
solvent, ii) identify the optimal solvent composition by adding varying volume fractions of a miscible polar
liquid and iii) close to the boiling point of the solvent mixture, identify the lowest concentration required for
stabilization.

The stabilized toluene/YAG:Ce nanodispersions were mixed with various transparent polymers to prepare
nanocomposite solutions for spin coating. It has been demonstrated that the compatibility of the amphiphilic
copolymers with the polymer matrix is of vital importance. Similar to blends of incompatible polymers, phase
separation was observed either in the solution mixture or in the nanocomposite. The copolymers were clearly
incompatible with solutions of COC, forming a phase separated liquid. In the case of PMMA, seemingly ho-
mogeneous solutions were obtained, but spin coating the solution resulted in turbid nanocomposite films.
The turbidity decreased significantly for copolymers with higher MPEOMA fractions, indicating that the com-
patibility with the polymer matrix can be promoted by including a certain fraction compatible moieties in the
structure of the amphiphilic copolymer. By dispersing the particles into PEHMA matrices, which is identical
to the nonpolar part of the copolymers, fully transparent nanocomposite films were obtained with haze val-
ues similar to pure PEHMA films (< 1%). SEM images revealed that the nanoparticles were homogeneously
dispersed without any notable agglomeration during the fabrication.

Due to the necessary centrifugation step in processing nanopowders, the YAG:Ce content was too low
(∼0.1 wt%) to measure any luminescent output. However, following the exact same procedure, luminescent
NPs obtained from colloidal synthesis methods would allow for the fabrication of nanocomposite films with
much higher particle fractions. Since the MPEOMA groups in the copolymer strongly bind to the hydroxylated
NP surface, it is expected that the procedure described in this article can be applied to any type of metal oxide
NPs and possibly even to other polar nanomaterials.

Excellent compatibility with the desired matrix polymer can be obtained by carefully matching the chem-
ical structures of the amphiphilic copolymer and the matrix polymer. The procedure described in this article
therefore opens up the possibility to integrate a wide variety of inorganic luminescent nanoparticles into
many types of matrix polymers. The simple, cheap and scalable method allows for the fabrication of efficient
polymer nanocomposite LSCs.
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Stabilization of inorganic luminescent nanoparticles in or-
ganic media for the fabrication of polymer nanocomposites

Jan David Endtz, Urs Staufer, Luigi Sasso
Delft University of Technology, Mekelweg 2, 2628 CD Delft, the Netherlands

4.2. Abstract
The integration of luminescent nanoparticles into transparent polymer matrices opens the way to afford-
able, scalable and efficient luminescent solar concentrators. A key challenge in the fabrication is to prevent
agglomeration of the nanoparticles as this will drastically reduce the performance due to scattering effects.
The incompatibility of inorganic nanoparticles with organic media typically leads irreversible agglomeration
upon direct mixing. In this article, inorganic luminescent Y3Al5O12:Ce3+ nanoparticles are transfered from
a polar to a nonpolar solvent without any noticeable agglomeration using amphiphilic statistical copoly-
mers as stabilizing agents. The process parameters that determine the success of stabilization are studied
both theoretically and experimentally and a general procedure is proposed to find the optimal conditions for
the phase transfer process. The importance of compatibility between the amphiphilic copolymers and the
polymer matrix was demonstrated by integrating the stabilized nanoparticles into various polymer matrices.
Fully transparent polymer nanocomposite thin films were prepared without any sign of agglomeration. The
simple, universal and scalable method presented in this article allows for the fabrication of nanocomposite
luminescent solar concentrators using a wide variety of luminescent materials and polymers.

4.3. Introduction
The global buildings sector accounts for 30% of the
final energy consumption [1]. Nearly two-thirds of
this energy use is supplied by fossil fuels, represent-
ing 28% of global energy-related CO2 emissions [1].
Not surprisingly, increasing the energy efficiency of
buildings one of the key challenges of the global
climate ambitions set forth in the Paris Agreement
[2]. One particularly promising development in this
field is the design of luminescent solar concentrators
(LSCs), which can transform conventional glass into
transparent, colorless, power-generating structural
elements. LSCs operate by absorbing solar radiation
and re-emitting it at a different wavelength towards
the edges of the device, where it is readily converted
into electricity by solar cells. Rare-earth doped inor-
ganic compounds are promising luminescent mate-
rials for LSC applications due to their potential high
photostability, high quantum yield, broad absorption
band and low self-absorption [10, 13, 23].

This paper focuses on a universal, simple and
scalable method for the fabrication of luminescent
polymer nanocomposite films—the engine behind
the LSC. The ability to disperse the inorganic lumi-
nescent nanoparticles (NPs) in the polymer matrix as
isolated nanoscopic objects is crucial to avoiding ex-
cessive scattering losses. However, keeping NPs as in-
dividual nanoscopic objects is not trivial as they have
a natural tendency to reduce their surface energy by
forming agglomerates. The primary goal of this study
is to investigate the efficacy of various amphiphilic

statistical copolymers for the stabilization of inor-
ganic luminescent NPs in matrix polymers. The ma-
terial and process parameters that affect the forma-
tion of agglomerates are identified and their influ-
ence is studied both theoretically and experimentally
in order to set guidelines for the fabrication of lumi-
nescent polymer nanocomposite films.

NPs suspended in a liquid continuously move
around in a random manner as a result of collisions
with the molecules of the surrounding medium—a
process known as Brownian motion. When two iso-
lated NPs come in close proximity, they are attracted
to each other through the van der Waals forces aris-
ing from the electrostatic interaction between their
dipoles. The strength of these forces depends pre-
dominantly on the geometry of the particles, the sep-
aration distance and the contrast in the dielectric
properties between the NPs and the intervening liq-
uid medium [37]. For two identical materials inter-
acting across a medium, the van der Waals interac-
tion is always attractive. Therefore, some form of sta-
bilization is required to suppress the formation of ag-
glomerates. Stabilization strategies usually involve
the interaction of ions (for electrostatic stabilization
[26, 30, 40, 41, 46, 145, 146]) or molecules (for steric
stabilization [48, 50, 70, 72, 83, 84, 127]) with the sur-
face of NPs. While electrostatic stabilization can be
effective for obtaining stable dispersions in polar sol-
vents, the method is unsuited for nonpolar solvents
or polymer solutions, where the electrostatic interac-
tions between colloidal particles are generally negli-
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gible due to the absence of free ions [47].
In nonpolar media, inorganic NPs can be stabi-

lized by the adsorption of amphiphilic molecules—
a process known as steric stabilization [49]. Am-
phiphiles or stabilizers bind to the hydrophilic sur-
face of inorganic NPs with their polar moieties, while
their nonpolar parts provide compatibility with the
organic environment and introduce steric repulsion
between the encapsulated NPs. Successful stabiliza-
tion of NPs in a polymer matrix depends on three key
parameters [50]: i) the binding strength of the am-
phiphile to the NP surface, ii) the kinetics of the ad-
sorption process and iii) the compatibility of the am-
phiphile with the matrix polymer.

Stabilizers that are not strongly bound to the sur-
face risk being desorbed during the fabrication of
nanocomposites, leading to agglomeration and a loss
of transparency. The adsorption of stabilizers to the
particle surface occurs through the formation of ei-
ther chemical or physical bonds. Chemical adsorp-
tion methods based on graft polymerization [57–59]
or using coupling agents [52–56] typically yield strong
covalent or ionic bonds, but are limited by mate-
rial and crystallographic specificity and could per-
turb the electronic states of the particle surface [51,
66]. Physical adsorption on the other hand is the re-
sult of comparatively weak interactions such as van
der Waals forces, electrostatic attraction or hydrogen
bonding. As a result, physically adsorbing stabilizers
typically adsorb to a wide variety of inorganic mate-
rials.

Depending on their molecular weight, physically
adsorbing stabilizers can be classified as low molec-
ular wight surfactants or amphiphilic copolymers.
Low molecular weight surfactants contain only one
or several polar groups and generally suffer from low
binding strength [69, 70]. Higher molecular weight
amphiphilic copolymers, on the other hand, are more
compatible with polymers and bind strongly to a par-
ticle surface due to the large amount of hydrophilic
monomers functioning as binding sites [73]. Al-
though the individual bonds are comparatively weak,
the probability of all binding groups being cleaved si-
multaneously is extremely low.

The kinetics of amphiphile adsorption directly
competes with the rate of NP agglomeration and
must be sufficiently high to stabilize the disper-
sion. The adsorption kinetics of amphiphilic copoly-
mers varies greatly depending on their structure and
molecular weight. Amphiphilic block copolymers,
consisting of covalently attached blocks of hydropho-
bic and hydrophilic monomers, tend to aggregate
to form "kinetically frozen" micelles due to the en-
tangling of the more solvophobic blocks in the mi-
celle center [75–77, 79, 80, 147]. Block copolymer
unimers typically cannot or only slowly desorb from

these stable micellar structures, preventing them
from adsorbing to the NPs. Statistical copolymers,
on the other hand, do not form stable micelles due
to the random order of hydrophilic and hydrophobic
monomers in their chains, thus allowing much faster
adsorption kinetics [50, 82, 83].

In a polymer matrix, sufficient compatibility is
required between the encapsulated NPs and the
matrix polymer to prevent phase separation. As
with polymer blends, compatibility results from suf-
ficiently strong interactions between the polymer
chains. The compatibility of an amphiphilic copoly-
mer with a matrix polymer is favored by chemi-
cal similarity, both in terms of the chemical com-
position and the molecular weight [84, 85]. Con-
sidering the three key parameters for stabilization—
the binding strength, the adsorption kinetics and
the compatibility—amphiphilic statistical copoly-
mers are considered to be the best candidates for the
fabrication of polymer nanocomposites [50, 83].

4.4. Materials and methods
Materials

Luminescent Y3Al5O12:Ce3+ (yttrium aluminum gar-
net doped with cerium, YAG:Ce) nanopowder with a
primary particle size of 15–40 nm was acquired and
kindly supplied by Dr. Erik van der Kolk. Poly(methyl
methacrylate) (PMMA) (Mw ∼ 120 kDa) and all
solvents were purchased from Sigma Aldrich and
were used as received. Poly(2-ethylhexyl methacry-
late) (PEHMA) (Mn ∼ 850−1500 kDa) was kindly
supplied by Polymer Chemistry Innovations, Inc.
Cyclic olefin copolymer (COC, TOPAS 5013) was
acquired from TOPAS Advanced Polymers. The
poly(2-ethylhexyl methacrylate)-stat-poly(methoxy
polyethylene oxide methacrylate) (PEHMA-stat-
PMPEOMA) amphiphilic statistical copolymers with
MPEOMA fractions of 5, 10 and 15 mol% (Mn =
19.0, 28.6 and 32.9 kDa as calculated by size exclu-
sion chromatography against PMMA standards) were
synthesized on request and kindly supplied by DSM
Coating Resins.

Characterization
The particle size distribution and average hydro-
dynamic particle diameter in the dispersions was
measured by dynamic light scattering (DLS) using
a Zetasizer Nano ZS. The film thickness and sur-
face topography were analyzed by white light inter-
ferometry (WLI) using a Bruker 3D Optical Micro-
scope. Haze measurements were performed using a
PerkinElmer LAMBDA 950 UV/Vis Spectrometer. The
polymer nanocomposite films were treated with oxy-
gen plasma in a Diener Femto plasma cleaner and
made conductive for SEM analysis by sputtering a
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Figure 4.1: Chemical structure of the amphiphilic statistical
copolymers of PEHMA (x) and MPEOMA (y) used in this study.

Copolymer MPEOMA fraction Mn

(mol%) (kDa)

A 5 19.0
B 10 28.6
C 15 32.9

Table 4.1: Molar fraction of polar MPEOMA monomers in the chain
and molecular weight of the amphiphilic copolymers.

thin film of Au/Pd (∼ 6nm) on top with a SC7620
sputter coater. The size and distribution of the par-
ticles in the nanocomposite films were analyzed in
a JEOL JSM-6010LA scanning electron microscopy
(SEM). Elemental analysis was conducted by energy
dispersive X-ray analysis (EDS) in the same instru-
ment.

Dispersion of nanoparticles in ethanol
The surface of metal oxides such as YAG is typically
characterized by a high density of hydroxyl groups
[27, 28]. Metal oxides build up a surface charge de-
pending on the pH due to the dissociation of surface
sites, allowing for electrostatic stabilization [26, 40].
Moreover, the hydroxyl groups function as binding
sites for amphiphilic molecules [57, 59, 148]. SEM
analysis revealed that the YAG:Ce nanopowder was
heavily agglomerated with agglomerate sizes up to
100 µm.

The nanopowder was dispersed in ethanol
(EtOH) and placed in a Fisher Scientific FB 15046
ultrasonic bath for 30 minutes at 240W. The suspen-
sion was centrifuged for 5 minutes at 13,000 rpm in a
Eppendorf 5415 centrifuge to remove the remaining
agglomerates. The resulting EtOH/YAG nanodisper-
sions were measured by DLS and shown to have a
unimodal size distribution and an average hydrody-
namic diameter between 60 − 70nm. The nanodis-
persions showed no sign of agglomeration for several
weeks, indicating that the particles are electrostat-
ically stabilized in EtOH. The concentration of the
particles in EtOH was estimated to be ∼ 0.007 vol%
by comparing the scattered light intensity measured
by DLS to that of a polystyrene (PS) standard with the
same average particle diameter in water. The differ-
ence in scattered light intensity due to the difference
in optical properties of the particles (YAG:Ce and PS)
and of the liquids (EtOH and water) was accounted
for by scaling the measured intensities using Rayleigh
scattering theory:

I ∝
[(

np/nm
)2 −1(

np/nm
)2 +2

]2

(4.1)

where np and nm are the refractive indices of the par-

ticles and the medium.

Transfer of nanoparticles to toluene
Various concentrations of the amphiphilic PEHMA-
stat-PMPEOMA copolymers (see Figure 4.1 and Table
4.1) were dissolved in solvent mixtures of toluene and
ethanol in various volumetric ratios. The solvent mix-
tures were heated in 2mL vials on a hot plate while
the temperature was measured with a liquid-in-glass
thermometer. At the desired temperature, the EtO-
H/YAG:Ce nanodispersion was pipetted into the liq-
uid and the mixture was heated until the EtOH had
evaporated.

Preparation of nanocomposite thin films
The toluene/YAG:Ce nanodispersions were mixed
with 30 wt% solutions of COC, PMMA or PEHMA in
toluene to obtain mixtures with a total polymer con-
centration of 10 wt%. The mixtures were agitated by
mechanical stirring for 1 hour to ensure proper mix-
ing. Nanocomposite thin films with a thickness of
1−2 µm we prepared by spin coating the mixtures on
square 25 mm2 microscope slides with a spin speed
of 3000 RPM using a POLOS SPIN150i spin coater.

4.5. Results and discussion
4.5.1. Agglomeration and adsorption kinetics
In order to incorporate the ethanol-dispersed YAG:Ce
NPs into a polymer matrix, the NPs first need to be
transferred to a nonpolar solvent that is able to dis-
solve the polymer. However, when the YAG:Ce/EtOH
dispersion is directly added to a nonpolar phase,
the electrostatic repulsion between the NPs van-
ishes instantly and the NPs rapidly agglomerate
to form micron-sized structures. By dissolving a
sufficient amount of a suitable amphiphile in the
nonpolar phase, the agglomeration can be sup-
pressed to obtain a stable dispersion. For successful
stabilization—meaning that the particle size before
and after the phase transfer is approximately equal—
the rate of amphiphile adsorption has to be much
higher than the rate of nanoparticle agglomeration.

The agglomeration rate of particles in a liquid was
first described by Smoluchowski and depends on the
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frequency of collisions [149]. The collision frequency
constant of spherical particles with diameters di and
d j due to both Brownian motion and shear flow is es-
timated from [149–151]:

Ki j =
[

2kT

3µ

(
2+ di

d j
+ d j

di

)
+ G

6

(
di +d j

)3

]
(4.2)

where k is the Boltzmann constant, T is the abso-
lute temperature, µ is the dynamic viscosity of the
medium and G is the mean shear rate due to agitation
of the fluid. It is important to note that the Brownian
motion contribution to the collision frequency only
depends on the relative size of the particles, whereas
the shear flow contribution depends strongly on their
absolute size. Assuming that every collision results in
adhesion and that all NPs are initially identical in size,
the rate of reduction in the total number particles per
unit volume N is determined by [151]:

dN

dt
=−(

KBN 2 +KSN
)

(4.3)

The parameters KB and KS are the rate constants for
agglomeration due to Brownian motion and shear,
approximated by:

KB = 4kT

3µ
(4.4)

and

KS = 3Gφ

π
(4.5)

where φ is the volume concentration of NPs. Solving
equation 4.3 subject to the initial condition N = N0 at
t = 0, gives the agglomeration time tag:

tag = ln

[
KBN0 +KS(N0/N )

KBN0 +KS

]
K −1

S (4.6)

For nanoscopic particles, the effect of agitation is
negligible even at extremely high shear rates as the
shear contribution depends on the absolute particle
size (see Equation 4.2). When the contribution of
shear flow to the collision frequency is neglected, the
solution to equation 4.3 reduces to:

tag = 3µ

4kT N0

(
N0

N
−1

)
(4.7)

The agglomeration rate of the nanoparticles is di-
rectly competing with the rate of amphiphile adsorp-
tion. The adsorption of amphiphiles to the NP sur-
face occurs through the same basic mechanism as
agglomeration. Assuming that the amphiphiles are
spherical in shape, both in solution and in the ad-
sorbed state, the fractional surface coverage of am-
phiphiles is estimated by [151]:

θ = na

4np

(
ds

dp

)2

(4.8)

where ns and np are the number of adsorbed stabi-
lizer molecules and particles per unit volume, and ds

and dp are the diameters of the stabilizer molecules
and the particles. The surface coverage Γ expressed
in moles per unit surface area is given by:

Γ= na

NA Apnp
(4.9)

where Ap is the surface area of a single particle. By
setting θ = 1 and combining Equations 4.8 and 4.9,
we find a relation for the maximum surface coverage:

Γm = 4

NAπd 2
s

(4.10)

After some time, the particle surfaces become satu-
rated with adsorbed molecules, which are blocking
surface sites and thereby limit the adsorption rate.
Taking this saturation effect into account, the frac-
tional surface coverage can be estimated using [152]:

θ(t ) =1−exp

{
− c0Ds

kaΓ
2
m

[
exp

(
k2

aΓ
2
mt

Ds

)

erfc

(
kaΓm

√
t

Ds

)
+2kaΓm

√
t

Dsπ
−1

]}
(4.11)

where the function erfc(x) denotes the complemen-

tary error function given by (2/
p
π)

∫ ∞
x e−t 2

dt, c0 is
the initial molar concentration of the amphiphile, ka

is the adsorption rate constant and Ds is the diffusion
coefficient of the amphiphile given by the Stokes-
Einstein relation:

Ds = kT

3πµds
(4.12)

The kinetics of the adsorption process is ap-
proximately determined by the slowest step, which
is known as the rate-determining step. The kinet-
ics can be either diffusion-controlled (DC), kinetic-
controlled (KC) or mixed kinetic-diffusion-controlled
(MC) [153]. For purely DC adsorption, the molec-
ular binding of the amphiphile to the particle sur-
face occurs infinitely fast relative to diffusion of the
amphiphiles to the particle surface. In other words,
the kinetics of the adsorption process is limited by
the rate of amphiphile transport and all amphiphile-
particle collisions result in successful adsorption of
the amphiphile. In the DC limit, ka → ∞ and Equa-
tion 4.11 converges to [152]:

θ(t ) = 1−e−2(c0/Γm)
p

Dst/π (4.13)

By rearranging Equation 4.13, the time required to
reach a fractional surface coverage θ by diffusion-
controlled adsorption is estimated by:

tdc =
πΓ2

m

4Dsc2
0

ln2 (1−θ) (4.14)
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For KC adsorption, the kinetics is purely determined
by limiting kinetic effects at the particle surface. The
rate of adsorption is quantified by the adsorption
rate constant ka, which is analogous to the reaction
rate constant for chemical reactions. The value of ka

is typically estimated by fitting experimental data of
the adsorption process with kinetic models, of which
the Lagergren pseudo-first-order model and the Ho
pseudo-second-order model are often used in litera-
ture [154, 155]. Second-order models tend to form a
better fit for chemisorption processes involving co-
valent or ionic bonds, but their rate constant is a
complex function of the initial adsorbate concentra-
tion [155]. On the contrary, pseudo-first-order mod-
els typically fit well with physisorption processes and
can be applied to higher adsorbate concentrations.
Except for the concentration of the species involved
and the order of the adsorption process, ka accounts
for all factors that affect the adsorption rate in a KC
process, including the temperature and the proper-
ties of the solvent. In the KC limit, Equation 4.11 re-
duces to [152]:

θ(t ) = 1−e−kac0t (4.15)

By rearranging Equation 4.15, the time required to
reach a surface coverage θ when the adsorption is
limited by kinetic effects is estimated by:

tkc =
ln[1/(1−θ)]

kac0
(4.16)

In the intermediate MC adsorption regime, kinetic
and diffusive effects are competing and the param-
eter tmc can be estimated through numerical analysis
of Equation 4.11.

Now we have a quantitative description of both
the rate of nanoparticle agglomeration and the rate
of amphiphile adsorption, it is interesting to compare
them. The characteristic time tag95 after which 95% of
the initial number of NPs has agglomerated—so that
the number of agglomerates is only 5% of the initial
number of nanoparticles—can be estimated by set-
ting N0/N equal to 100/5 = 20 in equations 4.6 and
4.7. The characteristic times tdc95, tkc95 and tmc95 af-
ter which 95% of the NP surfaces are covered with
amphiphiles through DC, KC or MC adsorption, re-
spectively, are estimated by setting θ = 0.95 in Equa-
tions 4.14, 4.15 and 4.11. It is useful to introduce the
dimensionless parameters τ to describe the ratio be-
tween the characteristic adsorption and agglomera-
tion times:

τdc =
tdc95

tag95
∝ N0

d 3
s c2

0

(4.17)

τkc =
tkc95

tag95
∝ N0T

kac0µ
(4.18)

τmc = tmc95

tag95
(4.19)

The parameter τwithout subscript will be used when
the mechanism of adsorption is irrelevant. Evidently,
for the successful stabilization of NPs during the
phase transfer, the time required for reaching a nearly
complete surface coverage of amphiphiles should be
well below the time required for nearly all NPs to ag-
glomerate. The parameter τ is thus a measure for the
stabilization kinetics: stabilization becomes more ef-
fective as τ→ 0.

The analytical method presented in this section
is useful to understand how various parameters in-
fluence the stabilization process, such as the parti-
cle concentration, the the amphiphile concentration,
the size of the amphiphiles and the adsorption rate
constant. However, it should be noted that the out-
come only serves as a simplified, qualitative estima-
tion. In practice, both the agglomeration and the
adsorption process depend on a complex balance of
interactions between the particles, the amphiphiles
and the solvent molecules that does not allow a sim-
ple analytical description. The assumptions and ap-
proximations that were necessary to derive the above
relations leave several important aspects out of con-
sideration, such as the size distribution of the NPs,
the chemical composition of the amphiphiles and
their interaction with the solvent.

4.5.2. Conformation of copolymers in solution
Polymer molecules in solution continuously change
shape due to Brownian motion and typically adopt a
coiled shape as a result of their conformational en-
tropy. In the absence of specific intramolecular in-
teractions, the subunits are randomly distributed in a
conformation known as a random coil, which can be
regarded to be more or less spherical when averaged
over all conformations. The instantaneous shape of
a random coil, however, more closely resembles an
ellipsoid [156, 157]. The size and shape of a poly-
mer chain of a given molecular weight in solution de-
pends on a variety of factors, including steric effects,
electrostatic interactions between the subunits and,
importantly, the affinity of the subunits with the sur-
rounding solvent [158]. The affinity of a polymer with
a solvent—also referred to as the solvent quality—can
be described in terms of the Flory Huggins interac-
tion parameter χ. For strictly nonpolar systems, χ
can be approximated by [159]:

χ≈ 0.34+ VS

RT
(δP −δS)2 (4.20)

where VS is the molar volume of the solvent, R is the
gas constant and δP and δS are the Hildebrand sol-
ubility parameters of the polymer and the solvent.
The critical value of χ, below which no phase sep-
aration occurs, depends on the degree of polymer-
ization: typically polymers only dissolve for χ ≤ 0.5
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and low molecular weight liquids are only miscible
for χ ≤ 2. In order to ensure high affinity between
the polymer and the solvent, a small difference be-
tween δP and δS is a necessary, but not sufficient re-
quirement. In the derivation of Equation 4.20, it is
assumed that no polar and hydrogen bonding inter-
actions are present between the substances involved.
Even for combinations of polymer and solvent for
which δP ≈ δS, compatibility is only achieved when
the polar and hydrogen bonding interactions are ap-
proximately equal. For this reason, it is useful to de-
compose the Hildebrand solubility parameter δ into
three vector components known as the Hansen sol-
ubility parameters, which are associated with three
types of interaction forces [160]:

δ=
√
δ2

d +δ2
p +δ2

h (4.21)

where δd is the dispersion force component, δp is the
polar component and δh is the hydrogen-bonding
component. The Hansen solubility parameter com-
ponents of many common solvents have been de-
termined experimentally. For substances with un-
known solubility parameters, the components can
be estimated from the contributions of the structural
groups to the total cohesive energy and molar volume
of the molecule. Hoftyzer and Van Krevelen [159] de-
veloped a method that allows to estimate the solu-
bility parameters of polymers based on their molec-
ular structure with an accuracy of 10%. The fact
that the solubility parameters can be predicted from
the chemical structure is consistent with the rule of
thumb that the compatibility of substances is favored
by chemical similarity. Lindvig et al. [161] proposed
an extension to the Flory-Huggins model based on
the Hansen solubility parameters. According to the
authors, the interaction parameter between a poly-
mer and a solvent can be estimated using:

χ=C
VS

RT

[
(δd,P −δd,S)2 + (δp,P −δp,S)2

4
+ (δh,P −δh,S)2

4

]
(4.22)

where the correction constant C has been fitted to
experimental data. The optimum value of C was
found to be equal to 0.6 for several acrylate and ac-
etate polymers in nonpolar and hydrogen bonding
solvents [161]. The value of χwill be used to compute
the dimensions of the amphiphilic copolymer chains
in solution.

The extent to which a polymer chain in solution
expands due to the excluded volume effect can be de-
scribed by the expansion factor:

αR =
√

R2/
√

R2
0 (4.23)

where
p

R2 denotes the root-mean-square end-to-
end distance of the chain and the subscript 0 refers

to the ideal or unperturbed chain dimensions, which
may be written in terms of the number of segments
N and the effective bond length a [162]:√

R2
0 = N 1/2a (4.24)

The effect of the solvent quality on the expansion of
the coil is described by the Flory equation [163]:

α5
R −α3

R = 2CM

(
1

2
−χ

)
M 1/2 (4.25)

where the parameter CM is given by [163]:

CM = (
27/25/2π3/2)(υ2/N 2

AV0

)(
R2

0 /M
)−3/2

(4.26)

Here υ is the polymer partial specific volume, NA is
Avogadro’s constant and V0 is the molecular volume
of the solvent. The factor R2

0 /M is characteristic for
the type of polymer and thus CM is independent of
the molecular weight [163].

For very large values of z, the asymptotic solution
to Equation 4.25 for the expansion factor αR is given
by [164]:

α5
R = (2π/3)1/2 z (4.27)

with

z = (
4/33/2)CM

(
1

2
−χ

)
M 1/2 (4.28)

It is important to note that the asymptotic solution
is only valid for large values of z—that is, for high
molecular weight polymers in exceptionally good sol-
vents. As the polymer approaches the theta state
(where χ→ 1/2 and αR → 1), various expansions of
α2

R have been proposed that provide a more accurate
description of the swelling behavior [164].

Estimation of the expansion coefficients of the
amphiphilic copolymers using Equations 4.25 or 4.27
is impossible without the availability of experimental
data. It is possible, however, to derive an expression
for the proportionality between, on the one hand, the
dimensions of the coil

p
R2 and, on the other hand,

the polymer-solvent interaction parameter χ and the
molecular weight M . Taking the asymptotic solution
for large values of z given by Equation 4.27, the ex-
pansion factor is proportional to:

αR ∝
(

1

2
−χ

)1/5

M 1/10 (4.29)

Using Equations 4.23 and 4.24 and assuming further-
more that the number of segments in a chain is di-
rectly proportional to its molecular weight, we find:√

R2 ∝
(

1

2
−χ

)1/5

M 3/5 (4.30)

It follows that the coil dimensions are only weakly de-
pendent on the solvent quality, whereas the molecu-
lar weight has a more pronounced influence.
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The theory presented in this section so far is
based on statistical mechanics and is especially valid
for homopolymers of high molecular weight. For
amphiphilic copolymers, the complex interplay of
interactions—both between the chemically differ-
ent subunits and between the subunits and the
solvent—often results in the formation of thermo-
dynamically stable structures that do not necessar-
ily resemble random coil conformations. Similar
to the way surfactants in selective solvents aggre-
gate to form intermolecular micellar structures, in-
dividual amphiphilic copolymer macromolecules as-
sume conformations that can be regarded as in-
tramolecular micelles [165]. The clustering of func-
tional groups in such intramolecular micelles has a
pronounced effect on the adsorption kinetics, which
will be discussed in the subsequent sections. Their
morphology does not only depend on the quality of
the solvent and the molecular weight; it is also af-
fected by the fraction, distribution and mutual in-
compatibility of the chemically different subunits
[166–168]. In good solvents, the copolymer chain is
swollen and adopts an expanded coil conformation
that is typically ellipsoidal. As the solvent quality de-
creases, the swollen chain contracts and segregated
microdomains appear due to the repulsion between
the hydrophilic and the hydrophobic groups. These
microdomains function as intramolecular micelles,
effectively shielding the more solvophobic groups
from the solvent. In poor solvents, the microdomains
merge to form a large aggregated core and the macro-
molecule is said to be in a collapsed state. The shape
of the core depends on a balance between the inter-
facial free energy and the core free energy [166, 169].
Clearly, the minimum of the interfacial free energy
is attained for a spherical conformation. However, if
the functional groups are distributed over the chain,
a spherical conformation is generally not possible
without the inclusion of both types of moieties in the
core. The resulting repulsion between the dissimi-
lar groups causes the free energy of the core to in-
crease. As a result, the minimum of the total free en-
ergy generally corresponds to nonspherical shapes of
the core that allow better segregation of the dissim-
ilar groups. For amphiphilic copolymers with func-
tional groups distributed over the chain, the core typ-
ically approaches an elongated cylindrical shape as
the chain length or repulsive interaction between the
groups increases [166, 167]. A better understanding
of the influence of the solvent quality on the acces-
sibility of the functional groups can be obtained by
performing either Monte Carlo or molecular dynam-
ics simulations of the intramolecular self-assembly.

4.5.3. Influence of amphiphile concentration on

particle size
Figure 4.2 shows the influence of the amphiphile
concentration c0 on the measured hydrodynamic
particle diameter dh after the phase transfer from
ethanol to toluene. In the experiment, 5 vol% of
EtOH/YAG:Ce nanodispersion was added to 2mL
of toluene with various concentrations of dissolved
copolymer at 100◦C. The values of dh clearly de-
crease with increasing copolymer concentration and
initially appear to follow a linear trend when plotted
on logarithmic scales. In order to understand the be-
havior, we are interested to compare the experimen-
tal data with the proposed theory on the kinetics of
stabilization presented earlier. Recalling from Equa-
tions 4.17 and 4.18, the stabilization parameter and
the amphiphile concentration are related by:

τdc ∝ c−2
0 (4.31)

τkc ∝ c−1
0 (4.32)

Th parameter τ thus follows a power law relation
with the amphiphile concentration and the exponent
depends on the controlling mechanism of adsorp-
tion. A useful feature of power law relations is that
they form straight lines when plotted on logarith-
mic scales, with a slope equal to the exponent of the
power law. For DC and KC adsorption the slope is
thus equal to:

∆ ln(τdc)

∆ ln(c0)
=−2 (4.33)

∆ ln(τkc)

∆ ln(c0)
=−1 (4.34)

For MC adsorption, the slope converges on both sides
to these two limiting values and can be found by nu-
merical analysis of Equation 4.19. The difference in
slope between τdc and τkc is visualized in Figure 4.3.
The details on the computation of τwill be discussed
later in this section. The measured values of dh on
logarithmic scales were analyzed by a linear regres-
sion model, which showed a good correlation (R2 >
0.94) with the data for all copolymers. This leads to
the belief that τ and dh are indeed related and that the
controlling mechanism for adsorption can be iden-
tified by comparing their slopes. It would thus be
useful to find a direct relationship between dh and
τ. Intuitively, it might seem reasonable τ and dh are
directly proportional. However, the relationship be-
tween τ and the particle size is not entirely straight-
forward. The reason for this is that the kinetics of sta-
bilization is dynamic: the value of τ decreases while
the NPs are agglomerating, which effectively impedes
further agglomeration. Let us assume that at a suffi-
ciently high amphiphile concentration, the stabiliza-
tion is effective and dh is close to the size before the
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Figure 4.2: Average hydrodynamic diameter of the YAG:Ce parti-
cles after phase transfer to toluene versus the concentration of am-
phiphilic copolymer A (blue), B (orange) or C (green). The dotted
line represents the average particle size in EtOH before the phase
transfer.

Figure 4.3: Dimensionless stabilization time parameter plotted
against the amphiphile concentration for DC (blue), KC (orange)
and MC (green) adsorption of copolymers A, B and C with ka = 1
and ka = 10. The dotted line represents the value of τ = 1, where
the characteristic agglomeration and adsorption times are equal.

phase transfer. If the amphiphile concentration is
now reduced, the particles have a greater chance to
collide and agglomerate before they are fully covered
with amphiphiles—represented by an increase in τ.
The concentration-dependence of τ is stronger for
DC adsorption than for KC adsorption, as was shown
in Equations 4.33 and 4.34. Regardless of the control-
ling mechanism, however, τ is directly proportional
to the particle concentration N0. While the particles
are agglomerating, the reduction in N0 thus gradu-
ally reduces τ—compensating for the initially higher
value of τ due to lowering the amphiphile concentra-
tion. In other words, at a certain state of agglomera-
tion, the kinetics of the stabilization process proceeds
as if the amphiphile concentration were not reduced.
By equating both effects on τ, we can estimate the av-
erage increase in particle size that corresponds with a
certain reduction in amphiphile concentration. The
number of primary particles in an agglomerate and
its size are related by a power law relation [170]:

Np = k

(
Rg

a

)Df

(4.35)

where Np is the number of primary particles in the
agglomerate, k is the scaling pre-factor, Rg is the ra-
dius of gyration of the agglomerate, a is the radius of
the primary particles and Df is the mass fractal di-
mension. The fractal dimension quantitatively de-
scribes the morphology of agglomerates and can take
on values between 1 and 3 for chain-like to compact
agglomerates [171]. Monte-Carlo simulations have
shown that the value of Df depends on the primary
particle size and the interparticle interaction energy
[170]. The fractal dimension increases when the in-
terparticle interaction energy is low, allowing the par-
ticles to form more compact structures. The inter-
action energy is represented by the Hamaker con-
stant and depends mainly on the contrast in dielec-

tric properties between the particles and the sur-
rounding medium [37, 39]. As a result, the interac-
tion energy between metal oxides particles is typi-
cally lower in nonpolar liquids. The fractal dimen-
sion of the YAG:Ce NPs in toluene is thus expected
to be relatively high. Df has also been shown to de-
crease with broadening of the primary particle size
distribution [172]. Using transmission electron mi-
croscope images, Kanniah et al. found that agglomer-
ates of TiO2 and CeO2 nanoparticles in ethanol with
various average primary particle sizes have Df values
between 1.65–1.82 and 1.62–1.74, respectively [173].
For diffusion-limited agglomeration (i.e., most parti-
cle collisions result in adhesion), agglomerates typi-
cally have a porous structure with Df values around
1.75–1.8 [173]. Recognizing that the average num-
ber of primary particles in the agglomerates Np is in-
versely proportional to the total number of isolated
particles in the fluid N0, it follows that:

N0 ∝ R−Df
g (4.36)

Since τ is directly proportional to N0, the increasing
agglomerate size and its reducing effect on τ are re-
lated by:

dh ∝ τ−1/Df (4.37)

The relationship between dh and c0 is found by
equating their opposing effects on τ. Inserting the in-
verse of Equations 4.31 and 4.32 into Equation 4.37,
we find the following relationships depending on the
controlling mechanism of adsorption:

dh ∝
[(

c−2
0

)−1
]−1/Df ∝ c−2/Df

0 for DC (4.38)

dh ∝
[(

c−1
0

)−1
]−1/Df ∝ c−1/Df

0 for KC (4.39)

The exponents correspond to the slopes of straight
lines if dh is plotted against c0 on logarithmic scales.
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The slope of dh versus c0 is thus simply approximated
by the slope of τ divided by the fractal dimension:

∆ ln(dh)

∆ ln(c0)
= 1

Df

∆ ln(τ)

∆ ln(c0)
(4.40)

Assuming that Df is approximately equal to 1.8, the
predicted slopes are equal to:

∆ ln(dh)

∆ ln(c0)
=− 2

Df
≈−1.11 for DC (4.41)

∆ ln(dh)

∆ ln(c0)
=− 1

Df
≈−0.56 for KC (4.42)

Table 4.2 lists the slopes of the regression lines plotted
in Figure 4.2, which have been fitted to the measured
values of dh for copolymer concentrations between
1 and 10 gL−1. The slopes can be compared to the
estimated range of exponents to identify the control-
ling mechanism of adsorption. In the studied system,
the slopes of the regression lines are close to the es-
timated KC adsorption limit. This indicates that the
adsorption process is severely limited by kinetic ef-
fects during the binding step. Apparently, the proba-
bility of adsorption of the copolymers upon collision
with a NP surface in toluene is low.

Copolymer ∆ ln(dh)
∆ ln(c0) R2

A -0.57 0.979
B -0.56 0.983
C -0.57 0.942

Table 4.2: Slope and coefficient of determination of the regression
lines of the measured hydrodynamic diameters versus the copoly-
mer concentration on logarithmic scales.

For copolymer concentrations higher than 10
gL−1, the observed slopes flatten and the goodness
of fit of the regression line decreases. It is well known
that the controlling mechanism of adsorption shifts
towards KC adsorption with increasing concentration
[174]. One would thus expect the slope for all copoly-
mers to shift towards the KC limit until the initial par-
ticle size is obtained. In reality, increasing the con-
centration becomes progressively less effective, un-
til the particle size is no longer significantly affected
and at some point even starts to increase. The bene-
ficial effect of increasing the amphiphile concentra-
tion is thus limited to a certain functional concen-
tration range. This effect can be explained by the
appearance of intermolecular interactions between
the copolymer molecules as their coils start to over-
lap. Expanded polymer molecules in solution start
to contract as the concentration increases due to the
overlapping of neighboring coils. The coils approach
their ideal dimensions at volume fractions as low as
0.05–0.20 [175]. Not surprisingly, the overlapping of
coils already starts to occur at even lower volume

fractions. Based on an estimation of the molar vol-
ume of the studied copolymers, a concentration of
20 gL−1 roughly corresponds to a volume fraction of
0.02. Overlapping of coils is thus likely to occur in the
studied concentration range. Presumably, this results
in intermolecular structures that hamper the mobil-
ity of the individual molecules and reduce the acces-
sibility of the MPEOMA groups to the NP surface.

Overall, there appears to be little difference in the
behavior of the three copolymers. If anything, there is
a slight variation in their slope over the studied con-
centration range. The slope at low concentrations
initially appears to be slightly steeper for the copoly-
mers with higher MPEOMA fractions. This might in-
dicate that there is a slight increase in the adsorption
rate constant ka with increasing MPEOMA fraction.
It is conceivable that the presence of more MPEOMA
groups in the copolymers increases the probability
of binding upon collision with a NP surface. This
is represented by a higher ka, which reduces the
kinetic limitations and slightly steepens the slope.
This theory is further supported by the fact that at
high copolymer concentrations, the slope flattens
more rapidly for copolymers with larger MPEOMA
fractions. It is energetically favorable for the hy-
drophilic MPEOMA groups on neighboring copoly-
mer molecules to stick together as their coils start to
overlap. It is therefore likely that the intermolecular
interactions are stronger for copolymers containing
more MPEOMA groups, causing less effective stabi-
lization as the concentration increases.

In order to estimate ka of the copolymers, we
need to relate the measured slope of dh to the slope of
τmc as a function of ka. The slope of τmc on logarith-
mic scales is computed by numerical analysis using:

∆ ln(τmc)

∆ ln(c0)
=

ln
(
τmc,(c0+∆c0)

τmc,c0

)
ln

(
c0+∆c0

c0

) (4.43)

Recalling from Equation 4.40 that the slopes of τ and
dh are related through the fractal dimension, the pre-
dicted slope of dh is then approximated by:

∆ ln(dh)

∆ ln(c0)
= 1

Df

ln
(
τmc,(c0+∆c0)

τmc,c0

)
ln

(
c0+∆c0

c0

) (4.44)

Figure 4.4 shows the predicted values of the slope of
dh as a function of the adsorption rate constant ka for
the range of copolymer concentrations that was fit-
ted by the linear regression. As expected, the control-
ling mechanism of adsorption gradually shifts from
KC to DC with increasing ka. By comparing the exper-
imentally obtained slopes to the slopes predicted by
numerical analysis, it is possible to obtain an order-
of-magnitude estimate of the ka values in the stud-
ied system. The dotted line in Figure 4.4 represents
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Figure 4.4: Estimated slope of ln
(
dh

)
as a function of ln(c0) for MC

adsorption computed by Equation 4.44 plotted against the adsorp-
tion rate constant ka for amphiphilic copolymer A (blue), B (or-
ange) or C (green) with c0 = 1 and 10 gL−1. The parameters used
in the simulation are Df = 1.8, T=100◦C and φEtOH=5 vol%.

Figure 4.5: Average hydrodynamic diameter of the YAG:Ce particles
after phase transfer to toluene versus the reciprocal temperature
of the nonpolar phase with amphiphilic copolymer A (blue), B (or-
ange) or C (green). The dotted line represents the average particle
size in EtOH before the phase transfer.

a slope of −0.57. For all copolymers, the values of ka

are estimated to be close to 100 − 101 m3 mol−1 s−1.
It should be stressed that this estimation method de-
pends strongly on the fitting of the experimental data
as well as on the fractal dimension, which has not
been determined experimentally for the studied sys-
tem. Therefore, the estimates of ka should be con-
sidered as no more than an educated guess. The nu-
merical results predict that the value of ka increases
linearly with c0 when the slope is constant. How-
ever, by definition, ka should not depend on c0 in the
absence of any intermolecular interactions. Instead,
the concentration affects the controlling mechanism
of adsorption and thereby the slope of the regression
line. Since increasing c0 gradually shifts the control-
ling mechanism towards KC adsorption, the slope of
the regression line should in fact flatten with increas-
ing c0. As a result, the slope at a copolymer concen-
tration of 10 gL−1 should be less steep than the slope
at 1 gL−1—even without the effect of coil overlap-
ping. By taking this difference in slope into account,
the estimated values of ka at different concentrations
become closer to the middle of the estimation range.
Therefore, more accurate estimates of ka could be ob-
tained by considering the shift in controlling mech-
anism with concentration. This requires the experi-
mentally obtained slope to be accurately determined
in a narrow concentration range.

Figure 4.3 shows the computed parameters τdc,
τkc and τmc for the copolymers as a function of the
copolymer concentration. The dimensions of the
copolymer molecules in solution were scaled to the
experimentally obtained size of similar amphiphilic
copolymers by Stelzig et al. [127]. The scaling takes
into account the proportionality relations for the
molecular weight and the solvent quality, as given by
Equation 4.30. Interestingly, there is not much dif-

ference between the values of τdc computed for the
different copolymers. Although the copolymers dif-
fer in molecular weight and thus in dimensions, the
effect of molecular size is largely compensated by the
difference in molar concentration. The model pre-
dicts that the point τdc = 1, at which DC adsorption
becomes faster than agglomeration, is reached at a
concentration around 0.4 gL−1. If the system were
governed by DC adsorption, successful stabilization
of the NPs would be expected not far from this con-
centration. Nevertheless, none of the studied copoly-
mers was able to preserve the initial NP size dur-
ing the phase transfer process over the entire stud-
ied concentration range. Clearly, the behavior of this
system is not well described by DC adsorption kinet-
ics. This observation is consistent with the observed
slopes of the regression lines, which implied that the
adsorption is limited by kinetic effects. That is to say,
the adsorption rate constants ka for this system are
simply too low to fully prevent agglomeration of the
NPs within the functional concentration range.

In order to illustrate the limitations of kinetic ef-
fects, the computed parameters τkc and τmc are also
plotted in Figure 4.3 using ka values in the estimated
range of ka = 1 to ka = 10 for all three copolymers. Al-
though the kinetic constants only serve as rough es-
timates, some interesting characteristics can be dis-
cerned from the simulation results. It is evident that
increasing the value of ka reduces the kinetic limita-
tions and thereby decreases τkc. Since the adsorp-
tion process is close to the KC limit, the values of
τmc and τkc are nearly identical. The estimated range
of ka values seem to describe the observed behavior
reasonably well, indicating a value of τ = 1 around
the higher end of the studied concentration range.
Moreover, it should be noted that the slope of τdc is
twice as steep. While a DC process would reach the
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point of ten times faster adsorption than agglomer-
ation around 1 gL−1, this point is never reached for
KC adsorption over the entire studied concentration
range.

The kinetics of stabilization is always limited by
the slowest step in the adsorption process. Even
when the binding step occurs infinitely fast, the rate
of adsorption can never be faster than the rate of
diffusion of the copolymer molecules to the surface.
Therefore, as ka increases and τkc approaches τdc, the
controlling mechanism of adsorption shifts towards
DC adsorption, as evidenced by the changing slope of
τmc. When the concentration is increased, the nega-
tive slope of τmc decreases until it approaches the KC
adsorption limit. The concentration at which the the
change in slope starts to occur depends on the value
of ka; the change in slope is more pronounced when
τkc is close to τdc. In order to successfully stabilize the
NPs during the phase transfer, the ka value of the sys-
tem needs to be improved. Both the temperature and
the composition of the solvent were found to play a
key role in the kinetic effects.

4.5.4. Influence of temperature on particle size
The temperature at which the phase transfer takes
place influences the stabilization kinetics in multi-
ple ways. It directly affects Brownian motion—both
of the NPs and the copolymer molecules—through
the diffusion constant. Increasing the temperature
also lowers the dynamic viscosity of the fluid, which
in turn further enhances diffusion. However, if the
agglomeration and adsorption process are both gov-
erned by diffusion, the temperature would affect
both processes more or less equally. In practice, ele-
vating the temperature was found to significantly in-
crease the efficiency of stabilization, as shown in Fig-
ure 4.5. It should be noted that the values of dh in
this figure are plotted against reciprocal temperature.
In the experiment, 5 vol% of EtOH/YAG:Ce nanodis-
persion was added to a toluene phase containing 20
gL−1 of dissolved copolymer at various temperatures.
Clearly, the adsorption process is limited by kinetic
effects, which are directly influenced by the temper-
ature. The value of ka is related to the temperature
via an empirical relationship known as the Arrhenius
equation:

ka = Ae−
Ea
RT (4.45)

where A is the pre-exponential factor related to the
number of the collisions, R is the gas constant, T
is the temperature and Ea is the activation energy.
The activation energy represents the energy barrier
to adsorption, which can be imposed by chemical,
physical and structural interactions [176]. Since the
adsorption of nonionic binding groups does not in-
volve an energy barrier due to a chemical reaction

or electrostatic repulsion, Ea is the minimum energy
required for overcoming any steric effects in order
to adsorb. The factor e−EA/(RT ) varies between zero
and unity and describes the proportion of all colli-
sions having sufficient energy to overcome the energy
barrier—or the probability of adsorption upon colli-
sion, if you will. As the temperature increases, the
amphiphiles posses more kinetic energy to overcome
the adsorption barrier and the value of ka increases
exponentially.

The values of Ea and A are typically determined
by plotting the natural logarithm of ka versus recip-
rocal temperature, after values of ka at different tem-
peratures have been obtained experimentally. This
is convenient because exponential functions form
straight lines on a semi-log plot with a logarithmic
scale on the y-axis and a linear scale on the x-axis.
Taking the natural logarithm of Equation 4.45, we ob-
tain:

ln(ka) =−Ea

R

(
1

T

)
+ ln(A) (4.46)

where −Ea/R is simply the slope of a straight line
when ln(ka) is plotted against reciprocal tempera-
ture. In other words, the slope is determined by:

∆ ln(ka)

∆
(
T −1

) =−Ea

R
(4.47)

Even without experimental data on ka, however, it
is still possible to obtain estimates of Ea from the
measured values of dh. It follows from Equation 4.46
that the temperature-dependence of ka depends on
Ea: the higher the value of Ea, the steeper the slope.
This temperature-dependence can be used to esti-
mate the Ea values of the copolymers. Let us first as-
sume that Ea does not depend on the temperature.
In Section 4.5.3 it was concluded that the adsorp-
tion rate of all three copolymers in toluene is mainly
governed by kinetic effects—even at temperatures as
high as 100◦C. Combining Equations 4.18 and 4.45,
we find that τkc is related to T by:

τkc ∝ T k−1
a ∝ T A−1e

Ea
RT (4.48)

Since T occurs in the exponent, the influence of T on
τkc is in most practical cases dominated by the ex-
ponential term. Similar to Equation 4.47, the slope
of ln(τkc) plotted against T −1 between two tempera-
tures T and T +∆T is determined by:

∆ ln(τkc)

∆
(
T −1

) =
ln

(
τkc,T+∆T
τkc,T

)
1

T+∆T − 1
T

=
ln

( T+∆T
T

)− Ea∆T
RT (T+∆T )

1
T+∆T − 1

T
(4.49)

By computing the slope on a semi-log plot, the pre-
exponential factor A is factored out of the equation
and the slope of τkc is only a function of the tem-
perature and the activation energy. If we can now
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find a relationship between τkc and dh, the slope
of the measured dh values can be directly related
to Ea for the given system. We know that lowering
the temperature increases τkc and causes the parti-
cles to agglomerate. The process of agglomeration—
associated with a declining particle concentration
N0—in turn benefits the stabilization kinetics by de-
creasing τkc. The relation between T and dh can be
found by equating their opposing effect on τkc. Re-
calling the proposed effect of dh on τ from Equation
4.37 and inserting the opposing effect of T on τkc

gives:

dh ∝ [
(τkc)−1]−1/Df ∝ τ

1/Df
kc (4.50)

The slope of ln(dh) plotted against T −1 can thus sim-
ply be estimated by:

∆ ln(dh)

∆
(
T −1

) =
∆ ln

(
τ

1/Df
kc

)
∆

(
T −1

) = 1

Df

∆ ln(τkc)

∆
(
T −1

) (4.51)

The experimentally obtained slopes of dh plotted
against T −1 on a semi-logarithmic scale are listed
in Table 4.3. Equating the experimentally obtained
slopes to Equation 4.51 and solving numerically for
Ea yields the estimated values of the activation ener-
gies, which are listed in the same table. The lower and
upper bounds of Ea correspond to the numerical re-
sults for T = 293K and T = 373K, respectively.

Copolymer ∆ ln(dh)
∆(T −1) R2 Estimated Ea(

kJmol−1
)

A 1629.1 0.988 28.2−28.8
B 1222.5 0.978 21.7−22.4
C 1082.4 0.959 19.5−20.2

Table 4.3: Slope and coefficient of determination of the regression
lines of the measured hydrodynamic diameters versus the recipro-
cal temperature on a semi-logarithmic scale. The activation energy
Ea is estimated from the slope using Equation 4.51.

The slight difference between the upper and lower
bounds of Ea originates from a predicted decrease
of the slope with increasing temperature. While the
slope of ln(ka) versus T −1 is constant, the additional
term T in Equation 4.48 introduces a slight linear de-
crease of the slope. More precise estimates of Ea can
therefore be obtained by accurately determining the
slope between small temperature increments.

Some interesting conclusions can be drawn from
the estimated activation energies. Although the acti-
vation energies are significant, they appear to corre-
spond with those typically associated with physisorp-
tion [177]. This means that the MPEOMA groups
indeed most likely bind to the hydroxylated parti-
cle surfaces through noncovalent interactions. More-
over, the Ea values clearly decrease with increasing
MPEOMA fraction. This observation gives a valuable

insight on the nature of the energy barrier to adsorp-
tion. Since the studied copolymers are nonionic and
adsorption does not require any covalent bonds to
be broken, it is suggested that Ea is mainly related
to steric shielding of the MPEOMA binding groups.
The steric shielding is a result of the way amphiphilic
copolymer chains fold in solution. The positions that
the subunits assume inside the coil depends on their
interaction with the solvent, as well as on the frac-
tion, distribution and incompatibility of the chem-
ically distinct subunits [166–168]. If the interaction
of the hydrophilic MPEOMA groups with the solvent
and the EHMA groups is poor, they concentrate in
clusters, surrounded by an envelope of hydrophobic
EHMA moieties that shield them from the solvent—
and from a nearby NP surface. The steric shielding
of the binding groups poses a structural barrier to the
adsorption process. Chiad et al. [73] found that even
moderate steric shielding of hydrogen-bonding PEO
groups leads to a dramatic decrease in interaction
with a NP surface. This means that the interaction of
the copolymers with the NP surface is directly influ-
enced by the affinity of the subunits groups with the
solvent. Since the nonpolar EHMA groups have more
affinity with toluene than the hydrophilic MPEOMA
groups, a shell of EHMA groups sterically shields the
binding groups from the adsorption sites on the NP
surface. It is easy to imagine that increasing the
MPEOMA to EHMA ratio allows more binding groups
to assume positions close to the outer shell, thereby
reducing the effect of steric shielding. As a result,
copolymer molecules with higher MPEOMA fractions
are expected to have lower activation energies.

In the derivation presented above, it was as-
sumed that Ea is independent of the temperature.
However, the temperature affects the conformation
of the copolymers through the interaction parame-
ter χ, as was shown in Equation 4.22. It is impor-
tant to note that increasing the temperature simul-
taneously influences all intramolecular interactions,
as well as the interactions of the subunits with the
solvent. In fact, the Hansen solubility parameters
themselves are also temperature-dependent quanti-
ties. Their temperature-dependence varies for dif-
ferent substances and is related to the coefficient
of thermal expansion [178]. Changing the tempera-
ture thus causes the conformation of the copolymer
molecules to change in a rather complex manner.
Overall, it is likely that increasing the temperature
benefits the compatibility between the distinct sub-
units and between the subunits and the solvent. This
results in less steric shielding of the binding groups
as the temperature increases, ans thus a decrease in
the activation energy. The decreasing value of Ea re-
sults in an overestimation of the effect of the temper-
ature on ka and thus in overestimated values of Ea.
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While the influence of the temperature on all the rel-
evant interaction parameters χ in the system can be
estimated, the exact relation between these χ param-
eters and Ea is unknown. Nonetheless, as the effect of
increasing temperature is present for all copolymers
in the experiment, the observed relative difference in
activation energy is still expected to hold.

A more detailed understanding of the adsorption
process of the copolymers can be obtained by ana-
lyzing the thermodynamic profile of the interactions.
In order for the amphiphiles to spontaneously adsorb
onto the NP surface, the change in the Gibbs free en-
ergy ∆G has to be negative. The free energy change is
a function of the change in enthalpy and entropy, as
described by the Gibbs-Helmholtz equation:

∆G =∆H −T∆S (4.52)

The change in enthalpy ∆H is related to the strength
of the noncovalent interactions of the amphiphiles
with the surface compared to the those with the sol-
vent. The entropy term ∆S reflects the changes in
the solvation entropy and the conformational en-
tropy of the amphiphiles. Chiad et al. [73] deter-
mined the thermodynamic profile of the interaction
of several amphiphilic statistical copolymers as well
as their monomers with the surface of SiO2 NPs using
isothermal titration calorimetry (ITC). The PEHMA-
stat-PPEOMA copolymers that were studied by the
authors are nearly identical to the copolymers used
in this study (cf. PEHMA-stat-PMPEOMA) and are
thus expected to behave in a similar fashion. The
authors found that PEOMA monomers and PEHMA-
stat-PPEOMA copolymers both showed a dominant
negative ∆H , indicating that the adsorption process
is exothermic and governed by physisorption. The
energetic gain due to the interaction with the surface
is balanced by an entropic loss as the molecules bind
to the surface. In both cases ∆S was found to be neg-
ative, caused by a loss in translational and conforma-
tional freedom of the adsorbed molecules. However,
in the case of the amphiphilic copolymers the nega-
tive ∆S is almost completely compensated, resulting
in a much higher adsorption strength. This means
that high molecular weight amphiphilic copolymers
bear a large entropic advantage over low molecular
weight amphiphiles. Still, as a result of the entrop-
ically unfavorable interaction, ∆G increases with an
increase in temperature—ultimately leading to the
point at which adsorption is unfavorable [179]. The
beneficial effect of increasing the temperature on
the adsorption kinetics is thus restricted to a func-
tional temperature range. This range is larger for
high molecular weight amphiphiles, which have a
less pronounced negative entropy. Still, the benefi-
cial effect of increasing the temperature is limited to
the boiling point of the substances involved—in this

case toluene which has a boiling point around 110◦C.
Even while heating the toluene phase up to 100◦C

increases the ka value of the system, the effect is not
enough to prevent agglomeration of the nanoparti-
cles. In order to increase ka even more and push the
adsorption kinetics towards a DC process, the acti-
vation energy needs to be reduced. Earlier in this
section it was proposed that Ea is related to steric
shielding of the MPEOMA binding groups, caused by
the unfavorable interactions with both the solvent
and their EHMA counterparts. This suggests that Ea

can be reduced by adjusting the solvent composi-
tion in a way that increases the solvent quality for the
MPEOMA groups.

4.5.5. Influence of solvent composition on particle

size
In order to increase the solvent quality for the po-
lar MPEOMA groups and possibly reduce the effect
of steric shielding, the polarity of the solvent was in-
creased by the addition of ethanol. In the experi-
ment, 5 vol% of the EtOH/YAG:Ce nanodispersion
was added to solvent mixtures of toluene with differ-
ent volume fractions of EtOH, all containing a fixed
amphiphile concentration of 20 gL−1 and heated to a
temperature of 80◦C. Figure 4.6 shows that the mea-
sured hydrodynamic diameter decreases rapidly as
the volume fraction of EtOH of in the solvent system
increases from 5 to 20 vol%, after which the particle
size remains more or less constant.

It is suggested that the observed decreasing trend
results from a conformational change of the copoly-
mer molecules related to the composition of the sol-
vent mixture. In general, two distinct conforma-
tional changes are likely to play a role in the adsorp-
tion kinetics: swelling of the macromolecules and in-
tramolecular self-assembly. The size of the macro-
molecules in solution mainly affects the kinetics of
DC adsorption, as was shown in Equation 4.17. In-
tramolecular self-assembly results from the segrega-
tion of chemically different subunits and affects the
energy barrier to adsorption, which is important for
KC adsorption. The influence of the solvent com-
position on both conformational changes can be de-
scribed in terms of the interaction parameter χ with
the solvent.

Figure 4.7 shows the values of χ computed us-
ing Equation 4.22 for the copolymers as well as for
the MPEOMA functional groups as a function of the
volume fraction of EtOH in the solvent mixture at
80◦C. In a nonpolar medium such as toluene, it is
energetically favorable for the polar MPEOMA moi-
eties to minimize their interaction with the solvent.
This is supported by the relatively large value of χ for
MPEOMA groups in pure toluene, as shown in Figure
4.7. Not surprisingly, copolymer A—containing the
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Figure 4.6: Average hydrodynamic diameter of the YAG:Ce parti-
cles after the phase tranfer to toluene versus the volume fraction of
EtOH in the nonpolar phase with amphiphilic copolymer A (blue),
B (orange) or C (green). The dotted line represents the average par-
ticle size in EtOH before the phase transfer.

Figure 4.7: Interaction parameters between the solvent and
copolymer A (blue), B (orange), C (green) and the MPEOMA
monomer (purple) versus the volume fraction of EtOH in the non-
polar phase.

lowest fraction of MPEOMA units—has a higher affin-
ity with the solvent in pure toluene than copolymer B
and C. This trend is gradually reversed by increasing
the EtOH fraction, which increases the polarity of the
solvent mixture.

The degree of swelling of polymers in solution
is related to the affinity of the macromolecules with
the solvent, as was shown in Equation 4.30. The
ideal solvent composition for all three copolymers
lies in the region around approximately 5–10 vol%
EtOH. Maximum swelling of the macromolecules is
thus expected in this range. If the adsorption kinetics
were governed by diffusion, the most efficient trans-
fer of NPs would be observed around the ideal sol-
vent compositions. On the contrary, agglomeration
is mainly observed at EtOH volume fractions lower
than 20 vol%. Clearly, the degree of swelling of the
copolymer coils is not an important parameter for the
adsorption kinetics in the system under considera-
tion. Consistent with earlier observations, this means
the adsorption kinetics in toluene is not controlled
by diffusion, but limited by kinetic effects. On the
other hand, the correlation between the interaction
parameter χ of the MPEOMA groups and dh is strik-
ing. Comparing Figure 4.6 and 4.7, both are observed
to decrease rapidly as the EtOH fraction is increased
until they reach a broad minimum. It thus seems that
the limiting kinetic effects (i.e., steric shielding of the
binding groups) are strongly influenced by the affin-
ity of the binding groups with the solvent.

Protic solvents such as EtOH have a pronounced
effect on the coil conformation of PEO-containing
polymers, because they can participate in hydrogen
bonding [180]. It is suggested that the formation of
hydrogen bonds with EtOH molecules in the solvent
mixture reduces the hydrophilic attraction between
the MPEOMA groups. As a result, the confinement

of MPEOMA groups to hydrophilic clusters inside the
coil becomes energetically less favorable as the EtOH
fraction increases. This allows more freedom for the
MPEOMA groups to assume positions in the enve-
lope of the coil, thereby increasing their accessibility
to binding sites on the NP surface. In other words,
improving the solvent quality for the binding groups
increases the kinetic rate constant ka by lowering the
activation energy for adsorption Ea. As was shown in
Section 4.5.3, an increase in ka significantly increases
the adsorption kinetics of KC processes. From Equa-
tion 4.22, we know that χ follows a power law rela-
tion centered around the solvent composition asso-
ciated with the smallest difference in Hansen solubil-
ity parameters. It is therefore suggested that the opti-
mal solvent composition for similar NP phase trans-
fer process is easily determined by minimizing the
difference between the solubility parameters of the
binding groups and the solvent mixture.

For solvent mixtures containing 30 vol% EtOH,
the NPs could be transferred without any noticeable
agglomeration by adjusting the amphiphile concen-
tration. The average particle size was observed to fur-
ther decrease from ∼90 nm to ∼70 nm by decreas-
ing c0 from 20 gL−1 to 1 gL−1. As was suggested
section 4.5.3, this effect might be attributed to inter-
molecular interactions arising from the overlapping
of coils as the concentration increases. The fact that
such intermolecular interactions are present at lower
copolymer concentrations for solvent mixtures con-
taining higher EtOH fractions agrees with the pro-
posed theoretical explanation on intermolecular self-
assembly of the macromolecules. Due to the interac-
tion with EtOH molecules, the MPEOMA groups be-
come free to assume positions in the outer shell of
the coils. At the same time, this increases their in-
teraction with MPEOMA groups on neighboring coils
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once they start to overlap. It is therefore expected that
the effect intermolecular interactions is more pro-
nounced at lower copolymer concentrations when
the EtOH fraction is high. Successful transfer of NPs
without any increase in particle size was observed
for c0 as low as 0.5 gL−1, below which rapid agglom-
eration was observed. The minimum concentration
is close to the predicted concentration of 1 gL−1 for
τdc = 1 with φEtOH = 30 vol%. Note that this concen-
tration is slightly higher than the predicted concen-
tration for τdc = 1 in Figure 4.2, because the contrac-
tion of the copolymer chains at high EtOH fractions
negatively affects the kinetics of DC adsorption. The
close agreement with the model for DC adsorption
supports the theory that increasing the solvent qual-
ity for the binding groups increases the kinetic rate
constant ka and thereby shifts the controlling mech-
anism for adsorption from KC to DC.

4.5.6. Fabrication of nanocomposite thin films
In order to study the dispersion and stability of the
particles in a polymer matrix, nanocomposite thin
films were prepared by spin coating. After phase
transfer of the particles using copolymer concen-
trations of 20 gL−1, the toluene/YAG:Ce nanodis-
persions were mixed with various transparent poly-
mers dissolved in toluene. Solutions containing 10
wt% polymer were spin coated on 25 mm2 micro-
scope slides to form polymer nanocomposite films
with a thickness of 1 − 2 µm. The nanocomposite
films were imaged by scanning electron microscopy
(SEM) to analyze the size and distribution of the
particles. The three different polymers were tested
for the preparation of nanocomposite films: cyclic
olefin copolymer (COC, also known by the brand
name TOPAS), poly(methyl methacrylate) (PMMA)
and poly(2-ethylhexyl methacrylate) (PEHMA).

TOPAS is a highly transparent amorphous
polymer produced by copolymerization of cyclic
monomers such as norbornene with ethylene. Due to
is excellent optical properties and high glass transi-
tion temperature it is often used for the fabrication of
optical components. Mixing of the toluene/YAG:Ce
nanodispersion with polymer solutions of TOPAS
resulted in phase separated liquids, as is shown in
Figure 4.8a. Evidently, the chemical compatibility
between TOPAS and the PEHMA-stat-PMPEOMA
copolymers is too low to obtain a homogeneous so-
lution.

The amphiphilic copolymers were expected to be
more compatible with methacrylic polymers such as
PMMA—also known as acrylic glass due to its sim-
ilar refractive index and high optical transmittance.
Indeed, seemingly homogeneous solutions were ob-
tained after mixing the toluene/YAG:Ce nanodisper-
sions with PMMA, as shown in Figure 4.8b. How-

ever, spin coating of the solutions resulted in tur-
bid films with haze values up to 12% (see Figures
4.8d and 4.8e). White light interferometry measure-
ments revealed the PMMA nanocomposite films had
moonlike surfaces with craters up to 1 µm deep. The
Rq surface roughness was measured to be signifi-
cantly higher than reference films of pure PMMA.
The observations may be explained by the apparent
incompatibility between PEHMA and PMMA. While
PMMA is to some extent plasticized by the rubbery
PEHMA, the two phases are essentially immiscible
[181]. Both the high surface roughness and the pres-
ence of boundaries between the separate phases pro-
mote diffuse scattering of the incoming light, leading
to hazy films. The haze was observed to be lower in a
central area of the films, growing in size for copoly-
mers with higher MPEOMA fractions. In the cen-
ter, haze values of less than 2% were measured for
copolymers B and C. The lower haze in the center
suggests that the phase separation is to some extent
suppressed by a fast transition to the glassy state dur-
ing spin coating, comparable to a quenching pro-
cess. Moreover, growing of the low-haze region with
increasing MPEOMA fraction in the copolymer indi-
cates that the presence of MPEOMA favors the mis-
cibility between between the two phases. It should
be noted that the amphiphilic copolymer content in
the nanocomposites was quite high (∼13.3 wt%) and
significantly better results might be obtained when
lower concentrations are used.

Mixing the toluene/YAG:Ce nanodispersions with
PEHMA, which is identical to the nonpolar part of
the amphiphilic copolymers, resulted in homoge-
neous solutions (Figure 4.8c) and fully transparent
nanocomposite films (Figure 4.8f). The haze of all
three copolymer samples was measured to be well
below 1%, similar to spin coated reference samples of
both pure PEHMA and PEHMA with copolymer but
without NPs. It should be noted that the NP con-
centration in the measured films is low (∼0.1 wt%)
and higher haze values might be observed when the
particle content is increased. In all cases, the Rq
surface roughness was measured to be significantly
higher than those of reference samples. The inclu-
sion of particles thus appears to affect the morphol-
ogy of the thin films. Since the interferometer has
a sub-nanometer vertical resolution and is able to
distinguish features with lateral dimensions down to
200 nm, it is conceivable that the measured increase
in Rq results from particles protruding from the film.

The particles in the nanocomposite films are
clearly visible as bright spots in SEM images and
appeared to be homogeneously distributed in the
PEHMA matrices (Figures 4.9a, 4.9b and 4.9c). The
bright spots were not present in the reference sam-
ple consisting of pure PEHMA (Figure 4.9d). Energy-
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Figure 4.8: Toluene/YAG:Ce(A/B/C) nanodispersions mixed with 30 wt% solutions of (a) COC, (b) PMMA and (c) PEHMA in toluene.
(d) PMMA/YAG:Ce(A) film showing the typical clear center and a hazy corona. (d) PMMA/YAG:Ce(A) films appear turbid, while (e)
PEHMA/YAG:Ce(A) films are very clear.

dispersive X-ray spectroscopy (EDS) measurements
identified the presence of yttrium and aluminum in
the bright spots, thereby confirming that the visual-
ized spots are indeed YAG:Ce particles. The particles
appeared to be mainly rodlike in shape with dimen-
sions ranging from about 50 to 250 nm. No signifi-
cant difference in particle size was observed between
the three different copolymer samples. The dimen-
sions correspond well with the particle size distribu-
tions measured by DLS before mixing with the poly-
mer (Figure 4.10). We can therefore conclude that no
significant agglomeration occurred during the fabri-
cation of the nanocomposite films.

Surface treatment of the nanocomposite films
with oxygen plasma prior to SEM imaging was found
to facilitate the detection of the particles. This was es-
pecially true for EDS, which was unable to detect any
aluminum or yttrium content without prior surface
treatment. The oxygen plasma is able to break or-
ganic bonds and etches away a small layer of PEHMA
from the top of the film, leaving the particles ex-
posed. A part of the surface of the nanocomposites
with copolymer A, B and C was treated for 1, 2 and
3 minutes, respectively. As a result, the particles are

clearly more visible in the latter two films. Due to
the necessary centrifugation of the heavily agglomer-
ated YAG:Ce nanopowder, the NP content in the films
was too low (∼0.1 wt%) to measure any luminescence
output.

Wrinkling of the surface was observed in all
films, but was found to be more prominent in the
nanocomposites containing higher MPEOMA frac-
tions in the copolymer. The wrinkles appear to be
the result of the SEM analysis, as they worsen with
increasing exposure time and electron beam inten-
sity. Moreover, they were not observed in the inter-
ferometry measurements. Surface wrinkling usually
occurs in multilayer systems containing a rigid layer
on top of a soft elastic foundation and is related to
a strain mismatch between the layers [182]. Typi-
cally, the wrinkling is caused by buckling of the top
layer as a result of either stress relaxation, compres-
sion, cooling or solvent evaporation in the polymer
layer. However, surface wrinkling due to heating has
also been observed, for example for a bilayer of alu-
minum/polystyrene on a silicon substrate [183]. It is
therefore generally accepted that any force can cause
wrinkling of the surface, as long as it induces inter-
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(a) (b)

(c) (d)

Figure 4.9: SEM image of PEHMA/YAG:Ce nanocomposite films with (a) copolymer A, (b) copolymer B and (c) copolymer C and of (d) a
PEHMA reference film.

nal stresses that exceed a critical value [182]. In the
present study, a 6 nm rigid layer of Au/Pd was sput-
tered on top of the PEHMA film to make the sam-
ples conductive for SEM analysis. The wavelength of
the wrinkles depends on a variety of factors, includ-
ing the elastic modulus and Poisson’s ratio of both
layers the thickness of rigid layer. A wavelength of
several hundred nanometers to several micrometers,
which is observed in the PEHMA nanocomposites, is
a typical wavelength range for a metal coating on a
polymeric layer [184]. It is therefore suggested that
the highly focused electron beam of the SEM induces
stresses in the multilayer system, thermal or other-
wise, causing the Au/Pd film to buckle. The inclu-
sion of higher MPEOMA content in the nanocompos-
ite films—1.3, 2.7 and 3.7 wt% for copolymer A, B
and C, respectively—seemingly favors the strain mis-
match between the layers.

4.6. Conclusion
A key challenge in the fabrication of polymer
nanocomposite LSCs is to minimize the size of the
embedded luminescent nanoparticles in order to re-
duce scattering losses. However, the inherent in-
compatibility of inorganic nanoparticles with organic
media leads to agglomeration. Inorganic nanoparti-
cles can be transfered to organic media with the help
of nonionic amphiphilic copolymers, which bind
strongly to a wide variety of inorganic nanoparticles
and prevent agglomeration through steric stabiliza-
tion. In the phase transfer process, it is crucial that
the rate of amphiphile adsorption to the nanoparti-
cle surface is faster than the agglomeration rat of the
nanoparticles.

In this paper, the influence of the amphiphile
concentration, the temperature and the solvent com-
position on the success of stabilization was studied
both experimentally and theoretically. Increasing the
amphiphile concentration is beneficial to the adsorp-
tion kinetics, but is not sufficient to prevent agglom-
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Figure 4.10: Size distributions of YAG:Ce NPs in toluene stabilized by copolymers A (blue), B (red) and C (green) prior to mixing with
PEHMA.

eration if the adsorption process is limited by kinetic
effects. Kinetic effects due to steric shielding of the
binding groups can be eliminated by adding ethanol
to the nonpolar phase and increasing the tempera-
ture. By careful tuning of these three parameters, it
was found that agglomeration of the nanoparticles
can be fully suppressed. Without any prior knowl-
edge of the system, the following procedure is recom-
mended for the transfer of inorganic nanoparticles to
a nonpolar solvent: i) identify the amphiphile con-
centration that gives the best results in the nonpolar
solvent, ii) identify the optimal solvent composition
by adding varying volume fractions of ethanol to the
nonpolar solvent and iii) close to the boiling point of
the solvent mixture, identify the lowest concentration
required for stabilization.

The experimental procedure can be simplified by
theoretically estimating the optimal parameters in
advance. The optimal ethanol content can be pre-
dicted by matching the Hansen solubility parameters
of the polar binding group of the amphiphile with
those of the solvent mixture. In this optimal sol-
vent system, the kinetic effects due to steric shielding
of the binding groups is minimized. The minimum
amphiphile concentration can then be estimated by
computing the nanoparticle agglomeration rate and
the diffusion-controlled amphiphile adsorption rate.

Using this procedure, luminescent Y3Al5O12:Ce3+

nanoparticles were successfully incorporated into

poly(2-ethylhexyl methacrylate) (PEHMA) matrices
without any sign of agglomeration. Here, the chem-
ical structure of the amphiphilic copolymers plays
a crucial role. The copolymers should provide suf-
ficient interaction with the nanoparticles as well as
compatibility with the matrix polymer. The frac-
tion of polar binding groups in the amphiphilic
copolymers is not crucial as long as a sufficient
amount is present. For the PEHMA-stat-PMPEOMA
copolymers used in this study, a fraction of 5
mol% MPEOMA already provided sufficient interac-
tion with the particle surface. Compatibility with the
polymer matrix is ensured by matching the chemi-
cal structures of the matrix polymer and the nonpolar
part of the amphiphiloic copolymer. However, the in-
clusion of a small amount of compatible monomers
in their molecular structure favors the compatibil-
ity. In case the of the incompatible combination of
PEHMA-based copolymers with a PMMA matrix, a
fraction of 15 mol% MPEOMA in the copolymer al-
ready significantly reduces the incompatibility.

The procedure described in this article opens up
the possibility to integrate a wide variety of inorganic
luminescent nanoparticles into any type of organic
medium, including polymers. The simple, univer-
sal and scalable method allows for the fabrication
of transparent luminescent polymer nanocompos-
ites for application in luminescent solar concentra-
tors.



5
Theoretical Framework

This chapter serves to outline the framework for the theoretical model that was presented in Chapter 4 and
was used to describe the nanoparticle stabilization behavior. The inputs to this model include, among other
things, the amphiphile-solvent interaction parameter and the dimensions of the amphiphilic copolymer
chains in solution, which are discussed Section 5.1. The inputs to the model and the assumptions that were
made are outlined in Section 5.2, along with a brief overview of the implications of the model.

5.1. Amphiphile-solvent interaction
5.1.1. Solubility
The solubility of a polymer in a given solvent depends mainly on the chemical structure of both substances.
In general, solvents are able to dissolve polymers that have a similar chemical structure. The solubility is
closely related to the cohesive properties of the substances involved, which can be expressed in terms of their
solubility parameters. The Hildebrand solubility parameter of a substance is defined as the square root of the
cohesive energy divided by its molar volume [159]:

δ=
(

Ecoh

V

)1/2

(5.1)

The cohesive energy is a measure for the cohesive properties of a substance, and is defined as the increase
in internal energy per mole if all intermolecular interactions are removed. The affinity of a polymer with a
solvent—also referred to as the solvent quality—can be described in terms of the Flory Huggins interaction
parameter χ. For strictly nonpolar systems, χ can be approximated by [159]:

χ≈ 0.34+ VS

RT
(δP −δS)2 (5.2)

where VS is the molar volume of the solvent, R is the gas constant and δP and δS are the Hildebrand solubility
parameters of the polymer and the solvent. The lower the value of χ, the higher the compatibility between
the substances. The critical value of χ, below which no phase separation occurs, depends on the degree
of polymerization: typically polymers only dissolve for χ ≤ 0.5 and low molecular weight liquids are only
miscible for χ ≤ 2. The influence of χ on the swelling of polymer coils in solution is treated in Section 5.1.2.
In order to ensure high affinity between the polymer and the solvent, a small difference between δP and δS

is a necessary, but not sufficient requirement. In the derivation of Equation 4.20, it is assumed that no polar
and hydrogen bonding interactions are present between the substances involved. Even for combinations of
polymer and solvent for which δP ≈ δS, compatibility is only achieved when the polar and hydrogen bonding
interactions are approximately equal. For this reason, it is useful to decompose the Hildebrand solubility
parameter into three vector components known as the Hansen solubility parameters, which are associated
with three types of interaction forces [160]:

δ=
√
δ2

d +δ2
p +δ2

h (5.3)

where δd is the dispersion force component, δp is the polar component and δh is the hydrogen-bonding
component. The smaller the difference in solubility parameters, the higher the compatibility between two
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δ δd δd δd

Solvents
toluene 18.2 18.0 1.4 2.0
ethanol 26.5 15.8 8.8 19.4

PE-b-PEG
B575 17.9 16.7 0.6 6.6
B875 17.7 16.8 0.5 5.7
B920 18.6 17.0 0.7 7.4
B1400 18.4 17.1 0.6 6.9

PEHMA-stat-MPEOMA
A 18.0 16.9 0.0 6.3
B 18.2 17.0 0.0 6.6
C 18.4 17.1 0.0 7.0

Table 5.1: Hildebrand and Hansen solubility parameters (in MPa1/2) of the solvents and amphiphilic copolymers used in this study.

substances. The Hansen solubility parameter components of a wide range of solvents have been deter-
mined experimentally [160]. For substances with unknown solubility parameters, the components can be
estimated from the contributions of the structural groups to the total cohesive energy and molar volume of
the molecule. The fact that the solubility parameters can be predicted from the chemical structure is con-
sistent with the rule of thumb that the compatibility between substances is favored by chemical similarity.
Hoftyzer and Van Krevelen [159] developed a method that allows estimation the Hansen solubility param-
eters of polymers with an accuracy of 10%. Using this approach, the Hansen solubility parameters of the
PE-b-PEG and PEHMA-stat-PEOMA copolymers used in this thesis research have been estimated. The solu-
bility parameters of the amphiphilic copolymers as well as the solvents used in this study are listed in Table
5.1. The Hildebrand solubility parameter of a solvent mixtures can be determined by averaging the Hilde-
brand solubility parameters of the separate solvents by volume. In other words, the Hildebrand solubility
parameter of a mixture of solvents 1 and 2 is equal to:

δ12 =φ1δ1 +φ2δ2 (5.4)

where φ is the volume fraction of the solvent. To determine the Hansen solubility parameters, is it useful to
introduce the following fractional parameters [160]:

fd = δd

δd +δp +δh
(5.5)

fp = δp

δd +δp +δh
(5.6)

fh = δh

δd +δp +δh
(5.7)

The fractional parameters represent the contribution of the individual Hansen solubility parameters to the
total Hildebrand solubility parameter. The sum of the fractional parameters is always equal to 1. Similar to
the Hildebrand solubility parameter, the fractional parameters of a solvent mixture can be computed by:

fd12 =φ1 fd1 +φ2 fd2 (5.8)

fp12 =φ1 fp1 +φ2 fp2 (5.9)

fh12 =φ1 fh1 +φ2 fh2 (5.10)

By combining Equations 5.3–5.10, we find the following relations for the Hansen solubility parameters of a
solvent mixture:

δd12 =
fd12δp12 + fd12δh12

1− fd12

(5.11)
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δp12 =
fp12δd12 + fp12δh12

1− fp12

(5.12)

δh12 =
√
δ2

12 −δ2
d12

−δ2
p12

(5.13)

Since the three Hansen solubility parameters of the solvent mixture are the only unknowns, they can be com-
puted by numerically solving Equations 5.11–5.13.

Whether or not a polymer is soluble in a solvent can be predicted by computing the difference in Hansen
solubility parameters ∆δ between the copolymer and the solvent [159]:

∆δ= [
(δd,P −δd,S)2 + (δp,P −δp,S)2 + (δh,P −δh,S)2]1/2

(5.14)

where the subscripts P and S denote the polymer and the solvent. The Hansen solubility parameters can
be plotted in a three-dimensional solubility space—with δd, δp and δh on the axes–to obtain a graphical
representation of the solubility behavior. For good solubility, the value of ∆δ must be smaller than some
interaction radius R, which is specific to the type of polymer. It should be noted that the solubility parameter
is defined for polymers in the amorphous state at room temperature. For highly crystalline polymers, the
concept of the solubility parameter is only valid at temperatures higher than 90% of their melting point [159].

Lindvig et al. [161] proposed an extension to the Flory-Huggins model based on the Hansen solubility
parameters. According to the authors, the interaction parameter between a polymer and a solvent can be
estimated using:

χ=C
VS

RT

[
(δd,P −δd,S)2 + (δp,P −δp,S)2

4
+ (δh,P −δh,S)2

4

]
(5.15)

where the correction constant C has been fitted to experimental data. The optimum value of C was found to
be equal to 0.6 for several acrylate and acetate polymers in nonpolar and hydrogen bonding solvents [161].

5.1.2. Chain dimensions
Dilute polymer solutions
The simplest model used to describe the dimension of a polymer chain in solution is known as the ideal
chain model, which treats the position of the subunits as a random walk and neglects any type of interaction
between subunits. For real chains, however, the conformation is influenced by intrachain interactions. For
example, two segments of a polymer chain cannot simultaneously occupy the same position in space, thereby
leading to the generation of an excluded volume. The extent to which a polymer chain in solution expands
due to the excluded volume effect can be described by the expansion factor:

αR =
p

R2√
R2

0

(5.16)

where
p

R2 denotes the root-mean-square end-to-end distance of the chain and the subscript 0 refers to the
ideal or unperturbed chain dimension, which may be written in terms of the number of segments N and the
effective bond length a: √

R2
0 = N 1/2a (5.17)

An expression for the expansion factor of a single polymer chain in dilute solution was introduced by Flory in
1953 [163]:

α5 −α3 = 2CMψ (1−Θ/T ) M 1/2 (5.18)

whereψ is the entropy parameter,Θ is the theta temperature, T is the absolute temperature, M is the polymer
molecular weight and the parameter CM is given by [163]:

CM = (
27/25/2π3/2)(υ2/N 2

AV0

)(
R2

0 /M
)−3/2

(5.19)

Here υ is the polymer partial specific volume, NA is Avogadro’s constant and V0 is the molecular volume of the
solvent. Since R2

0 /M is a characteristic constant of the polymer, CM is independent of the molecular weight
[163]. The factor ψ (1−Θ/T ) represents the quality of the solvent and can also be expressed in terms of the
Flory-Huggins interaction parameter χ [163]:

ψ (1−Θ/T ) = 1

2
−χ (5.20)



56 5. Theoretical Framework

Some important qualitative characteristics of the expansion factor can already be deduced from Equation
5.21. In the fist place, improving the quality of the solvent leads to a greater expansion coefficient. It fol-
lows from Equation 5.20 that both reducing the polymer-solvent interaction parameter χ and increasing the
temperature T results in an expansion of the chain. The solvent is referred to as a good solvent for values
of χ < 0.5 and a poor solvent for values of χ > 0.5, while at χ = 0.5 the solvent is known as an ideal or theta
solvent. Equivalently, a temperature below or above Θ corresponds to a poor or good solvent. At T = Θ or
χ = 0.5, the solvent quality factor in Equation 5.18 becomes equal to 0 and α reduces to 1. In other words,
in an ideal solvent there is no excluded volume effect and the chain dimension is equal to that of ideal chain
described by the random walk model. Secondly, the expansion factor in Equation 5.18 increases slowly with
the molecular weight. Therefore, the size of a real chain in solution increases more rapidly with the molecular
weight than an ideal chain. In fact, the end-to-end distance of a polymer chain

p
R2 is proportional to N v ,

where v = 1/2 for and ideal chain and v ≈ 3/5 for an excluded volume chain in a good solvent [162].
Many different expansions of α2

R have been proposed to describe the behavior of α in the form of an
approximate closed expression. One expression that provides a fairly satisfactory description is known as the
modified Flory equation and is given by [164]:

α2
R = 1+1.33z +2.67z2 +9.78z3 (5.21)

with

z = (
4/33/2)CM

(
1

2
−χ

)
M 1/2 (5.22)

Because the series is very slowly convergent, the validity of Equation 5.21 is confined to small values of z or
equivalently, nearly ideal solvents. For large values of z, the asymptotic solution for α (i.e., high molecular
weight polymers in good solvents) is given by:

α5
R = (2π/3)1/2 z (5.23)

The expansion factor may also be described in terms of the root-mean-square radius of gyration
p

S2, which
has a direct relation to the solution properties:

αS =
p

S2√
S2

0

(5.24)

The relationship between the end-to-end distance and the radius of gyration depends on the value of z and
is given by [164]:

〈R2〉
〈S2〉 = 6

(
1+ 2

35
z − ...

)
(5.25)

For ideal chains with z = 0, the relation simplifies to:

〈R2〉 = 6〈S2〉 (5.26)

Due to the lack of experimental data available for the copolymers used in this study, an accurate estimation
of the expansion coefficient using Equations 5.21 or 5.23 is impossible. It is possible, however, to derive an
expression for the proportionality between, on the one hand, the coil dimension

p
R2 and, on the other hand,

the solvent quality (1/2−χ) and the molecular weight M . Taking the asymptotic solution for large values of z
given by Equation 5.23, the expansion factor is proportional to:

αR ∝
(

1

2
−χ

)1/5

M 1/10 (5.27)

Using Equations 5.16 and 5.17 and assuming furthermore that the number of segments in a chain is directly
proportional to its molecular weight, we find:

√
R2 ∝

(
1

2
−χ

)1/5

M 3/5 (5.28)



5.1. Amphiphile-solvent interaction 57

Semidilute polymer solutions
The theory presented in this section so far falls within the framework of the two-parameter theory, which
provides a useful description of the behavior of flexible-chain polymers of high molecular weight in dilute so-
lutions, where coils do not overlap. For concentrated polymer solutions and stiff chains, however, this theory
will break down. As the polymer concentration is increased, the coils start to overlap and the coil swelling
gradually diminishes due to the screening of the excluded volume effect. An expression for the asymptotic
result ofα for polymer chains in semidilute solutions in good solvents was proposed in the form of [185, 186]:

α2
R = 0.932

(
1

2
−χ

)1/4

φ−1/4 (5.29)

whereφ is the polymer volume fraction. It should be noted that as might be expected for semidilute solutions,
the effect of the solvent quality on the chain swelling is diminished. It follows from Equation 5.29 that the
end-to-end distance of the chain is now approximately proportional to:√

R2 ∝
(

1

2
−χ

)1/8

(5.30)

A polymer chain in the melt (i.e., φ = 1) behaves as an ideal chain. The explanation for this property of
polymers—known by the Flory theorem—is that in the melt the chain is densely surrounded by identical
segments, and therefore the interactions on the chain are equivalent in all directions. As the polymer con-
centration is increased from a dilute solution to a melt, the proportionality of the coil size

p
R2 thus gradually

changes from N 3/5 to N 1/2. For many polymer solutions, the chains reach the ideal coil dimensions at volume
fractions as low as 0.05–0.20, independent of the molecular weight [175]. Unsurprisingly, the overlapping of
coils thus occurs already at very low polymer concentrations. The coils start to overlap when the overall con-
centration of chain segments in the solution is equal to the concentration of the segments in the coil, known
as the overlap concentration c∗:

c∗ ∝ N

〈R〉3 ∝ N 1−3v (5.31)

It follows that in good solvents with v ≈ 3/5, the overlap concentration is proportional to N−4/5. The overlap
concentration can be estimated using [175]:

c∗ = 63/2Mw

8NA〈R〉3 (5.32)

where Mw is the weight-average molecular weight of the polymer. Due to the lack of experimental data for
the amphiphilic copolymers used in this study, it is not possible to estimate their overlap concentrations
directly. However, we can find reference expressions for the overlap concentrations of comparable polymers.
In fact, the molecular weight of the PEHMA-stat-PMPEOMA copolymers was calculated using size exclusion
chromatography (SEC), which bases the computed molecular weight on the hydrodynamic volume relative
to that of PMMA. In reality, the copolymers will have a significantly higher hydrodynamic volume than a
corresponding PMMA polymer with a similar molecular weight due to the relatively high molar volume of the
EHMA and MPEOMA subunits (a factor of 2.4 and 4.3 greater than that of PMMA respectively). While this
means that the SEC measurement likely overestimates the molecular weight of the copolymers, the predicted
molecular weights correspond to the hydrodynamic volumes occupied by PMMA chains. Since the overlap
concentration is a result of the volume occupied by the coils, it is reasonable to assume that computing the
overlap concentration for PMMA will provide an adequate estimate. The overlap concentration for PMMA
can be estimated to be approximately equal to [187]:

c∗PMMA ≈ 8.69×105M−0.79
w [g/L] (5.33)

By inserting the molecular weight of the PEHMA-stat-PMPEOMA copolymers in Equation 5.33, we find a
value for c∗ approximately one order of magnitude higher than the concentrations that were required for
the successful stabilization of the YAG:Ce NPs. Therefore, over the concentration range of amphiphiles used
in this study, we assume that the coils are in dilute solution and that their dimensions are dominated by
the excluded volume effect. In other words, the coil dimensions are expected to scale according to the pro-
portionality relation given by Equation 5.28. The actual swelling of the copolymers in the dilute solution is
expected to be slightly less than the swelling predicted by this relation, which is valid for large values of z only
(i.e., high molecular weight polymers in exceptionally good solvents). In reality, the proportional effect of the
solvent quality on chain dimensions

p
R2 will most likely be somewhere between (1/2−χ)1/5 and (1/2−χ)1/8,

depending on the concentration of the polymer.
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5.2. Stabilization kinetics
The reader is referred to Section 4.5.1 in the paper for the existing theories on the kinetics of nanoparticle
agglomeration and amphiphile adsorption. These theories allow for a quantitative description of both pro-
cesses, provided that a number of parameters are known. These input parameters are:

• The size of the particles. The particle size used in the model is the number-weighted average particle
diameter measured by DLS.

• The concentration of the particles. The particle concentration is estimated by comparing the scattering
intensity to that of a reference standard with identical average size, as is explained in Section 6.1.4.

• The size of the amphiphiles. The size of the amphiphilic copolymer coils in solution is estimated by
applying the scaling laws derived in Section 5.1.2 to the experimentally obtained size of similar am-
phiphilic copolymers in [127].

• The concentration of amphiphiles.

• The temperature of the solvent.

• The viscosity of the solvent. The temperature-dependence of the viscosity is taken into account. The
effect of the addition of ethanol to the toluene phase is neglected. This is justified, because a volume
fraction of 33 vol% EtOH in the solvent mixture only decreases the viscosity by 3% with respect to that
of pure toluene [188].

A number of simplifying assumptions is made in the derivation of these theories, which are summarized here
for completeness. The assumptions are that:

• The dispersed nanoparticles and their agglomerates are spherical in shape.

• The colloid is monodisperse. That is to say, all particles in the dispersion are equal in size.

• Every collision between nanoparticles results in adhesion (i.e., agglomeration).

• The effect of shear flow on the agglomeration is negligible.

• The amphiphilic copolymer coils are spherical in shape, both in solution and in the adsorbed state.

At the end of Section 4.5.1, a new parameter is introduced to describe the ratio of the competing processes of
nanoparticle agglomeration and amphiphile adsorption, namely the stabilization kinetics parameter τ. The
parameter τ is computed with the input parameters mentioned previously in this section. The purpose of τ
is to link the input parameters to the measured average particle diameter dh after the phase transfer process.
However, since τ is a dimensionless quantity—defined as the ratio of a characteristic agglomeration time to a
characteristic adsorption time—and dh is in units of length, a direct comparison between the two parameters
is not straightforward. A new theory was developed to find a direct, proportional relationship between dh and
τ. The relation states that:

dh ∝ τ−1/Df (5.34)

The derivation of this relation is presented in the paper in Section 4.5.3. Taking into account the assumptions
mentioned above, it should be stressed that this relation is of course a simplification of reality and mainly
serves to promote a better understanding of the behavior. Using this relation, the input parameters that are
used to compute τ—such as the amphiphile concentration c0 and the temperature T —are now proportion-
ally related to dh. The derivation of the relations linking c0 and T to dh are presented in Sections 4.5.3 and
4.5.4 of the paper, respectively. Although these relations were presented in the context of a phase transfer
process using PEHMA-stat-MPEOMA copolymers, they are in principle valid for a wide range of systems in-
volving the simultaneous agglomeration of particles and adsorption of molecules onto their surface. Finally,
the Flory-Huggins interaction parameter χ of the amphiphiles in various solvent systems was modeled using
the theory presented in Section 5.1.1. The information that can be obtained by relating c0, T and χ to dh is
summarized below. The MATLAB code that was used to compute this information is given in Appendix D.
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Amphiphile concentration
By comparing the theoretical relation between c0 and dh with experimental data, the controlling mecha-
nism of adsorption can be predicted. That is, it allows to predict whether the adsorption rate is likely to
be determined by the diffusion rate of the amphiphiles to the nanoparticle surface (diffusion-controlled,
DC) or whether it is more likely limited by kinetic effects during the binding to the particle surface (kinetic-
controlled, KC). For DC adsorption, the model allows to estimate the minimum amphiphile concentration
required for successful adsorption. The proposed relation between c0, τ and dh was found to provide fairly
good description of the stabilization behavior, both in terms of predicting the controlling mechanism and
estimating the minimum amphiphile concentration.

Temperature
The temperature should only influences dh for KC adsorption, in which case the adsorption rate is strongly
dependent on the adsorption rate constant ka. Increasing the temperature causes ka to increase exponen-
tially, thereby reducing the rate-limiting kinetic effects and gradually shifting the controlling mechanism to-
wards DC adsorption. In a similar way to the amphiphile concentration, T was related to dh via τ. Com-
paring this relation to experimental data allows for the estimation of the activation energy Ea. In the case
of amphiphilic copolymer that bind through noncovalent interactions, Ea is suggested to arise from steric
shielding of the binding groups. Although the estimated values of Ea of the copolymers in the system were
not verified by measurements, their relative difference was found to agree qualitatively with the expected
behavior.

Solvent composition
Kinetic effects that limit the adsorption of the copolymers can also be eliminated by a change in the compo-
sition of the solvent mixture. The solvent quality for a substance is described in terms of the Flory-Huggins
interaction parameter χ, which was computed for the amphiphilic copolymers as a function of the solvent
composition. Although no mathematical relation was proposed, the parameter χ of the binding groups was
observed to be closely related to dh. The computation of χ proves to be a simple and effective method for
selecting a suitable solvent composition without the need for any experimental work.
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6.1. Nanoparticle dispersion in polar solvents
Directly mixing inorganic nanoparticles (NPs) into organic media typically results in severe and practically
irreversible agglomeration. In polar media, however, they can be stabilized by introducing sufficient electro-
static repulsion between the particles. The theory behind electrostatic stabilization was outlined in Section
2.3. The stable polar nanodispersion can subsequently be transferred to a nonpolar phase by the adsorption
of amphiphilic molecules, which prevent agglomeration through steric forces. The criteria for effective steric
stabilization were discussed in Section 2.4. Obtaining a stable nanodispersion in a polar solvent is thus a
crucial first step towards transferring the NPs to an organic medium. Three different types of metal oxide NPs
were evaluated: Al2O3, Ba3(PO4)2:Mn5+ and Y3Al5O12:Ce3+ (YAG:Ce). More information about these specific
materials and the reason behind their selection can be found in Section 3.2.1. Electrostatic stabilization is
the result of repulsive electrostatic forces between particles with a charged surface. The surface charge that
accumulates on the NP surface depends on the pH of the liquid in which the particles are dispersed. There-
fore, the stability of the nanoparticles was studied in water with various concentrations of hydrogen chloride
(HCl) or sodium hydroxide (NaOH) to control the pH. The hydrodynamic particle size distribution and aver-
age particle size in the dispersions was measured by dynamic light scattering (DLS). Unfortunately, the DLS
returned faulty zeta potential measurements during the period that the tests described in this section were
performed. As a result, the effect of the surface charge on the stability could not be studied. Most likely, the
problem was caused by dirty electrodes.

6.1.1. Al2O3
Method
A 20 wt% dispersion of Al2O3 NPs in water (H2O/Al2O3) with an average size of 30 nm was acquired from
US Research Nanomaterials, Inc. and used as received. The particle concentration is too high to study the
average particle size in the dispersion by dynamic light scattering (DLS) due to the appearance of multiple
scattering effects. The dispersion was diluted with ultrapure water (18 MΩ ·cm) as well as with ultrapure
water containing a varying concentration of HCl to study the influence of electrostatic repulsion on the size
and stability of the nanoparticles. The particle size distribution and the average hydrodynamic diameter
were measured by DLS using a Malvern Zetasizer Nano ZS. The isoelectric point (IEP) of Al2O3 NPs has been
determined in literature and is close to a pH of 7.1 [146]. Therefore, diluting the H2O/Al2O3 nanodispersion
with ultrapure water (pH≈7) is expected to result in severe agglomeration. Conversely, using a diluent with a
pH that deviates sufficiently from the IEP should lead to a small average particle size and longer stability of
the nanoparticles.

Results
The H2O/Al2O3 nanodispersion appears as a white, milky liquid. An image of the nanodispersion diluted with
ultrapure water is shown in Figure 6.1. The measured average particle size and the pH of the diluted nan-
odispersions are listed in Table 6.1. As expected, the measured pH of the liquid increases with the addition of
water. Up to a certain concentration, diluting seems to have little effect on the measured average particle size.
Initially only the 10,000x diluted dispersion showed a small increase in particle size. The dilution was found
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Dilution Concentration (ppm) pH
Average hydrodynamic diameter (nm)

Same day One week One week + sonication

100x 2000 4.5 153 152 148
1000x 200 5.1 151 292 145
10,000x 20 5.7 172 1059 798

Table 6.1: Average hydrodynamic diameter and pH of the liquid after diluting the H2O/Al2O3 nanodispersion with ultrapure water.

Figure 6.1: H2O/Al2O3 nanodispersion diluted with ultrapure wa-
ter: 100x (right), 1000x (middle) and 10,000x (left).

Figure 6.2: Average hydrodynamic diameter of the Al2O3 NPs in
H2O:HCl diluents with varying pH values.

to affect the long-term stability of the nanoparticles. While the 100x diluted dispersion did not show any
sign of agglomeration after 1 week, the particle size of the more diluted samples increased significantly. The
agglomeration of the 1000x diluted sample could be reversed by ultrasound treatment, whereas the 10,000x
diluted sample showed irreversible agglomeration. The results might indicate that the particles are stabilized
by electrostatic forces. The more the particles are diluted with water, the closer the pH of the dispersion
approaches the IEP. This reduces the surface charge on the particles and thereby promotes agglomeration.
However, it cannot be ruled out that other additives are present in the supernatant that contribute to the
stabilization of the NPs. A more thorough understanding of the nature of stabilization can be obtained by
studying the effect of varying the pH of the diluent. It should be noted that the particle concentration in the
10,000x diluted sample is close to the detection limit of the DLS. Measuring samples with very low particle
concentrations can give inaccurate results due to number fluctuations. Therefore, a dilution of 1000x was
selected for further experiments, having a particle concentration sufficient for accurate DLS measurements
while minimizing the effect of the supernatant.

Surprisingly, the pH of the diluent was found to have barely any effect on the mean size of the Al2O3 NPs,
as shown in Figure 6.2. The nanodispersion was diluted 1000x in solutions of HCl in ultrapure water and
sonicated for 10 minutes prior to measurement. The measured average particle size for all pH values was
found to be around five times larger than the size reported by the supplier. Ultrasonication of the dispersions
had only little effect on the measured particle size. It is likely that the particle size reported by the supplier
corresponds to the primary particle size and agglomeration has already occurred to some extent prior to re-
ceiving the NPs. The slight decrease in particle size with increasing HCl concentration can be attributed to
the increase in ionic strength of the liquid. As the ionic strength increases, the electrical double layer (EDL)
is compressed due to a closer packing of ions around the particle. This causes the diffusion speed to increase
and can decrease the apparent particle size measured by DLS by up to 10 nm [189]. The limited observed
effect of the pH on the mean particle size raised the suspicion that the Al2O3 NPs had already received some
form of surface treatment, which shields the particles from their environment. Indeed, upon request the
supplier disclosed that small amounts of unknown dispersants were used. This means that the state of ag-
glomeration is not merely related to the pH of the liquid; it can equally well be attributed to the desorption of
the dispersants. Besides the fact that the acquired particles are technically not nanoparticles (> 100 nm), the
presence of unknown dispersants renders the Al2O3 particles unsuitable for further research. The interaction
of the amphiphilic copolymers with the hydroxylated particle surface cannot be studied when such unknown
molecules are adsorbed to the surface.
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Figure 6.3: Influence of pH on the average hydrodynamic particle
size of Ba3(PO4)2:Mn5+ particles dispersed in solutions of HCl (in
blue) and NaOH (in red) in ultrapurewater. 1 mM of KNO3 elec-
trolyte was added to the solutions indicated in red.

Figure 6.4: Ba3(PO4)2:Mn5+ powder dispersed in H2O:HCl diluents
with pH values ranging from pH 2 (left) to pH 7 (right).

6.1.2. Ba3(PO4)2:Mn5+

Method
Ba3(PO4)2:Mn5+ particles were synthesized by PHYSEE using a sol-gel method and used as received. The
particles were dispersed in ultrapure water with various concentrations of HCl or NaOH to adjust the pH
of the dispersion and sonicated for 10 minutes. In the alkaline solutions, 1 mM of potassium nitrate (KNO3)
electrolyte was added to study the influence of the ionic strength on the electrostatic stabilization. If the ionic
strength of the liquid medium is too low, the potential gradient at the particle surface is not large enough
to provide sufficient electrical double layer (EDL) repulsion. This is typically the case for nonpolar liquids,
which have low relative permittivity values are unable to dissolve a substantial concentration of salts. The
effect of the ionic strength on the EDL was outlined in Section 2.3.1. It is possible that the ionic strength of
the ultrapure, deionized water is too low to allow for electrostatic stabilization, in a similar way to nonpolar
liquids. To study this effect, the particles were dispersed in both ultrapure water and ultrapure water with 1
mM KNO3. While increasing the acid or base concentration should influence the stabilization through the
surface charge on the particles, it also affects the ionic strength of the liquid. In order to study the isolated
effect of the pH, the difference in ionic strength between the different alkaline pH solutions was decreased by
adding 1 mM of KNO3.

Results
Figures 6.3 shows the effect of the pH of the diluent on the measured average hydrodynamic diameter of
the Ba3(PO4)2:Mn5+ particles. The average particle size showed a clear dependence on the pH, although it re-
mained the micrometre range for all pH values. The particles appear to be most effectively dispersed in acidic
diluents. The particle size distribution in the dispersions did not reveal the presence of particles smaller than
several hundred nanometers. Centrifugation of the dispersions did not result in nanodispersions with an
appreciable particle concentration, as evidenced by extremely low scattering intensity values measured by
DLS. The findings indicate that the particles were already heavily and irreversibly agglomerated prior to dis-
persion. The addition of KNO3 to the ultrapure water does not appear to affect the particle size much, whcih
means that ultrapure water contains sufficient ions for electrostatic stabilization. This can be explained by
the fact that ultrapure water easily dissolves carbon dioxide (CO2) from the atmosphere to form carbonic acid
(H2CO3), which in turn dissociates into bicarbonate (HCO –

3 ) and carbonate (CO 2–
3 ) ions [190]. The amount

of scattering is visibly reduced by lowering the pH, as can be seen in Figure 6.4.
Several notes should be added to these observations. First of all, the mean particle size varied significantly

between measurements. This indicates that the data quality of the DLS measurements was poor, most likely
due to the presence of large particles and high polydispersity. The count rate—which is a measure for the
scattering intensity—decreased continuously between successive measurement, probably due to settling of
large agglomerates. The scattering intensity was found to reduce drastically at pH 2, almost down to the
reference value of pure water. The dispersion in pH 2 also showed a distinct pink tint, which is hardly visible
in Figure 6.4. Both observations suggest that the particles dissolve in the highly acidic environment. The
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following reaction is proposed for the dissolution of the particles:

Ba3(PO4)2 (s) + 6 HCl (aq) 3 BaCl2 (aq) + 2 H3PO4 (aq) (6.1)

The pink tint can be explained by the reduction of the manganese ions. Compounds with manganese in its
+5 oxidation state are strong oxidizing agents. The Mn5+ dopant ions are thus most likely reduced to Mn2+,
which is the most stable oxidation state and has a characteristic pale pink color.

6.1.3. SiAlON:Sm2+

Method
Similar experiments to those with Ba3(PO4)2:Mn5+ have been conducted with multiple batches of
SiAlON:Sm2+ particles synthesized by PHYSEE. The isoelectric point (IEP) of SiAlON is reported in literature
to range between pH 2 to pH 5 depending on the processing conditions [191]. Therefore, the SiAlON:Sm2+

particles were dispersed in water with pH 7 and pH 12.

Results
All exploratory studied revealed that the particles were even more agglomerated than Ba3(PO4)2:Mn5+. Af-
ter the ultrasonication and centrifugation steps, the scattering intensity measured by DLS was close to the
reference value of water. This indicates that the powder consists mainly of strong, micron-sized aggregates.
Most likely, the irreversible agglomeration was caused during the sintering step during their synthesis, which
is required to activate the luminescence. It was decided not to proceed with the SiAlON:Sm2+ particles.

6.1.4. Y3Al5O12:Ce3+

Method
Y3Al5O12:Ce3+ (YAG:Ce) nanopowder with an average primary particle size of 25 nm was obtained from ...
and kindly supplied by Dr. Erik van der Kolk. The nanopowder was dispersed in solutions of HCl and NaOH
in ultrapure water to identify the position of the isoelectric point. The dispersions were placed in an ultra-
sonic bath to study the effect of the sonication time on the average particle size. The stable dispersions were
centrifuged to obtain nanodispersions with a unimodal size distribution. The influence of the centrifugation
time was investigated to control the average particle size of the obtained nanodispersion.

Results
The YAG:Ce nanopowder appears as a white solid. Photoluminescence (PL) and photoluminescence excita-
tion (PLE) measurements confirmed that the YAG:Ce powder shows the characteristic blue absorption and
yellow/green emission, as shown in figure 6.5. In powder form, the particles were found to be severely ag-
glomerated with agglomerate sizes up to 100 µm, as can be seen in Figure 6.6. Ultrasonic treatment can to
some extent break up loose agglomerates, but it was not possible to redisperse the particles in their primary
particle size. The effect of the ultrasonication time on the average hydrodynamic diameter of 0.1 wt% YAG:Ce
nanopowder dispersed in ultrapure water with 1 mM of KNO3 is shown in figure 6.7. It should be noted
that the dispersions were often too polydisperse to get very reliable results on the average particle diameter.
Therefore, the results only serve to identify certain trends in the behavior. Sonication times longer than 20
minutes generally did not result in a significant reduction of the average particle size. In diluents with pH 2,
this average particle size was slightly smaller than for diluents with pH 7 and typically required less sonica-
tion. The minimum average particle diameter was found to be around 250 nm. Ultrasound treatment was
also found to be less effective for lower particle concentrations. Most likely, the amount of collisions in highly
diluted samples during sonication is too low to effectively break up agglomerates. More reliable information
on the particle size in the dispersions is obtained by analyzing the particle size distributions.

Figure 6.8 shows a typical representation of the measured particle size distribution in pH 2, pH 7 and
pH 12. Concluding from the severe agglomeration around pH 12, the IEP of YAG:Ce is located at a strongly
alkaline pH and the particles are most effectively dispersed in neutral to acidic diluents. The stability of the
particles in neutral environments raised the suspicion that the particles might be stable in ethanol as well.
Dispersing the particles directly into ethanol is beneficial for the phase transfer of the YAG:Ce particles to
organic solvents, as will be discussed in Section 6.2. Indeed, stable dispersions could be obtained in ethanol
by following the same procedure. The dispersions remained stable for long periods of time, showing almost
no sign of agglomeration after several weeks. The stable dispersions all showed bimodal or trimodal size
distributions, with the smallest peak in the nanometer range. The multimodal distributions can be separated
by centrifugation to isolate the smallest peak.
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Figure 6.5: Excitation (red) and emission (blue) spectra of the
YAG:Ce nanopowder. Measurement was performed by Joe Kao
from PHYSEE.

Figure 6.6: SEM micrograph of the agglomerated YAG:Ce
nanopowder.

Figure 6.7: Influence of the sonication time on the average hydro-
dynamic diameter of 0.1 wt% YAG:Ce particles in ultrapure water
with 1 mM of KNO3 (pH=7).

Figure 6.8: Typical particle size distributions of the YAG:Ce
nanopowder dispersed in diluents of pH 2 (in blue), pH 7 (in green)
and pH 12 (in red) after 10 minutes of sonication. The pH was ad-
justed by the addition of HCl or NaOH and 1 mM of KNO3 was
added to all solutions.

Centrifugation
The required centrifugation time can be estimated using Stokes’ law. According to Stokes’ law, the settling
velocity of a spherical particle in a liquid due to gravity is equal to [192]:

v = g
(
ρp −ρl

)
d 2

18µ
(6.2)

d is the particle diameter, ρp andρl are the densities of the particles and the liquid, g is the gravitational accel-
eration and µ is the viscosity of the liquid. The purpose of centrifugation is to accelerate the settling velocity
by introducing a centrifugal force much higher than the gravitational force. The centrifugal acceleration is
equal to:

ac = rω2 (6.3)

where r is the radius of rotation of the centrifuge and ω is the angular velocity. The angular velocity can be
converted to the rotational frequency in rotations per minute (rpm) Nrpm by using:

ω= 2πNrpm

60
(6.4)

During centrifugation the gravitational acceleration g in Equation 6.2 is substituted by the centrifugal accel-
eration ac. The ratio of ac to g is known as the relative centrifugal force (RCF) (or the "g-force") and is equal
to [193]:

RFC = 11.18r

(
Nrpm

1000

)2

(6.5)
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Figure 6.9: Estimated centrigugation time to settle particles with
diameter d on the bottom of the centrifuge tube.

Figure 6.10: Particle size distributions of Yag:Ce nanodispersions in
water with pH 2 and pH 7 and ethanol after various centrifugation
times.

where r is in units of cm. The average settling velocity is equal to the distance traveled by the particles in a
specific period of time:

v = h

t
(6.6)

where, in this case, h is the distance from the top to the bottom of the centrifuge tube and t is the centrifu-
gation time. We can now estimate the centrifugation time required to filter out particles with a diameter d by
combining Equations 6.2, 6.3 and 6.6, which gives:

t = 18µh

rω2
(
ρp −ρl

)
d 2

(6.7)

In fact, it is more accurate to use the integrated form of Stokes’ law, which takes into account the increase in
radius of rotation while the particles are settling. The integrated form gives:

t = 18µ ln(rf/ri)

ω2
(
ρp −ρl

)
d 2

(6.8)

where ri and rf are the initial and final radius of rotation—or, the distance from the center of the centrifuge to
the top of the liquid and to the precipitate. However, due to the small dimensions of the centrifuge tubes, the
difference is small.

Figure 6.9 shows the computed centrifugation time versus the particle diameter for the YAG:Ce particles
in water and ethanol, using Nm = 13,000 rpm, r = 5 cm, ρp = 4560 kgm−3 and T = 25◦C. The difference in
centrifugation time between water and ethanol is negligible. Using Figure 6.9, an indication of the required
centrifugation time was obtained. One would expect that the figure allows to select a centrifugation time
that settles all particles with a diameter larger than d . In practice, slightly longer centrifugation times were
necessary than those predicted by Equation 6.8. It was found that the predicted centrifugation time roughly
corresponds to the average particle diameter in the dispersion instead of the maximum particle diameter,
as can be seen in figure 6.10. One possible reason for this discrepancy is that Stokes’ law is only valid for
dilute solutions. This means that it does not account for collisions and any other interparticle interactions
that might influence the settling velocity. The size of the YAG:Ce particles in ethanol was observed to be
slightly larger than in aqueous dispersions, as can be seen in Figure 6.10. However, this effect might be al
least partially attributed to the low ionic strength in ethanol. The low ionic strength expands the EDL, which
causes the apparent particle size in DLS to increase by up to 10 nm due to electrostatic interactions between
the particles [189]. By dispersing the particles in ethanol with 10 mM of dissolved KNO3, the average particle
size was observed to decrease by approximately 7 nm.

The dispersion process (i.e., the ultrasonication and centrifugation) was found to be highly reproducible.
Nanodispersions with unimodal size distributions and average particle diameters between 120 to 30 nm were
obtained for centrifugation times ranging from 1 to 45 minutes. Obviously, there is a trade-off between the
average particle size and the particle concentration in the dispersion after centrifugation. In order to incor-
porate an appreciable amount of particles in the polymer films while also ensuring that most particles are
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smaller than 100 nm, a centrifugation time of 5 minutes at 13,000 rpm was selected for further experiments.
This corresponds to an average hydrodynamic particle diameter of approximately 70 nm.

Concentration
The concentration of the YAG:Ce nanoparticles in the ethanolic nanodispersion was estimated by comparing
the measured scattering intensity to that of a calibration standard for DLS with an identical average particle
size. The standard that was used is a 1 vol% aqueous dispersion of polystyrene (PS) beads with an average
hydrodynamic diameter of 70 nm. The estimated concentration was corrected for the differences in refractive
index. The intensity of Rayleigh scattering is proportional to the refractive indices of the particles and the
medium:

I ∝
[(

np/nm
)2 −1(

np/nm
)2 +2

]2

(6.9)

where np and nm are the refractive indices of the particles (YAG = 1.83, PS = 1.59) and the medium (EtOH
= 1.36, H2O = 1.33). Here the influence of the dopant Ce3+ ions on the refractive index of the YAG particles
was neglected. The selected refractive indices correspond to those for light with a wavelength of 633 nm,
which is the center wavelength of the laser in the DLS. The scattering intensity of the diluted standard was
compared with that of EtOH/YAG:Ce nanodispersions containing various initial YAG:Ce concentrations (i.e.,
before 5 minutes of centrifugation at 13,000 rpm). The scattering intensity increased more or less linearly
with the initial YAG:Ce concentration. However, due to the limited amount of YAG:Ce nanopowder available,
an initial concentration of 5 wt% (≈ 0.9 vol% in EtOH) was selected for further experiments. After 30 minutes
of ultrasound treatment in an ultrasonic bath and 5 minutes of centrifugation at 13,000 rpm to obtain an av-
erage particle size of 70 nm, the scattering intensity of the nanodispersion was measured to be equal to that
of the diluted H2O/PS standard with 0.02 vol% PS. Using Equation 6.9, the ratio of the scattering intensity of
EtOH/YAG:Ce to that of H2O/PS is approximately equal to 2.9. Therefore, the concentration of YAG:Ce NPs
in ethanol was estimated to be around 0.02/2.9 = 0.007 vol%, which corresponds to 0.032 w/v% or 0.32 gL−1.
This means that the centrifugation step reduces the concentration by more than a factor 100. It should be
noted that the polydispersity of the standard is much lower than that of the EtOH/YAG:Ce nanodispersion,
which means that a one-on-one comparison of their average size is not highly reliable. Moreover, the poly-
dispersity also has implications for the average particle size predicted by DLS measurements. As explained
in Section 3.2.3, the intensity size distribution emphasizes larger particles in the dispersion. For more poly-
disperse samples, such as the EtOH/YAG:Ce nanodispersions, the intensity-based analysis by DLS thus likely
overestimates the average particle size. Since the intensity of Rayleigh scattering is strongly dependent on the
particle size (I ∝ d 6), the estimated concentration should be regarded as an order-of-magnitude estimate.

6.1.5. Conclusion
In the original research plan, the idea was to start experimenting with a commercially obtained aqueous
Al2O3 nanodispersion. The reason to start with these nonluminescent nanoparticles is that the synthesis of
luminescent inorganic nanoparticles by PHYSEE was not yet completed at the start of this thesis research
project. Opting for commercially available aqueous dispersions of inorganic rare-earth doped nanoparticles
was not feasible because these are very rare—the few available options typically cost hundreds of euros per
milliliter and, moreover, contain functionalized NP surfaces. Since the working principle of the phase transfer
process to toluene is identical for all hydroxylated nanoparticles, starting with H2O/Al2O3 nanodispersions
would allow for extensive trials before moving on to luminescent particles. Unfortunately, the H2O/Al2O3
nanodispersion acquired at US Research Nanometrials, Inc. turned out to contain unknown dispersants to
aid their stabilization in water, which had not been disclosed by the supplier. Besides, the average particle
size was measured to be roughly 150 nm in diameter instead of the listed value of 30 nm. For these reasons,
no further experiments were conducted with the H2O/Al2O3 nanodispersion.

All batches of Ba3(PO4)2:Mn5+ nanopowder synthesized by PHYSEE during the course of this project was
measured to consist of agglomerated particles an average particle diameter in the micrometer range. Dispers-
ing the particles in diluents with various pH values, followed by extensive ultrasonication and centrifugation
did not result in nanodispersions with an appreciable particle concentration. The findings indicate that the
agglomeration of the particles had already occurred during the synthesis process and is to a large extent irre-
versible. At this stage, the particles synthesized by PHYSEE were thus unsuited for the fabrication of polymer
nanocomposites.

While the YAG:Ce nanopowder was also observed to contain large agglomerates in SEM analysis, the ag-
glomeration was to some extent reversible. Dispersion studies revealed that in the proper diluents and after
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prolonged ultrasonication, multimodal particle size distributions could be obtained with notable peaks in
the nanometer range. After filtering out the larger particles by centrifugation, nanodispersions with uni-
modal particle size distributions were obtained. The necessary centrifugation step is quite a labor-intensive
procedure, as the volume of the centrifuge tubes is only 2mL. After centrifugation, much care has to be
taken to prevent contamination with agglomerates from the bottom of the tubes while removing the EtO-
H/YAG nanodispersion with a pipette. In practice, only 1 mL of EtOH/YAG:Ce was obtained per centrifuge
tube. The average particle size and the scattering intensity—which combined give an indication of the par-
ticle concentration— could be controlled by adjusting the initial YAG:Ce concentration, ultrasonication time
and centrifugation time. The particles were found to be stable in acidic and neutral aqueous diluents, as
well as in ethanol. Dispersion of the particles in ethanol is beneficial for the phase transfer process, as was
discussed in Section 3.2.2. The downside of the centrifugation step is that it drastically reduces the particle
concentration—and thereby the luminescence intensity of future polymer nanocomposite films. In spite of
this serious drawback, the EtOH/YAG:Ce nanodispersions were the best option to proceed with the project.
Unless otherwise stated, the EtOH/YAG:Ce nanodispersions used for further experiments were prepared by
dispersing 5 wt% YAG:Ce particles in EtOH, followed by 30 minutes of ultrasound treatment in an ultrasonic
bath and 5 minutes of centrifugation at 13,000 rpm. The nanodispersions obtained by following this proce-
dure were highly reproducible. The particles typically had an average hydrodynamic diameter of about 70
nm and the particle concentration was estimated to be around 0.007 vol%. The centrifugation step reduces
the particle concentration in the dispersion by more than a factor 100. Higher particle concentrations can
possibly obtained by using more advanced deagglomeration methods to break up the agglomerated particles
before the centrifugation step, for example with a ball-mill or a powerful ultrasonic probe.

6.2. Phase transfer to nonpolar solvents
The aim of the phase transfer process is to transfer the YAG:Ce nanoparticles that are stably dispersed in
ethanol to a nonpolar (organic) solvent, while preserving the initial particle size. Once the nanoparticles are
stable in the organic solvent, they be be mixed with the desired polymer to form polymer nanocomposites.
The challenge in this procedure is to prevent the nanoparticles from agglomerating during the phase transfer,
which inherently occurs when the particles are directly mixed with the organic solvent. In order to prevent
this undesired agglomeration, the nanoparticles are stabilized during the phase transfer process using am-
phiphilic copolymers. Two types of amphiphilic copolymers have been studied in this research: PE-b-PEG
block copolymers and PEHMA-stat-PMPEOMA statistical copolymers. The block copolymers turned out to
be unsuitable for the fabrication of nanocomposite films and were for that reason not included in the pa-
per. However, they were undoubtedly successful in transferring the nanoparticles to a nonpolar solvent. The
experimental work on these block copolymers gave valuable insights on the parameters that are crucial to
the phase transfer process. This section aims to do justice on the theoretical and experimental work that has
led to a better understanding of the stabilization behavior during the phase transfer process. Ultimately, this
groundwork has resulted in the successful transfer of the YAG:Ce nanoparticles to toluene and their incor-
poration into polymer matrices using the PEHMA-stat-PMPEOMA copolymers, which has been extensively
described in the paper. First, however, this section will elaborate on the phase transfer process in monophasic
solvent mixtures, which is used throughout this study and is arguably the most crucial step in the fabrication
of the nanocomposites.

6.2.1. Monophasic solvent mixture
Ternary solvent mixture
Section 3.2.2 explains the phase transfer procedure of water-dispersed inorganic nanoparticles to nonpolar
solvents using a monophasic ternary solvent mixture, which has been developed by Jonschker et al. [126].
In this procedure, an aqueous nanodispersion is diluted with ethanol before being mixed with the nonpo-
lar solvent that contains dissolved amphiphilic copolymers. In this study, toluene has been selected as the
nonpolar solvent. Toluene is able to dissolve both the amphiphilic copolymers and the selected matrix poly-
mers. Moreover, the relatively high boiling point of toluene is beneficial for the phase transfer process, as we
will see later. The ratio of toluene, ethanol and water needs to be carefully balanced to obtain a monopha-
sic solvent mixture which is able to dissolve the copolymers. In the ternary solvent mixture, the copolymers
should adsorb to the nanoparticles before the particles have the chance to agglomerate. When their surfaces
are fully covered, the copolymers prevent the nanoparticles from agglomerating through steric forces and the
nanoparticles are said to be sterically stabilized. The solvent mixture can be separated again into a nonpolar
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Figure 6.11: Maximum water intake in the monophasic ternary sol-
vent mixtures of toluene, ethanol and water plotted against the
ethanol content, both displayed in terms of their volumetric ratio
to toluene.

Figure 6.12: Experimental setup for the phase transfer process.

phase containing the stabilized nanoparticles and a polar phase by the addition of water. The ethanol plays
a crucial role in the ternary solvent mixture. Because water is immiscible with nonpolar organic solvents
such as toluene, the aqueous nanodispersion of nanoparticles cannot be mixed directly with the toluene
phase. In order to close the miscibility gap, a medium-polarity cosolvent such as ethanol is required. The
ratio of ethanol to toluene determines how much of the aqueous nanodispersion can be incorporated in the
monophasic solvent mixture.

The maximum water intake as a function of ethanol content has been studied for various solvent mix-
tures at room temperature. Figure 6.11 shows the maximum intake of water for solvent mixtures of toluene
and ethanol with varying ethanol content. Both the water intake and ethanol content are given in terms of
their volumetric ratio to toluene. As expected, a higher EtOH ratio increases the amount of water that can be
added before phase separation occurs. The maximum water intake versus EtOH ratio seems to follow a power
law relation with an exponent approximately equal to 2. When more water is added, an unstable emulsion is
formed which quickly separates into a polar and nonpolar phase. The water intake was observed to increase
at elevated temperatures. Increasing the temperature generally improves the miscibility of incompatible sol-
vents, thus allowing more water to be part of the solvent mixture [159].

Initially multiple experiments have been conducted to attempt a successful phase transfer of the YAG:Ce
nanoparticles in a ternary solvent mixture. Two variations of the procedure were tested. In the first procedure,
the H2O/YAG:Ce nanodispersions were diluted with ethanol and added to the toluene phase with dissolved
PE-b-PEG copolymers. In the second, the ethanol was mixed with the nonpolar phase before the addition
of the H2O/YAG:Ce nanodispersions. Both cases did not result in a successful transfer. In hindsight this
could probably be attributed to the PE-b-PEG copolymers that are only effective in specific conditions, as
we will see later in this section. More importantly, the separation of the polar and nonpolar phase by the
addition of water turned out te be quite a hassle. Often water droplets were present in the nonpolar phase
which interfered with the DLS measurements, or the particles were left in the polar phase after the addition of
water. The fact that the nanoparticles were also stable in ethanol allowed for the development of an adapted,
simpler version of this procedure, which is described next.

Binary solvent mixture
Since the YAG:Ce nanoparticles were found to be stable in ethanol, a simplified procedure for the phase trans-
fer was developed in this thesis research. Instead of balancing ratio of toluene, ethanol and water to obtain
a monophasic ternary solvent mixture, a binary solvent mixture of toluene and ethanol was used. Because
toluene and ethanol are fully miscible, the binary solvent mixtures are always monophasic and the maximum
ethanol content is only limited by the solubility of the amphiphilic copolymers. The experimental setup for
the phase transfer process is shown in Figure 6.12. First, vials containing the nonpolar phase with dissolved
amphiphilic copolymers are heated to the desired temperature on a hot plate. The hot plate was found to
not heat evenly over its surface, as the position of the vials on the hot plate was observed to significantly in-
fluence the results. Therefore, the temperature of each vial was measured separately with a construction of
clamped thermometers, which is not shown in Figure 6.12. As soon the desired temperature was reached, the
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Figure 6.13: PE-b-PEG copolymers dissolved in toluene with a con-
centration of 10 gL−1, from left to right: B575, B875, B920, B1400.

Figure 6.14: Dissolution temperature of B875 plotted against the
volume fraction of ethanol in the toluene/ethanol mixture.

EtOH/YAG:Ce nanodispersion was pipetted into the vial. After the copolymers had adsorbed to the nanopar-
ticle surfaces in the resulting mixture, the ethanol was simply evaporated to obtain a pure toluene phase with
sterically stabilized nanoparticles. The use of toluene as the nonpolar phase is suitable for this procedure,
because it has a much higher boiling point than ethanol (111◦C vs. 78◦C). Using a binary solvent mixture
greatly simplifies the phase transfer procedure and is therefore used throughout this study.

As discussed in Section 2.4.2, the success of stabilization in the solvent mixture depends on the adsorption
kinetics of the amphiphilic molecules. Apart from the molecular structure of the copolymers, several other
parameters were found to be of crucial importance to the success of stabilization. The most important ones
are the concentration of the amphiphilic copolymers, the temperature and the composition of the solvent
mixture. Together, these parameters determine whether the nanoparticles are successfully transferred to the
nonpolar phase, or agglomerate in the process. The effect of these parameters on the particle size after the
phase transfer process was extensively studied for both the PE-b-PEG and the PEHMA-stat-PMPEOMA am-
phiphilic copolymers. All phase transfer experiments were performed using the same batch of EtOH/YAG:Ce
nanodispersion and—as much as possible—under the exact same circumstances in order to compare the be-
havior and performance of the copolymers. Moreover, many experiments have been conducted to determine
the best method for mixing the EtOH/YAG:Ce nanodispersion with the nonpolar phase. For example, it was
studied whether adding the nanodispersion in consecutive drops was better than all at once. This was by
the way not the case, which is probably related to the fact that physically adsorbing copolymers can form
multilayers onto the particle surfaces [66, 86, 148]. The influence of mechanical agitation during the phase
transfer, the speed of pipetting, the type of pipette and pipette tip, the volume of the liquid, the size of the
flasks and so on were also studied and found have at least some effect. Studying the effect of all these process
parameters was necessary to develop a method that was highly reproducible and ruled out most unwanted
influences on the measurement results.

6.2.2. PE-b-PEG
The initial research plan involved the use of relatively low molecular weight PE-b-PEG block copolymers, as
described in Section 3.2.1. Using block copolymers can be problematic due to the formation of "frozen" mi-
celles that hamper the adsorption kinetics. Moreover, the molecular weight of the block copolymers is much
lower than typical matrix polymers, which often leads to agglomeration due to compatibility issues. Both
of these phenomena are explained in detail in Section 2.4.2. Still, these copolymers were the most promis-
ing commercially available option to start with. Four different types of PE-b-PEG copolymers were studied,
which allowed to study the influence of the molecular weight and the ratio of ethylene oxide (EO) functional
groups in the structure. The different types are listed in Section 3.2.1 and are named according to their molec-
ular weight in gmol−1: B575, B875, B920 and B1400. The EO ratio is equal to 20 wt% for B575 and B875 and
50 wt% for B920 and B1400.

Solubility
Unfortunately, the PE-b-PEG copolymers turned out to unsuitable for the fabrication of polymer nanocom-
posite films. The main reason for their inadequacy was not necessarily one of the risks mentioned above, but
rather their insolubility in toluene at room temperature. In contrast to the product specifications listed by
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the supplier, which states that the PE-b-PEG copolymers are soluble in toluene, none of the copolymers actu-
ally dissolve at room temperature. Instead, they form non-transparent milky suspensions as shown in Figure
6.13. The insolubility at room temperature can be attributed to the crystalline nature of the PE-b-PEG copoly-
mers. The temperature-dependent phase separation is a characteristic property of surfactants containing
polyethoxylate (PEG) chains. The temperature at which the phase separation occurs and the molecules start
to flocculate is known as the Krafft temperature.

The dissolution temperature of the PE-b-PEG copolymers was studied experimentally for various solvent
mixtures and copolymer concentrations. The concentration of PE-b-PEG did not significantly influence the
dissolution temperature over the concentration range that can be reasonably expected for a successful phase
transfer (up to 20 gL−1). The solvent composition, on the other hand, was found to play an important role.
Figure 6.14 shows the temperature at which B875 was observed to dissolve in various mixtures of toluene and
EtOH. The dissolution temperature rises as the volume fraction of EtOH increases, which indicates that the
addition of ethanol decreases the solvent quality for the copolymer. In order to understand this behavior,
the solubility of the PE-b-PEG copolymers in different solvent mixtures was studied by a theoretical model.
The solubility of the PE-b-PEG copolymers in various solvents and solvent mixtures can be described by the
Hansen solubility parameters δd, δp and δh of the copolymers and the solvent, as well as by the Flory-Huggins
polymer-solvent interaction parameter χ. The reader is referred to Section 5.1.1 for details on the estimation
of the Hansen solubility parameters, their graphical representation in a three-dimensional solubility space
and the computation of the Flory-Huggins interaction parameter.

In Figure 6.15, the Hansen solubility parameters of PE-b-PEG copolymers are plotted in a three-
dimensional solubility space, together with several solvents and solvent mixtures of toluene and ethanol.
The dots on the line connecting toluene to ethanol represent solvent mixtures with increments of 10 vol%
EtOH. A sphere with interaction radius R is drawn around copolymer B575. Since the value of R specific to
PE-b-PEG is unknown, the value of ∆δ between B575 and the solvent methyl ethyl ketone (MEK) is chosen as
R, which is the solvent with the largest ∆δ known to be able to dissolve B575. Given that all four PE-b-PEG
copolymers are so close together in the solubility sphere, the results for the other PE-b-PEG types are similar.
Therefore, most solvents positioned inside this sphere can be expected to dissolve the PE-b-PEG copolymers.
It should be noted that for crystalline polymers such as PE-b-PEG, the concept of the solubility parameter is
only valid at temperatures higher than 90% of their melting point [159]. The melting point of the PE-b-PEG
copolymers is approximately 100°C, which means that they are expected to show reduced solubility at much
lower temperatures. In fact, for temperatures below 50◦C the copolymers are no longer soluble in toluene at
all, as was shown in Figure 6.11.

The solubility sphere in Figure 6.15 predicts that toluene/ethanol solvent mixtures with up to 60 vol%
EtOH should be able to dissolve the PE-b-PEG copolymers at high temperatures. This is relevant, because this
means that more of the EtOH/YAG:Ce nanodispersion can be incorporated in a solvent mixture with toluene
without precipitation of the copolymers. However, there is a difference in solubility behavior depending on
the EtOH fraction. The minimum dissolution temperature increases for higher EtOH fractions, as shown in
Figure 6.11. The influence of the solvent composition on the solubility can be explained by analyzing the
solvent quality, which is described in terms of the Flory-Huggins interaction parameter χ. Figure 6.16 shows
the computed values of χ for the copolymers in the solvent mixture at room temperature as a function of the
EtOH fraction in the solvent. In addition, the interaction parameter of the EO functional groups is shown.
The polar EO groups clearly have higher affinity with the solvent in toluene/ethanol solvent mixtures than in
pure toluene. The solvent quality is optimal in a broad minimum centered around 45 vol% EtOH. Not surpris-
ingly, the optimal value of χ for copolymers B920 and B1400 is found at higher EtOH fractions than for B575
and B875—containing 50 wt% and 20 wt% EO, respectively. The model predicts that the solvent quality for
B875 is negatively affected by increasing the EtOH fraction in the solvent mixture. This corresponds with the
observations on the dissolution temperature of B875 in Figure 6.14. Elevating the temperature decreases the
value of χ, which means that solvent mixtures with a lower solvent quality for B875 need higher temperatures
to dissolve the copolymer.

Micellization
A potential problem of using amphiphilic block copolymers for the phase transfer process is that they are
notorious for forming stable micellar structures. More details on the formation of so-called "frozen" micelles
are given in Section 2.4.2. The formation of micelles can be detrimental to the adsorption kinetics, as the
unimers in the micelles are not free to adsorb to the nanoparticle surfaces. Micelles of amphiphilic molecules
in nonpolar solvents form by the aggregation hydrophilic groups inside the core and are known as reverse mi-
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Figure 6.15: Hansen solubility paramters of the PE-b-PEG copolymers and several solvents plotted in a three-dimensional solubility
sphere. Solvents inside the sphere (in green) are expected to dissolve the copolymers, while solvents outside the sphere (in red) are not.

celles. Some block copolymers can spontaneously form reverse micelles in selective organic solvents [194].
However, Alexandridis and Andersson found that polyoxyalkylene block copolymers such as PE-b-PEG typ-
ically do not spontaneously form reverse micelles in organic solvents, even if the solvent is selective for one
of the blocks [195]. For these block copolymers, the formation of reverse micelles requires the addition of
small amounts of water and only occurs if the copolymer concentration is sufficiently high. The authors re-
ported that a similar diblock copolymer of poly(butylene oxide) and poly(ethylene oxide) (PBO-b-PEO) with
a molecular weight of 1500 gmol−1 and 50 wt% EO groups has a critical micelle concentration (CMC) of 3
wt% in xylene (a selective solvent for the PBO blocks) in the presence of small amounts of water. In general,
the authors found that the cmc increases as the molecular weight decreases. No clear relation with the con-
centration of hydrophilic EO groups was observed. The phase transfer procedure used in this study is based
on a binary solvent mixture of toluene and ethanol and does not involve any water to induce the formation of
reverse micelles. However, it is conceivable that the formation of reverse micelles is promoted by the addition
of ethanol. Therefore, the presence of micelles in solvent mixtures with varying ethanol content was studied
by DLS.

Figure 6.17 shows DLS measurements of 10 gL−1 B575 dissolved in various solvent mixtures of toluene
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Figure 6.16: Computed values of the Flory-Huggins interaction
parameter χ of the PE-b-PEG copolymers and the EO functional
groups as a function of the EtOH fraction in the solvent mixture.

Figure 6.17: DLS measurements of 10 gL−1 B575 dissolved in var-
ious solvent mixtures of toluene and ethanol. The peaks around 1
nm appear as the EtOH fraction increases, suggesting the forma-
tion of reverse micelles.

and ethanol. The appearance of peaks around 1 nm with increasing EtOH volume fraction suggests that the
copolymers indeed form reverse micelles in the solvent mixture. The characteristic peaks around 1 nm are
observed for all four types of PE-b-PEG when the amount of EtOH is increased and disappear after the evap-
oration of the EtOH. For B575 and B875 (20 wt% EO) the peaks start to appear at EtOH fractions of 10 vol%,
while for B920 and B1400 (50 wt% EO) the peaks are observed at fractions as low as 5 vol%. Moreover, the
micelle formation seems to be independent of the stabilizer concentration, as is expected for concentrations
above the CMC. It should be noted that the data quality of these DLS measurements is poor and the size
distribution results might not be very accurate. This inaccuracy can mainly be attributed to the low scatter-
ing intensity of the small micelles, which result in count rates close to the reference value of pure toluene.
This means that the samples are extremely sensitive to dust and other contaminants, even after careful fil-
tering of the solvents. The contaminants show as inexplicable peaks at particles sizes ranging from hundreds
of nanometers to several microns, which have been left out of Figure 6.17. It is unclear to what extent the
presence of micelles hampers the adsorption kinetics during the phase transfer process.

Results
The success of stabilization during the phase transfer process was found to depend mainly on three param-
eters: the amphiphile concentration, the temperature and the solvent composition. The effect of these pa-
rameters on the stabilization kinetics is elaborately described in the paper and Section 5.2. Although the
PE-b-PEG copolymers are insoluble at room temperature and therefore unsuitable for the preparation of
transparent nanocomposite films, they were certainly successful in the phase transfer process. The influence
of the PE-b-PEG concentration, the temperature and the solvent composition on the particle size after the
phase transfer was studied.

Amphiphile concentration Figure 6.18 shows the results of an initial set of measurements on the
concentration-dependence of the PE-b-PEG copolymers. In the experiment, 5 vol% of the EtOH/YAG nan-
odispersion was added to the toluene phase with various concentrations of the dissolved copolymers at 90◦C.
Toluene/YAG:Ce dispersions were obtained after evaporation of the EtOH. Figure 6.18 shows the average hy-
drodynamic diameters of the particles in the dispersion measured after the phase transfer process. Interest-
ingly, the copolymers were found to show very different behaviors. Copolymers B575 and B875 (both con-
taining 20 wt% PEG) behaved as expected and became more effective when the concentration was increased.
The influence of the concentration was clearly visible to the naked eye, as shown in the top figure of Figure
6.19. Below concentrations of 1 gL−1, the copolymers were unable to prevent agglomeration and large flocs
were formed. Measurements of the agglomerated samples are not included in Figure 6.18, because the data
quality of the DLS measurements was too poor for a reliable determination of the average particle size. The
poor data quality can be attributed to the fact that the size of the agglomerates is outside of the measurement
range of DLS (maximum 10 µm), as well as to the the high polydispersity of the samples. For copolymers
B920 and B1400 (containing 50 wt% PEG) the opposite behavior was observed, as can be seen the bottom
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Figure 6.18: Average hydrodynamic diameter of the YAG:Ce par-
ticles after the phase transfer using various PE-b-PEG concentra-
tions at 90◦C.

Figure 6.19: Opposite behavior of PE-b-PEG copolymers with 20
wt% and 50 wt% PEG. Top: B875 with c0 = 0,0.1,0.5,1,5,10. Bot-
tom: B920 with c0 = 0.1,0.5,1,5,10.

Figure 6.20: Average hydrodynamic diameter of the YAG:Ce parti-
cles after the phase transfer for B575 and B875 with varying con-
centration, for T = 100◦C and φEtOH = 5 vol%.

Figure 6.21: Stabilization kinetics paramter τ for DC adorption of
copolymers B575 and B875 plotted against the copolymer concen-
tration. The point τ = 1 corresponds to equal rates of amphiphile
adsoprtion and nanoparticle agglomeration.

figure of Figure 6.19. The reason for the opposite behavior is not entirely clear. One possible explanation
is that copolymers with high PEG content promote bridging flocculation, in which the long PEG tails form
molecular "bridges" between particles by simultaneously adsorbing onto multiple particles. Possibly, the
bridging effects are more pronounced at higher copolymer concentrations. That being said, typical polymer
flocculants are usually of much higher molecular weight [151, 196]. In any case, copolymers B575 and B875
showed much more promising results. As can be seen in Figure 6.18, at high concentrations both copolymers
were able transfer the nanoparticles to toluene with practically no agglomeration.1 Therefore, no further ex-
periments were conducted with copolymers B920 and B1400, and instead copolymers B575 and B875 were
studied in more detail.

Figure 6.20 shows the results of the same experiments performed at 100◦C with at least 3 samples per
concentration. The measurements are displayed as error bars. Both copolymers show a very rapid transition
in their stabilization behavior at low concentrations. The strong dependence on the copolymer concentration
is an indication of diffusion-controlled (DC) adsorption kinetics, as was explained in Section 5.2. The slope of
the regression lines fitted to the measured particle sizes between 1 and 3 gL−1 (at 100◦C and with 5 vol% EtOH,
as shown in Figure 6.20) were found to be −1.1 and −1.2 for B575 and B875, which are close to the predicted
value of −1.1 for DC adsorption. It should be mentioned that with an R2 value of around 0.9, the goodness
of fit is much lower than those of the PEHMA-stat-PMPEOMA copolymers, which were governed by kinetic-
controlled (KC) adsorption in the same conditions. It should be stressed, moreover, that the slope depends
strongly on the concentration range of the regression line. It is much steeper between 1 and 2 gL−1 than

1It should be noted that the transfer process was found to be extremely temperature-dependent and many trials had preceded these
measurements without any success. In fact, these results were only obtained mid June 2019, more than four months after the start of
the experimental phase of this thesis research.
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Figure 6.22: Average hydrodynamic diameter of the YAG:Ce parti-
cles after the phase transfer for B575 and B875 with varying tem-
perature, for c0 = 5 gL−1 and φEtOH = 5 vol%.

Figure 6.23: Average hydrodynamic diameter of the YAG:Ce parti-
cles after the phase transfer for B575 and B875 with varying EtOH
fraction, for c0 = 5 gL−1 and T = 80◦C.

between 2 and 3 gL−1. Therefore no definite conclusion can be drawn on the adsorption behavior based on
these measurements. More measurements in this narrow concentration range and at various temperatures
might provide a better understanding of the behavior.

Figure 6.21 plots the results of the theoretical model on DC stabilization kinetics for copolymers B575 and
B875. The model predicts that the point τ = 1, at which the rate of amphiphile adsorption and nanoparti-
cle agglomeration are estimated to be equal, is reached at a concentration of around 0.3 gL−1. The results
provide a fairly good estimation of the required copolymer concentration. Effective stabilization is expected
when adsorption occurs much faster than agglomeration. The concentration range between 2–5 gL−1 where
the particles are measured to be effectively stabilized corresponds with τ = 10−2–10−3. In other words, sta-
bilization expected to be when the successful when the adsorption occurs a factor of 100 to 1000 faster than
agglomeration. Of course, these predictions are based on numerous assumptions and only serve as a tool to
understand the influence of the concentration on the stabilization kinetics.

Temperature The success of stabilization was found to depend strongly on the temperature at which the
phase transfer takes place. Figure 6.22 shows the influence of the temperature on the average particle size
after the phase transfer process. In the experiment, 5 vol% of EtOH/YAG:Ce nanodispersion was added to
the toluene phase with 5 gL−1 dissolved B575 and B875 copolymers at 80 and 100◦C. The average particle
size was measured by DLS after evaporation of the ethanol. The error bars are based on measurements of
three separate samples. Agglomeration was found to drastically increase at temperatures of 80◦C and below.
The temperature dependence is typically indicative of KC adsorption, in which the adsorption rate of the
amphiphile is not limited by the rate of amphiphile transport to the nanoparticle surface but rather by kinetics
effects during the binding step. One could argue that the decrease in efficacy of the copolymers is related to
their crystalline nature, which leads to reduced solubility at lower temperatures. However, as we will see next,
temperatures of 80◦C were found to be sufficient for successfull stabilization when the solvent composition
was altered.

Solvent composition The effect of the EtOH fraction in the solvent mixture during the phase transfer on the
average particle size is plotted in Figure 6.23. This time, 5 vol% of EtOH/YAG:Ce nanodispersion was added
to solvent mixtures with varying EtOH content containing 5 gL−1 B575 or B875 at 80◦C. After adding the nan-
odispersion, the ethanol was evaporated and the resulting average particle size was measured by DLS. The
increased polarity of the solvent is clearly beneficial to the phase transfer process, which means that the ad-
sorption process is limited by kinetic effects. The YAG:Ce particles could be transferred to the toluene phase
with virtually no observable agglomeration. Comparing the results to the computed interaction parameters
in Figure 6.16, the resemblance with χ of the EO functional groups is striking. This suggests that increasing
the solvent quality for the functional groups greatly benefits the adsorption kinetics. We suppose that this
effect is attributed to steric shielding of the binding groups, either in intramolecular or intermolecular (mi-
cellar) structures. In the first case, the polar EO groups are shielded from the toluene solvent by a shell of
nonpolar PE. This limits their ability to bind to the hydrophilic YAG:Ce particle upon collision. When the
EtOH fraction is increased, the EO moieties become free to assume positions in the outer shell of the copoly-
mer coil, thereby increasing the probability of binding. The same behavior was observed for the PEHMA-
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stat-PMPEOMA copolymers in the paper. In the second case, the copolymer molecules are aggregated and
kinetically stable in micelles with their polar PEG chains facing inward. Since EtOH is able to form hydro-
gen binds with the PEG chains in the core, it is conceivable that interaction between the chains in the core
becomes weaker. This makes it easier for the molecules to desorb from the micelles, thus allowing them to
adsorb to the YAG:Ce particles. Slightly higher volume fractions of EtOH are required for the lower molecular
weight B575 than for B875. This might be related to a difference in the intramolecular conformation of the
copolymers, which makes it easier for the EtOH molecules to penetrate the larger B875 coils. It is likely that
better results can also be expected for copolymers B920 and B1400 by adjusting the polarity of the solvent,
but this has not been studied.

Conclusion
With proper tuning of the concentration, temperature and solvent composition, the PE-b-EG copolymers
with 20 wt% EO were found to be extremely successful in stabilizing of the YAG:Ce nanoparticles during the
phase transfer to toluene. The particles could be transferred without any sign of agglomeration. We can thus
conclude that the micellization of these block copolymers is not an issue to the adsorption process. Increas-
ing the temperature ethanol fraction in the solvent mixture was found to be especially beneficial, which indi-
cates that the adsorption of the copolymers is typically limited by kinetic effects. The difference in molecular
weight was found to be negligible. Even though the results seem promising, they PE-b-PEG copolymers were
of no use for the fabrication of transparent polymer nanocomposites. The nanocomposite films made with
toluene/YAG:Ce nanodispersions stabilized the PE-b-PEG copolymers were all nontransparent, as we will see
later in this chapter. This is due to the crystallization of the copolymers at temperatures below 50◦C, which
causes the toluene/YAG:Ce nanodispersions to be turbid at room temperature. This resulted in the search for
alternative amphiphilic copolymers, which were eventually found in the form of PEHMA-stat-PMPEOMA.

6.2.3. PEHMA-stat-PMPEOMA
Selection
The realization that the PE-b-PEG copolymers were not going to lead to transparent polymer nanocomposites
initiated the search for alternative amphiphilic copolymers that are better suited to the process. As described
in 2.4.2, the copolymers should preferably be statistical copolymers to prevent micellization, have sufficient
anchor groups to provide strong binding to the particle surface and have sufficiently high molecular weight
to provide compatibility with the polymer matrix. The nonpolar part of the copolymers should be compatible
with a transparent matrix polymer, while the polar part should be able to adsorb to hydroxylated nanoparti-
cle surfaces. The copolymers should be soluble a high-boiling point solvent that dissolves common organic
matrix polymers, such as toluene, as well as in solvent mixtures of this solvent with a medium polarity solvent
such as ethanol. Evidently, the copolymers should be transparent, which generally means that they should
be amorphous.2 Besides, we would like to vary at least one parameter of the copolymer—such as the type of
binding group, the fraction of polar monomers or the molecular weight—to study its influence on the stabi-
lization of the nanoparticles. Needless to say, no commercially available option was found that meets all of
these requirements. At this stage in the project, the synthesis and characterization of these copolymers were
outside of the scope of this research. Also within TU Delft I could not find an opportunity acquire such copoly-
mers. That is why I started to reach out to third parties that are specialized in polymer synthesis. Through a
contact of PHYSEE I finally got into contact with DSM Coating Resins, a subsidiary of DSM that manufactures
a wide range resins for polymeric coatings. The company agreed to make a number of of custom-designed
samples of amphiphilic statistical copolymers.

The selection of the right monomers for the design of the amphiphilic copolymers was crucial. The non-
polar part should be compatible with a matrix polymer that is suitable for the preparation of transparent
films by solution mixing. An overview of the suitability several common polymers was given in Section 3.2.1.
The compatibility between the amphiphilic copolymer and the matrix polymer depends on the similarity in
the chemical structure and molecular weight, as was discussed in Section 2.4.2. Therefore, protected poly-
mer brands such as TOPAS and CYTOP with unknown molecular weights and precise molecular structure are
not preferred. Polymethacrylates are a class of amorphous thermoplastic polymers that have good optical
properties, are widely available and are often found in copolymers. Commercially the most important type of
polymethacrylate is poly(methyl methacrylate) (PMMA), which is also known as acrylic glass. A methacrylate
monomer with close chemical resemblance to PMMA that DSM Coating Resins had experience with was 2-

2The transparency of polymers is related to the scattering of light as it passes through the material. Crystalline polymers are typically
opaque, because light scatters on the boudaries of amorphous and crystalline regions.
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mol%/wt% MPEOMA Mn (kDa) Mw (kDa) PDI

Copolymer A 5 / 10 19.0 36.5 1.92
Copolymer B 10 / 20 28.6 44.0 1.53
Copolymer C 15 / 28 32.9 47.9 1.52

Table 6.2: MPEOMA fraction, molecular weight and polydispersity index (PDI) of the synthesized PEHMA-stat-PMPEOMA copolymers.

ethylhexyl methacrylate (EHMA). Amphiphilic copolymers of PEHMA are often encountered in literature and
have been shown to work for the in situ stabilization of nanoparticles during their synthesis in inverse emul-
sion techniques [50, 83, 197, 198] and even for the formation of transparent nanocomposites [84, 127]. The
EHMA should be copolymerized with a polar comonomer, preferably one with nonionic moieties, because
they can bind to a wide range of polar surfaces. Copolymers with zwitterionic moieties, which contain both a
positive and a negatively charged binding group and are also know as betaines, are also effective but more dif-
ficult to synthesize [72, 84]. One of the nonionic comonomers that is often found in literature—even in combi-
nation with PEHMA—and which has been shown to adsorb to inorganic nanoparticles is poly(ethylene oxide
methacrylate) (PEOMA or PEGMA) [50, 73, 74, 125, 127, 197, 198]. About 5–9 EO units in the PEOMA chains
are enough to provide equally strong anchoring to hydroxylated metal oxide nanoparticles as acidic or ionic
binding groups [73]. The closest available option at DSM Coating resins was methoxy poly(ethylene oxide)
methacrylate (MPEOMA), which was available with approximately 8 EO units in the chain (MPEG350MA).
Random copolymerization of both monomers results in the amphiphilic statistical copolymer PEHMA-stat-
PMPEOMA, which were used throughout the remainder of this project.

The synthesis procedure of the PEHMA-stat-PMPEOMA copolymers allowed for the variation of either the
molecular wight or the concentration of the polar moieties. For the selection of the molecular weight, there is
a trade-off between the adsorption kinetics and the compatibility with polymer matrices. As was explained in
Section 2.4.2, the closer the molecular weight of the amphiphilic copolymer is to the high molecular weight
matrix polymer, the better the compatibility. However, comparable amphiphilic copolymers with molecular
weights smaller than 28 kDa were more effective for in situ stabilization than those with 70 or 140 kDa [72].
Comparable amphiphilic copolymers that were found to be effective in the fabrication of nanocomposites
typically have molecular wights of around 10 kDa [72, 84, 127]. The influence of the molecular weight on
the dispersion stability in the nanocomposites can also be studied by varying the molecular weight of the
matrix polymer. Therefore, it was decided to synthesize the PEHMA-stat-PMPEOMA copolymers with fixed
molecular weight of 10 kDa and vary the concentration of polar moieties. To the best of my knowledge, the
effect of concentration of the polar groups on the stabilization of nanoparticles had not yet been reported
in literature. Stelzig et al. reported that for the phase transfer procedure involving a monophasic ternary
solvent mixture, the amphiphilic copolymers require a minimum of about 70 mol% nonpolar units and about
5 mol% polar units [127]. Therefore, MPEOMA fractions of 5 mol%, 10 mol% and 15 mol% were selected for
the synthesis.

The MPEOMA fraction and the molecular wight of the synthesized PEHMA-stat-PMPEOMA copolymers
are listed in Table 6.2. The molecular wight of the copolymers turned out to be significantly higher than
anticipated. Moreover, there was a variation in molecular weight between the copolymers. Especially copoly-
mer A had a much lower molecular weight than copolymers B and C. It should be noted, however, that the
molecular weight of the copolymers was measured by size exclusion chromatography (SEC), which computes
the molecular weight based on the hydrodynamic volume relative to that of a PMMA standard. In fact, the
molar volume of EHMA and MPEOMA moieties is much higher than that of PMMA—a factor of 2.4 and 4.3
greater, respectively. This means that the SEC measurements likely overestimate the molecular wight of the
copolymers. Increasing the concentration of the bulky MPEOMA groups is expected to increase the the over-
estimation even more. In reality, the molecular weight of the copolymers is thus expected to be lower, and
the values listed in Table 6.2 only serve as estimates.

Solubility
The computed Hansen solubility parameters of the PEHMA-stat-PMPEOMA copolymers are close to those
of PE-b-PEG, as was shown in Table 5.1. The solubility parameters are plotted in the three-dimensional sol-
ubility space in Figure 6.24. A solubility sphere is drawn around copolymer B with an interaction radius R
equal to the distance from copolymer B to the solvent methyl ethyl ketone (MEK), which is known to be
able to dissolve the copolymers. In spite of the apparent similarity with PE-b-PEG, the solubility behavior of
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Figure 6.24: Hansen solubility paramters of the PEHMA-stat-PMPEOMA copolymers and several solvents plotted in a three-dimensional
solubility sphere. Solvents inside the sphere (in green) are expected to dissolve the copolymers, while solvents outside the sphere (in
red) are not.

PEHMA-stat-PMPEOMA is quite different. Because the copolymers are amorphous, they are expected to be
soluble at room temperature in all solvents positioned inside the solubility sphere. This is in contrast to the
crystalline PE-b-PEG copolymers, which show reduced solubility at temperatures below their melting point.
Figure 6.24 shows that the PEHMA-stat-PMPEOMA copolymers should be soluble in binary solvent mixtures
of toluene and ethanol with up to 70 vol% EtOH. The interaction parameters χ of the copolymers and the
MPEOMA groups are plotted in Figure 6.25. The highest affinity of the MPEOMA groups with the solvent
mixture is expected around 40 vol% EtOH.

Results
The same experiments were conducted with PEHMA-stat-PMPEOMA as with PE-b-PEG, which were ex-
plained in Section 6.2.2. In other words, the influence of the PEHMA-stat-PMPEOMA concentration, the
temperature and the the solvent mixture composition on the particle size after the phase transfer was stud-
ied. The results of these experiments are elaborately described in Sections 4.5.3, 4.5.4 and 4.5.5 in the paper,
to which the reader is referred. In general, the same trends were observed as for the PE-b-PEG copolymers.
That is to say, the particle size was observed to decrease by increasing the copolymer concentration, the tem-
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Figure 6.25: Computed values of the Flory-Huggins interaction parameter χ of the PEHMA-stat-PMPEOMA copolymers and the
MPEOMA functional groups as a function of the EtOH fraction in the solvent mixture.

perature and the EtOH fraction in the solvent mixture. Furthermore, some theoretical work is presented in the
paper to analyze the behavior of the stabilization process. A stabilization kinetics parameter τwas introduced
to describe the influence of the copolymer concentration and the temperature on the stabilization kinetics.
A new theory was developed to relate the theoretical parameter τ proportionally to the measured average
particle diameter dh. The results indicate that the adsorption of the PEHMA-stat-PMPEOMA copolymers in
pure toluene is kinetic-controlled (KC), even at elevated temperatures. This can probably be attributed to
the intramolecular conformation of the copolymer molecules in solution, in which the MPEOMA binding
groups are sterically shielded by the nonpolar EHMA groups. The rate-limiting kinetic effects clearly reduce
by increasing the temperature and can be practically eliminated by adding EtOH to the nonpolar phase prior
to the phase transition. By careful tuning of the concentration, temperature and EtOH fraction, the YAG:Ce
nanoparticles could be transfered to toluene without any noticeable agglomeration. While this had also been
achieved with PE-b-PEG, the advantage of the PEHMA-stat-PMPEOMA copolymers is that they were indeed
suitable for the fabrication of transparent nanocomposite films, as we will see in the next section.

6.3. Polymer thin film preparation
The sterically stabilized toluene/YAG:Ce nanodispersions can be mixed with polymers dissolved in toluene to
obtain homogeneous solutions. Polymer nanocomposite thin films are then easily obtained by spin coating
the solutions onto glass substrates.

6.3.1. Matrix polymers
The compatibility between the amphiphilic copolymers and the matrix polymer determines whether homo-
geneous films are obtained or whether phase separation occurs. As was explained in Section 2.4.2, com-
patibility is favored by chemical similarity—both in terms of their molecular structure and their molecular
weight. Three different matrix polymers were tested in combination the with the toluene/YAG:Ce nanodis-
persions stabilized by the PE-b-PEG and PEHMA-stat-PMPEOMA copolymers. The matrix polymers and their
molecular weights were listed in Table 3.4 and their molecular structures were depicted in Figure 3.3.

COC
In the original research plan, COC was selected to use in combination with the PE-b-PEG copolymers. Both
are copolymers of ethylene and the similarity in their molecular structure was expected to promote compat-
ibility. For more information about COC, the author is referred to Section 3.2.1. Even though the molecular
weight of the commercially available COC (TOPAS grade 5013) is not specified and certainly much higher
than those of the PE-b-PEG, COC appeared to be matrix polymer with the highest chance of success.

PEHMA
For the newly acquired PEHMA-stat-PMPEOMA copolymers, however, compatibility with COC was not ex-
pected due to their low chemical similarity. Instead, methacrylate-based matrix polymers are preferred in
combination with these stabilizers. Maximum compatibility is expected with a PEHMA polymer matrix with
comparable molecular weight. Unfortunately, PEHMA is not as commercialized as its chemically related fel-
low polymethacrylate PMMA. While a PEHMA solution in toluene with a molecular weight of ∼ 123,000 was
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Figure 6.26: Schematic representation of the static dispense spin coating method. Image obtained from [199].

available on Sigma-Aldrich, it was also quite expensive (∼300$ per 50 g). One of the only apparent commer-
cial suppliers of PEHMA is a US-based company named Polymer Chemistry Innovations, Inc. After some
correspondence the company kindly offered to ship a free sample of their product, which has been used for
the fabrication of nanocomposite films in this study. The high molecular weight of the commercial PEHMA
at the same time posed an opportunity to study any molecular-weight-related compatibility issues. If the
difference in molecular weight would result in inhomogeneous films, there was always the option to go for
the Sigma-Aldrich variant with lower molecular weight. Due to the limited commercial use of PEHMA so far,
a lot of material properties are still unknown, including optical properties such as its transparency, haze and
refractive index. The transparency and haze of PEHMA films were also studied in this research.

PMMA
While maximum compatibility was expected with PEHMA, it was interesting to study whether the PEHMA-
stat-PMPEOMA copolymers would also be compatible with its widely-used and chemically related brother
PMMA. PMMA is known to have excellent optical properties and could potentially prove to be better suited
for transparent polymer nanocomposites than PEHMA. PMMA with a relatively low molecular weight of ∼120
kDa was acquired from Sigma-Aldrich and used to fabricate polymer nanocomposite films.

6.3.2. Spin coating thickness
Spin coating is a technique widely used in research and industry for applying thin films on substrates. The
process involves depositing a solution of the desired coating material onto a substrate which is then rotated
at high velocity, as is depicted in Figure 6.26. After the fluid has spread out evenly over the substrate and
the solvent has evaporated, a thin film of the coating material is left on the substrate. The advantage of spin
coating is that it can produce very uniform thin films with a thickness ranging from the nanometer up to the
micrometer scale. The film thickness depends on the properties of the fluid (such as the viscosity, surface
tension and vapor pressure) and on the chosen spin coating parameters. For a given polymer solution, the
thickness is inversely proportional to the square root of the spin speed:

h ∝ 1p
ω

=ω− 1
2 (6.10)

Uniform films can generally be achieved for spin speeds in the range of 1000–6000 rpm, resulting in a thick-
ness variation of a factor

p
6 ≈ 2.4 for a given solution. The spinning time required for the film to fully dry

depends on the vapor pressure of the solvent as well as on the ambient conditions. For most common sol-
vents a spinning time of approximately 30 seconds is enough. The film quality is also affected by the method
that is used to dispense the fluid onto the substrate. In the static dispense method, a stationary substrate is
fully covered by the fluid before the spinning is initiated, as is shown in Figure 6.26. In the dynamic dispense
method, on the other hand, the fluid is pipetted onto the center of an already spinning substrate. While a
dynamic dispense typically requires less fluid and shows better reproducibility, it is a difficult to obtain full
substrate coverage for low spin speeds or viscous solutions. In this study the static dispense method was used
to fabricate the polymer films, because the preparation of polymer films with a thickness in the micrometer
range requires quite viscous solutions. In order to get a feeling for controlling the thickness and homogeneity
of the polymer films, various solutions of COC were spin coated at different spin speeds.
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Figure 6.27: PDMS substrate holder for round microscope cover
slips.

Figure 6.28: The spin coater setup, including the PDMS substrate
holder.

Figure 6.29: COC films spin-coated at various spin speeds and ac-
celerations.

Figure 6.30: Partial delamination of a spin-coated COC film.

Method
TOPAS 5013 COC was dissolved in toluene to obtain 10 wt%, 20 wt% and 30 wt% solutions. A fixed volume
of the solutions were pipetted onto ∼0.2 µm thick round microscope cover slips to fully cover the substrate,
after which the spinning was started. The substrates were placed into specially designed olydimethylsiloxane
(PDMS) substrate holders, as shown in Figure 6.27). The substrate holders were fabricated by placing the
desired glass substrate (in this case a thin microscope cover slip) in the middle of a petri dish and covering
it with PDMS, which was then cured in an oven. The spin coater setup including the PDMS sample holder is
shown in Figure 6.28. The spin coater was covered in aluminum foil to prevent the toluene from damaging
the polypropylene chuck and spin bowl. The polymer films were prepared at different spin speeds (1000–5000
rpm) with a fixed acceleration of 2000 rpm/s to study the effect of the spin coater parameters on the thickness
and homogeneity of the films. The film thickness at different points on the substrate was obtained by remov-
ing part of the film and measuring the difference in height using a white light interferometer. In addition, the
surface roughness of the film was measured at different points on the substrate.

Results
The spin coated COC films were fully transparent and appeared relatively smooth, as can be seen in Figure
6.29. However, the films had the tendency to fully or partially delaminate from the substrate after some time,
especially when using more viscous polymer solutions. The partial delamination of a COC film is shown in
Figure 6.30. This effect is probably caused by drying-induced stresses in the polymer film, in combination
with poor adhesion of COC to the glass substrate. Pretreatment of the substrate surface with oxygen plasma
did not sufficiently increase the adhesion strength to prevent delamination, nor does heating the coated sub-
strate to the glass transition temperature of COC. Presumably, thermal stresses are introduced in the film
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(a) (b)

Figure 6.31: Film thickness plotted against spin speed for (a) 10wt% and (b) 20 wt% soltutions of TOPAS 5013 in toluene.

during cooling down as a result of the mismatch in thermal expansion coefficients between glass and COC.
Since COC has a relatively high glass transition temperature of 130◦C, cooling the coated substrate down to
room temperature introduces a significant amount of stress. The stress deforms the ultrathin glass cover slips,
which leads to delamination of the films. No delamination occurred when the films were instead applied to
1 mm thick microscope slides, which were therefore used throughout the remainder of the project.

The thickness of the spin coated films was observed to decrease with increasing spin speed for both 10wt%
and 20wt% COC solutions, as shown in Figure 6.31. The exponents of ω in the power law relations that fit
the data are equal to −0.53 and −0.47 for 10 wt% and 20 wt%, which are both close to to the exponent of
−0.5 predicted by Equation 6.10. The films prepared with a 30wt% COC solution all delaminated completely,
which rendered thickness measurements with the white light interferometer impossible. While thickness
values of the 20wt% samples show a neat inverse-square-root decline over the entire spin speed range, the
10wt% samples appear to increase in thickness for spin speeds higher than 3000 rpm. The reason for this
behavior is not entirely clear. The unexpected results can possibly be attributed the limited reproducibility
of spin coating with the static dispense method. The solvent has some time to evaporate after the solution
is dispensed onto the substrate, which might lead to variations in viscosity or partial solidification before the
spinning is started. It should be noted that the data points correspond to 3 different measurement on one
single sample, taken at fixed points between the center and the perimeter. More samples should be prepared
to better predictions on the film thickness. However, the experiments show that relatively homogeneous films
with a thickness up to a few microns is feasible. This experiment was only performed with COC. Although
solutions of PMMA and PEHMA have different fluid properties and therefore different thickness ranges, this
experiment has shown that the scaling law of Equation 6.10 holds. Therefore, if the film thickness at one spin
speed is known, the thickness at different spin speeds can be reliably predicted.

6.3.3. Preparation of nanocomposite films
Every combination of matrix polymer (PEHMA, PMMA and COC) and toluene/YAG:Ce nanodispersion sta-
bilized with amphiphilic copolymers (A, B, C, B575 and B875) was mixed to study whether homogeneous
solutions and nanocomposite thin films could be obtained.

First, a large batch of EtOH/YAG:Ce nanodispersion (∼100 mL) was prepared, following the procedure
outlined in Section 6.1.4. This process is quite labor-intensive due to the small volume of nanodispersion
that can be obtained per centrifuge tube (∼ 1 mL), which in addition requires extremely careful pipetting
to prevent contamination with agglomerates from the bottom of the tubes. Similar to the phase transfer
experiments, however, it is important to prepare all the nanocomposite films from the same nanodispersion.

Next, batches of toluene/YAG:Ce nanodispersions were prepared for every type of amphiphilic copoly-
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Figure 6.32: Mixtures of (a) PEHMA, (b) PMMA, (c) COC with toluene/YAG:Ce nanodispersions stabilized with (from left to right) copoly-
mers A, B, C, B575 and B875.

mer. The particle size distribution of these batches is shown in Figure. The batches for A, B, and C were
prepared by dissolving 20 gL−1 copolymer in toluene, heating up a temperature of 100◦C and then adding
40 vol% of EtOH/YAG:Ce nanodispersion. The same procedure was followed for B575 and B875, but with
5 gL−1 copolymer and 30 vol% EtOH/YAG:Ce nanodispersion. The benefit of adding a large volume of the
nanodispersion to the toluene phase—instead of adding a smaller volume to a solvent mixture of toluene
and ethanol— is that a higher particle concentrations is obtained in the nonpolar phase. This makes the par-
ticles easier to detect in the nanocomposite films. For the phase transfer experiments described in Section
6.2, however, this method was not preferred as it requires large batches of the labor-intensive EtOH/YAG:Ce
nanodispersions. The stabilized toluene/YAG:Ce nanodispersions that are obtained with both methods are
similar—at least when using a high copolymer concentrations, high temperature and large EtOH fraction.

Finally, 30 wt% solutions of all matrix polymers were prepared in toluene, which were then diluted with
the stabilized toluene/YAG:Ce nanodispersions to obtain in total 15 mixtures (3 matrix polymers times 5 am-
phiphilic copolymers) with a total polymer concentration of 10 wt%. Typical photographs of these mixtures
are shown in Figure 6.32. The PEHMA-stat-PMPEOMA copolymers formed homogeneous solutions with
PEHMA and PMMA, but phase separated in the COC solution. The phase separation is most likely the result
of poor compatibility between PEHMA-stat-PMPEOMA and COC and could not be reversed by heating the
samples. Therefore, spin coating was not possible for this combination. The PE-b-PEG initially appeared to
form homogeneous solutions with all matrix polymers. When the mixtures cool down the PE-b-PEG copoly-
mers again crystallize and precipitate. The flocculation is reversible, however, and polymer films could be
prepared by reheating the mixtures prior to spin coating. The homogeneous mixtures were spin coated onto
glass substrates to form polymer nanocomposite films, using a spin speed of 3000 rpm and an acceleration
of 2000 rpm/s. Photographs of all the spin-coated films are displayed in Appendix A.

The concentration of YAG:Ce particles in the nanocomposite film was estimated as follows, taking a
PEHMA film with PEHMA-stat-PMPEOMA copolymer as an example. The concentration in the EtOH/YAG:Ce
nanodispersion was estimated to be around 0.007 vol% (see Section 6.1.4), which corresponds to to 0.032
w/v% or 0.32 gL−1. After the phase transfer to toluene using 40 vol% EtOH/YAG:Ce, the concentration is
equal to 40/100·0.32 = 0.13 gL−1. The amphiphilic copolymer concentration in the toluene/YAG:Ce nanodis-
persion is reduced from 20 gL−1 to 13.4 gL−1 after mixing with the 30 vol% PEHMA solution in toluene. A 10
wt% solution of PEHMA in toluene corresponds to 87.1 gL−1. After evaporation of the solvent, the YAG:Ce
particle concentration in the nanocomposite films is then equal to 0.13/(87.1+13.4) ≈ 0.13 wt%.

6.3.4. Transparency and haze
The transmittance and haze of the polymer nanocomposite films were measured using a PerkinElmer
Lambda 950 UV/Vis spectrometer. The transmittance is defined as the ratio of the transmitted light to the
incident light, while the haze is equal to the ratio of the diffused light to the incident light. For more informa-
tion about these optical properties and the use of spectrophotometers, the reader is referred to Sections 2.5.1
and 3.2.3.

The measured transmittance and haze are plotted in Figures 6.33 and 6.34. Both quantities were mea-
sured in a small area in the center of the films. It should be noted that the measurements have not been
corrected for the transmittance and haze of the glass substrates. Therefore, the values correspond to the op-
tical properties of the coated substrates—hereafter called samples—and not solely of the polymer films. That
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Figure 6.33: Transmittance of the polymer nanocomposite and ref-
erence films spin-coated on glass substrates.

Figure 6.34: Haze of the polymer nanocomposite and reference
films spin-coated on glass substrates.

being said, the haze value of glass is typically negligible. Assuming furthermore that the difference in optical
properties between the glass substrates are negligible, the measured differences can be attributed to the op-
tical properties of the polymer films. Moreover, it should be stressed that each measurement corresponds to
a single sample only. The reason for this is that the entire process to go from YAG:Ce nanopowder to spin-
coated films from one single batch is extremely time-consuming. So even though no hard conclusions can
be drawn from the results, they certainly give a good indication of the optical properties. The transmittance
was found to be close to 92% for all for samples, as can be seen in Figure 6.33. Clearly, the transmittance is
not a suitable parameter for comparing the optical performance of the films. When looking at the haze, on
the other hand, we can see some notable differences.

First of all, the measured haze values of the pure polymer reference films are very low. The haze values of
PMMA and COC are close to the values reported in literature (see Table 3.3), which indicates that the mea-
surement method resembles the standard testing conditions. The haze value of PEHMA—which to the best
of my knowledge has not yet been reported in literature—was found to be practically equal to that of PMMA.

The reader is referred to Section 4.5.6 for a discussion about the PEHMA and PMMA nanocomposite
films containing the PEHMA-stat-PMPEOMA copolymers. In short, no increase in haze was observed for
the PEHMA nanocomposites as is shown in Figure 6.34. This translates into the extremely clear appearance
of the films, as can be seen in Appendix A. This observation indicates that the incorporated nanoparticles do
not influence the optical properties of the film, which was one of the goals of this research project. It should
be stresses, however, that the particle concentration is low (∼0.1 wt%) and that higher haze values can be
expected for higher concentrations required for functional LSCs. In PMMA, haze values are observed except
for in a small area in the center of the films, as was also shown in Section 4.5.6 in the paper. The size of the
clear center increases with increasing MPEOMA fraction in the copolymers, as can be seen in Appendix A.
Only for copolymer A, part of the films with high haze falls within the measurement area of the spectrometer,
which results in a haze value of over 12% in Figure 6.34. Reference samples of PMMA mixed with copolymer
A without any nanoparticles give similar results (indicated as "ref+A" in Figure 6.34). This means that the
haze can be mainly attributed to the immiscibility of PEHMA and PMMA, which has been reported in liter-
ature [181]. The immiscibility was clearly observed by surface analysis methods, which will be discussed in
the next section. The concentration of PEHMA-stat-PEHMA in the films was approximately 13 wt%, which is
much higher than required for the phase transfer process and less compatibility issues are expected for lower
concentrations.

The PE-b-PEG copolymers show high haze values in all matrix polymers, as can be seen in Figure 6.34.
The high haze can be attributed to crystallized flocs of the copolymers, which are clearly visible to the naked
eye (see Appendix A) as well as by surface analysis methods (see next section). The copolymers crystallize
while the nanocomposite solution cools down during spin coating. For this reason, PE-b-PEG is unsuitable
for the fabrication of nanocomposite films.

6.3.5. Surface roughness
The surface of the nanocomposite and reference films were analyzed by white light interferometry (WLI) us-
ing a Bruker 3D optical microscope. WLI allows to evaluate the thickness of the spin-coated films, which were
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Figure 6.35: Rq surface roughness of the polymer nanocomposite and reference films.

(a) (b) (c)

Figure 6.36: 3D surface profiles of a polymer reference film of (a) PEHMA, (b) PMMA and (c) COC. Note that the scale on the z-axis is
different.

measured to be equal to ∼1.7 µm for PEHMA and ∼1 µm for PMMA and COC. Initially, the reason for analyz-
ing the surface was to see whether the presence of nanoparticles protruding from the film could be detected.
WLI can give a lot of information on the characteristics of a surface. First of all, it allows to make 2D and
3D images. Apart from the surface roughness, it is able to compute a lot of interesting surface parameters,
such as the number of summits per unit area (Sds). Comparing these surface characteristics of the nanocom-
posite films to those of the reference films might give an indication of size and distribution of the particles
protruding from the film. Unfortunately, no definite trends were observed in the data. This can most likely be
attributed to the limited lateral resolution of WLI. Still, some interesting results were obtained by comparing
the images and surface roughness of the films to the haze values.

The root mean square surface roughness (Rq) of the films is shown in Figure 6.35. Each measurement
corresponds to only one sample and should therefore only serve as an indication of the roughness. The
surface roughness of the films is not one-on-one related to the haze of the films. While the reference films all
have very low haze values, their surface characteristics are quite different. 3D images of the surface profile at
center of the reference films are shown in Figure 6.36. The PEHMA films are much more smooth than those of
PMMA, which might be related to its lower glass transition temperature and higher plasticity. The COC films
showed a high degree of waviness, which could also be observed with the naked eye.

An exception to this rule are the films containing the PE-b-PEG copolymers, for which the high haze value
likely results from the micron-sized flocculated crystals. Figure 6.37 shows a typical 2D and 3D image of these
crystals present in the polymer films containing PE-b-PEG. The crystals are observed for both B575 and B875,
appear in all three polymer matrices and are present over the entire surface.

Phase separation between the incompatible phases of PMMA and PEHMA-stat-PMPEOMA is clearly ob-
served when analyzing the surface profile. Figure 6.38 shows the 2D surface profiles of a reference film of
PMMA ("ref" in Figure 6.35) and of a reference film of PMMA containing the same concentration of copoly-
mer A as was used for the nanocomposite films ("ref+A" in Figure 6.35). No YAG:Ce particles are present in
these films, and the differences in the surface profile can be solely attributed to the incompatibility between
the phases. The surface profile in the center of the two films are shown in Figure 6.38(a) and 6.38(b). While
both surfaces are more or less equally smooth, there appears to be a distinct difference in the surface mor-
phology. The "ref+A" film appeared transparent in the center of the film, similar to Figure 4.8d in the paper.
In the hazy part outside of the center, and the surface roughness is much higher (Rq=116 nm) and the sur-
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Figure 6.37: Surface profile in (a) 2D and (b) 3D of a PMMA film with YAG:Ce/B575 at 50x magnification.

(a) (b) (c)

Figure 6.38: 2D surface profile of (a) the center of a PMMA reference film, (b) the center of a PMMA + copolymer A reference film and (c)
the side of a PMMA + copolymer A reference film.

face profile looks like 6.38(c). It appears that the PEHMA-stat-PMPEOMA separates into small islands in the
PMMA matrix that diffuse incident light. Phase separation of blends PEHMA and PMMA mixtures into dis-
tinct islands has been reported in literature [181]. Presumably, PMMA is more compatible with MPEOMA
than with PEHMA, which explains the growth of the low-haze area with increasing MPEOMA fraction in the
copolymers.

6.3.6. Particle size and distribution
The nanocomposite samples were analyzed in a scanning electron microscope (SEM) to study the size and
distribution of the nanoparticles in the films. The reader is referred to Section 4.5.6 for an explanation of
the procedure and SEM images of the PEHMA nanocomposites. In conclusion, the size of the particles cor-
responded with the particle size distribution in the toluene/YAG:Ce nanodispersion, indicating that no sig-
nificant agglomeration occurred during the preparation of the films. Moreover, the particles appeared to be
homogeneously dispersed in the polymer matrix.

Imaging of the nanoparticles in the films proved to be quite tedious. In order to obtain a resolution high
enough to image nanometer-sized features such as the YAG:Ce nanoparticles, a high accelerating voltage is
required. However, using high accelerating voltages led to charging effects and damage to the polymer films,
even though they were coated by a 6 nm layer of Au/Pd to render them conductive. On the other hand, a high
accelerating voltage increases the diffusion volume of the electron beam, especially in the soft polymeric
material. This makes the detection of the low concentration of YAG:Ce particles in the film using elemental
analysis by electron dispersive X-ray spectroscopy (EDS) very difficult. Applying thicker layers of conductive
material reduces the penetration depth of the electron beam and prevents the appearance of charging effects,
but also interferes with the results of the EDS measurements. Needless to say, a lot of trial and error was
required to find the optimal imaging conditions.

Many attempts were made to image the YAG:Ce nanoparticles in the nanocomposite films and confirm
the presence of aluminum and yttrium with EDS. Several parameters were varied to see whether the detec-



6.3. Polymer thin film preparation 87

Figure 6.39: SEM image of YAG:Ce/B575 particles in a COC matrix.

tion of the particles could be improved: the particle concentration in the film, the Au/Pd coating thickness,
the acceleration voltage, the working distance and the spot size of the electron beam. At best, vague bright
spots were observed that— with some imagination—could indeed be the YAG:Ce nanoparticles. According to
elemental analysis, the bright spots appeared to contain more oxygen than the darker areas. These observa-
tions were not satisfactory, however, since the analysis of low atomic number elements such oxygen by EDS
is notoriously inaccurate. Besides, both PEHMA and the MPEOMA groups in the copolymers also contain
oxygen, which made it impossible to draw any hard conclusion on the presence of the YAG:Ce particles. The
detection problem was not caused by the material or the equipment; the presence of aluminum and yttrium
could be easily detected by analyzing the pure YAG:Ce nanopowder stuck to carbon tape. It thus appeared
that signal of the particles incorporated inside the nanocomposites was simply too low to be detected.

The turning point came when the samples were first treated with oxygen plasma. The oxygen plasma
etches away a small layer of polymer on the surface, leaving the YAG:Ce particles exposed. Suddenly, the
bright spots became much more pronounced and the EDS measurements clearly indicated the presence of
aluminum and yttrium, as shown in Appendix B. The duration of oxygen plasma treatment was found in-
fluence the visibility of the nanoparticles in the SEM. A treatment time of 2 minutes was sufficient for the
PEHMA nanocomposite films.

The COC nanocomposites with PE-b-PEG were also analyzed by SEM and showed significantly larger
YAG:Ce agglomerates with sizes up to 600 nm, as can be seen in Figure 6.39. This particular film was coated
with pure Au at the department of Material Science instead of Au/Pd. The Au coating in combination with
the COC matrix allowed for attaining a much higher resolution than was observed for the PEHMA nanocom-
posites shown in Section 4.5.6. The COC films were much less sensitive to surface wrinkling and radiation
damage than the PEHMA films. The surface wrinkling is likely caused by thermal stresses in the multilayer
system, as was explained in Section 4.5.6 in the paper. The reduced appearance of surface wrinkling might
thus be explained by a lower linear thermal expansion coefficient of COC than that of the rubbery PEHMA.
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Reflection

7.1. Origin of the project
The idea behind this thesis project originated from the findings of an internship I did at PHYSEE from March
until June 2017. During this internship, I had focused on modeling the optical losses in thin-film LSCs. The
conversion of sunlight into electrical power by LSCs involves many intrinsic losses, which all need to be ad-
dressed individually to optimize the conversion efficiency. One of these fundamental loss mechanisms is the
light trapping efficiency, which determines how much light can be trapped by an LSC and is based on the
difference in refractive index between the luminescent layer and the surroundings—typically air. In thin-film
LSCs, on the other hand, there are three optical pathways for the light that is emitted by the luminescent
centers: either it is trapped inside the luminescent thin film, or it is trapped in both the film and the sub-
strate or it escapes through the so-called escape cone. The higher the refractive index of the luminescent
thin film compared to the substrate, the more light is trapped in this layer. One can imagine that the light
that is trapped inside the thin film has to bounce back an forth many times to reach the edges of the device,
which induces considerable interface scattering losses. At the time, the material that PHYSEE envisioned for
the luminescent film was known to have a reflective index much higher than glass. The results of the optical
modeling indicated that this mismatch would lead to unacceptable losses.1 In a discussion that followed, we
recognized that one way to circumvent this problem would be to encapsulate the luminescent material in a
polymeric nanocomposite film. Instead of applying the luminescent material directly onto the glass using a
sputter deposition process, nanoparticles of the material can be mixed with transparent polymer matrices
and applied as a polymeric coating. This way, the luminescent material can be easily applied to virtually any
transparent surface using scalable coating techniques such as spray coating, or for example be integrated
into the polymeric interlayer of laminated glass to fabricate power-generating windshields for cars. In other
words, the design of luminescent transparent polymer nanocomposites proves to be an exciting and promis-
ing field of research. Although PHYSEE had recently started to look into the synthesis of rare-earth doped
inorganic particles, they had no experience with integrating them into polymers. For PHYSEE, my project
was therefore relevant in the context of kickstarting an alternative coating manufacturing process: stable in-
tegration of prefabricated nanophosphors in polymers using wet chemical methods that allow easy scaling
up and eliminate some constraints related to sputter deposition (e.g., the dependency on commercial glass
manufacturers, the need for conductive and non-hygroscopic host materials, the limited coating thickness,
the restriction to flat glass surfaces, waveguide losses through glass, etc). However, in order to obtain trans-
parent luminescent coatings with acceptable losses, it is important that the nanoparticles remain nanosized.
Directly dispersing such inorganic nanoparticles into common transparent organic polymers causes them to
agglomerate instantly. Therefore, the challenge was to find a way to stabilize the nanoparticles synthesized
by PHYSEE and integrate them into a suitable polymer matrix. From a research perspective, the subject was

1One other option to reduce the undesirable trapping of light in the thin film is by making use of the wavelike properties of light. In
the nanoscopic to microscopic dimensions of the thin film, the emitted light is subject to interference effects and is only allowed
to propagate through the film in certain modes. The allowed propagation modes are, among other things, dependent on the film
thickness. In the intership, I studied the effect of the film thickness on the optical efficiency using finite-difference time domain (FDTD)
electromagnetic simulations. The results predicted the existence of a cut-off thickness around 100 nm, below which light propagation
in the film is inhibited and interface scattering losses are avoided. The cut-off thickness is dependent on the refractive indices of the
materials, as well as on the wavelength of the propagating light.
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equally interesting. To the best of my knowledge, the ex situ stabilization (i.e. stabilization not during synthe-
sis) of inorganic rare-earth doped luminescent nanoparticles and their integration into transparent polymer
matrices for application in luminescent solar concentrators has not been reported in literature.

Naturally, the subject was quite different from my background in mechanical engineering. At first sight,
one could even argue that the subject falls outside of the scope of the faculty and is better suited for a student
in chemical engineering or a related field. However, the subject certainly has some overlap with the mission
of the Micro and Nano Engineering (MNE) research group; after all, the aim of the project is to manipulate
and analyze objects at the nanometer scale in order to develop functional devices at the macroscopic scale.
Now, the challenge was of course to convey my enthusiasm for this subject and find a supervisor willing to
embark on the project. After some discussions, Dr. Luigi Sasso agreed to supervise the project and so I joined
his research group of Polymer Micro and Nano Manufacturing in September 2017.

7.2. Course of the project
The project started with an extensive literature survey on concepts that were completely new to me at the
time, most notably on the topics of nanoparticle agglomeration and stabilization, compatibilization in poly-
mer nanocomposites and polymer science in general. Although not all information turned out to be equally
relevant to the research project, the literature survey has been added almost in its entirety to this thesis report
in Chapter 2. Besides all the information that is shared in this chapter, the literature survey mainly involved
catching up on a lot of textbook-level chemistry. My knowledge of chemistry had largely been neglected since
senior year in high school. This initially resulted in an overload of new information and seemingly endless
zooming out, before I could finally orient my focus on a suitable research plan and the well-known "gap" in
literature. This whole process took somewhat more time than I had anticipated, and I was eager to start the
lab phase in February 2018.

The initial research plan was divided into three phases with a distinct focus: dispersion, functionality and
prototyping. The goal of the dispersion phase was to disperse the nanoparticles both in a nonpolar solvent
and in polymer films, while keeping the average particle size below 100 nm. In the functionality phase, the
nanoparticle concentration and size as well as the film thickness would be related to the performance of
the films in terms of the transmittance, haze and luminescence intensity. Finally, several films with optimal
performance would be integrated into an LSC test setup with solar modules to measure their electrical power
output in a solar simulator. In hindsight, these research goals seem somewhat idealistic to say the least. A
number of issues were encountered along the way that resulted in a deviation from the original research plan.

To begin with, my project goals were to a large extent dependent on the availability of suitable inorganic
luminescent nanoparticles. Around the time I started with the project, PHYSEE had recently taken on a full-
time employee focusing on the synthesis of such nanoparticles. The main focus was on SiAlON:Sm2+ (the
ratio of the elements Si, Al, O and N in the SiAlON host is not specified) and Ba3(PO4)2:Mn5+, both of which
have a broad absorption band in the visible spectrum and re-emit light with a wavelength of around 700
and 1200 nm, respectively. The synthesis of the nanoparticles was expected to be finished before the end of
writing my literature survey, but unfortunately suffered a lot of delay. The nanoparticles were synthesized
using a sol-gel method and even though the particle size estimated from X-ray diffraction (XRD) measure-
ments using the Scherrer equation indicated a particle size well below 100 nm, all batches that were tested
turned out to be severely agglomerated. The dynamic light scattering (DLS) measurements I performed on
the dispersed nanoparticles typically returned average particle sizes in the micrometer range (for example,
see Section 6.1.2). Most likely, the drying and sintering step—necessary to activate the luminescence—after
the sol-gel synthesis resulted in heavily agglomerated micron-sized powder. Unfortunately, I was unable to
break-up and redisperse the agglomerated particles with the lab equipment at my disposal. To the best of my
knowledge, there is no commercial supplier of unfunctionalized, inorganic luminescent nanoparticles elec-
trostatically stabilized in a polar solvent—let alone with adsorption and emission properties suitable for LSC
applications. Admittedly, this is quite a niche product. The project focus thus shifted towards using the com-
mercially available luminescent YAG:Ce nanopowder that was kindly donated by Dr. Erik van der Kolk. At the
same time, this decision represented the first concession to my project goals, namely giving up on developing
a prototype. The YAG:Ce particles are not suitable for LSC window applications due to their low Stokes shift
(the spectral gap between emission and absorption), their narrow absorption band and their emission in the
visible spectrum.

There was a second issue related to the decision to proceed with the YAG:Ce nanopowder. Typically, irre-
versible agglomeration occurs during the drying step of (unfunctionalized) nanoparticles in order to form a
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nanopowder (see Section 2.2.2). Deagglomeration methods such as ultrasonication or even ball-miling can-
not redisperse the nanoparticles in their primary particle size. This means that in order to obtain actual nan-
odispersions, the dispersed YAG:Ce particles had to be centrifuged to filter out agglomerates. As a result, the
particle concentration was drastically reduced and difficult to determine—not to mention control. Besides,
it was impossible to control the particle size and concentration independently from each other. These un-
avoidable consequences constituted the second concession to the research goals: the particle concentration
could not varied to optimize the functionality of the luminescent nanocomposite films. In fact, the YAG:Ce
particle concentration in the nanocomposite films turned out to be too low to even measure any lumines-
cence output. Therefore, the scope of the research was now reoriented towards optimizing the dispersion
phase.

The unavailability of required materials was a recurring issue throughout the project. Apart from the very
specific requirements for the nanoparticles, the type of amphiphilic copolymers best suited to the process are
also very specific. The best candidates for ensuring both a successful phase transfer and compatibility with a
polymer matrix are statistical copolymers, as was explained in Section 2.4. Again to the best of my knowledge,
the only amphiphilic copolymers that are commercially available are block copolymers, and there is not much
to choose.2 The molecular structure of the selected amphiphilic copolymers in turn determines the choice
of matrix polymer, because their compatibility is favored by chemical similarity. In other words, everything
hinges on the selection of the amphiphilic copolymer. Although not perfect, the combination of PE-b-PEG
copolymers with a COC polymer matrix was deemed the most promising commercially available option at
the time. As it turned out, the insolubility of PE-b-PEG at room temperature made them unsuitable for the
fabrication of transparent polymer films. It thus seemed like I had to give up on yet another goal, namely
the fabrication of a transparent nanocomposite coating. This realization initiated the search for suitable
amphiphilic statistical copolymers, which was a continuous process throughout the first four months of the
project. I finally got in touch with DSM Coating Resins, who were able and willing to synthesize free samples
of these very specific copolymers. Even better, the properties of the copolymers could be almost completely
customized to my wishes. This suddenly opened up a lot of opportunities for the remainder of the project
and in hindsight this was indeed a tuning point—both in terms of the results that followed and the feeling of
lacking control over the project.

One more unforeseen issue was that the phase transfer process turned out to be much more involved than
expected. The procedure for the transferring inorganic nanoparticles from a polar to a nonpolar medium ap-
pears to be pretty straightforward in literature. In reality, there are many parameters that determine whether
agglomeration of the nanoparticles is suppressed or not. As discussed in the paper (Chapter 4), the success
of stabilization during the phase transfer was found to depend on three key parameters: the amphiphile con-
centration, the temperature and the solvent composition. It should be noted that the influence of many other
parameters and methods was tested to arrive at this conclusion, most of which were outlined in Section 6.2.1.
In itself, the unforeseen complexity of the phase transfer process did not necessarily require a change in the
scope of the project. The scope had after all already been narrowed down to the dispersion phase due to the
unavailability of suitable nanoparticles. In fact, it provided an excellent opportunity to study the behavior of
nanoparticle stabilization in more detail. To the best of my knowledge, the identification of the parameters
that are relevant for the stabilization of nanoparticles in a phase transfer process and their influence on the
stabilization kinetics has not yet been reported in literature.

7.3. Timeline
The initial and final timeline of the project are shown in Figures 7.1 and 7.2. All together the entire thesis
project has taken about 3 months longer than was initially planned. There are a number of reasons that
contributed to this delay, which will be discussed in this section.

First of all, I have seriously underestimated the time it takes to do lab work. As an illustration, the first
measurement of a successful transfer of YAG:Ce nanoparticles to toluene (i.e., with an average particle size
below 100 nm) was dated June 8th 2018, about 4 months after the start of the lab phase. In my original plan-
ning, I expected to have full control over the particle size by the beginning of April. Of course, experimental
work in its essence is hard to predict and the initial planning is actually more like a guideline telling you when
it’s time to move to plan B. However, I mainly underestimated the time it takes to get acquainted with doing
lab work, before you can even get started. This is true both for learning how to operate new equipment as

2The best avalable options at the time were either a single PS-b-PEG copolymer with 2–5% wt% PEG and a molecular weight of 21–31
kDa, or multiple PE-b-PEG copolymers with various PEG weight fractions (20 or 50 wt%) and molecular weights (575–1400 Da).
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well as for working in a chemical lab in general. Since I had no daily supervisor or PhD candidate to help out,
most of the doubts that I had or the problems I encountered in the lab I needed to solve on my own. Without
any prior experience in a chemical lab, everything in the beginning goes extremely slow. From small things
like learning how to use a pipette to more general things like learning which parameters might influence the
reproducibility of what you are doing. Reproducibility was a major issue during the phase transfer process
of the nanoparticles to toluene. In order to compare the behavior and performance of the copolymers, all
experiments had to be conducted with the same batch of EtOH/YAG:Ce nanodispersion and under the exact
same circumstances. In practice, this resulted in the fact that many experiments had to be redone, again and
again, after inconsistencies due to unwanted influences had been discovered.3 All in all I have done exactly
1018 dynamic light scattering (DLS) measurements throughout the entire project, which take about 5 min-
utes each—that means a lot of hours of silent contemplation. Although many of these measurements are not
shared in this thesis report, they certainly contributed to my understanding of the behavior and to getting a
"feeling" for the process. Besides mastering DLS, I learned to use a variety of other techniques to do char-
acterization. To name a few, the nanoparticle size in dispersion was analyzed using dynamic light scattering
(DLS), the film thickness and surface roughness with white light interferometry (WLI), the transmission and
haze with spectrophotometry and the particle size and distribution in the film with scanning electron mi-
croscopy (SEM). Besides getting in touch with the right people (sometimes at other faculties) and following
the mandatory trainings, learning how to master each of these machines took a considerable amount of time.

Secondly, the unsuitability of materials put a lot of pressure on my planning. Two of the most important
materials for the process turned out to be unsuitable: the nanoparticles and the amphiphilic copolymers.
The reasons can be found partly in a lack of experience and partly in a too optimistic research plan, to say the
least. Due to the difficulties with the synthesis of luminescent nanoparticles by PHYSEE, an alternative had
to be found in an early stage of the project. First the plan was to start out with Al2O3 nanoparticles, which
should behave similarly to luminescent metal oxide particles. These turned out to be stabilized with un-
known dispersants, which made them unsuitable. Finally I decided to proceed with the agglomerated YAG:Ce
nanopowder, which needed some processing to finally obtain usable nanodispersions in polar solvents. All
in all this resulted in a considerable delay before I could even start with the phase transfer process, which
would prove to be equally problematic. The selected PE-b-PEG copolymers were found to be unsuitable for
the fabrication of transparent nanocomposite films due to their crystalline nature. In itself, the unsuitabil-
ity of the PE-b-PEG copolymers did not have to lead to a delay. It would have been possible to narrow the
focus to the phase transfer process and study the influences of the concentration, temperature and solvent
properties. However, I did not want to give up on the goal of making nanocomposite films. After all, that was
the main reason for starting the project in the first place. Focusing only on the phase transfer process, and
more specifically on the performance of materials that would not even be suitable anyway, felt like too much
of a compromise for sticking to the original timeline. Although I had been warned that things often do not go
according to plan in experimental research, this felt like an extremely unsatisfactory conclusion to my mas-
ter’s thesis. Therefore, I put a lot of effort into finding a way out of the impasse by finding new amphiphilic
copolymers. Luckily, the search payed off and the statistical copolymers that were synthesized by DSM coat-
ing resins worked like a charm, as they were expected to. In hindsight, I believe this delay was worth the
added value to the outcome of the project. Moreover, I have learned a lot during this dip in the project, both
in my personal attitude towards facing a seemingly unsurmountable problem as well as in terms of reaching
out to other people to find a solution.

Lastly, the theoretical part of my work took a considerable amount of time, which was not included in
the original research plan. Along the way, the focus of my project shifted from fabricating a functional device
towards optimizing the phase transfer process of inorganic nanoparticles to organic media. I found clear
empirical trends in the phase transfer process, namely that the process is generally favored by increasing the
amphiphile concentration, the temperature and the ethanol content in the solvent mixture. Initially I was
not planning to dive deep into the theory of nanoparticle stabilization kinetics—let alone try to contribute to
the existing knowledge. However, since this was know the focus of my project, merely stating the empirical
findings would not be a strong conclusion. It would be more interesting to get a true understanding of the
behavior, which allows then to broaden the findings and come up with a generalized approach that can be
used by researchers using different materials. In other words, I needed to find a theoretical basis for the
empirical findings, in order to predict the stabilization behavior under different conditions. This meant that I
had to dive into the literature on nanoparticle agglomeration and amphiphile adsorption kinetics, which were

3A small anecdote to illustrate the unexpected nature of such unwanted influences: one day, after several days of inconsisitent results, I
found out that the cause was that the ethanol bottle had been refilled with acetone.
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completely new to me. The problem of building a model is that it is difficult to stop; the more you include, the
more accurate the model becomes. This resulted in the fact that I spent a lot of time on getting the model to
work properly. A fun anecdote in this respect is that I struggled for a very long time with a seemingly horrible
equation derived by two Japanese scientist (Equation 4.11), which was published in the reputable Journal of
Physical Chemistry B. No matter what I tried, the the equation did not return the expected behavior. In fact,
in one limit it converged to a value that was off by a factor π. Indeed, after contacting the authors, it turned
out that this was due to a misprint in the equation. As a result, I have the honor to be thanked by the authors
in the correction to this paper that was published in the same journal, which I have added in Appendix C.
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Figure 7.1: Overview of the original timeline.

Figure 7.2: Overview of the final timeline.



A
Photographs of nanocomposite films

A.1. PEHMA

PEHMA reference film. PEHMA + copolymer A. PEHMA + YAG:Ce/A.

PEHMA + YAG:Ce/B. PEHMA + YAG:Ce/C. PEHMA + YAG:Ce/B575.

PEHMA + YAG:Ce/B875.
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96 A. Photographs of nanocomposite films

A.2. PMMA

PMMA reference film. PMMA + copolymer A. PMMA + YAG:Ce/A.

PMMA + YAG:Ce/B. PMMA + YAG:Ce/C. PMMA + YAG:Ce/B575.

PMMA + YAG:Ce/B875.

A.3. COC

COC reference film. COC + YAG:Ce/B575. COC + YAG:Ce/B875.



B
EDS measurements
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98 B. EDS measurements

EDS measurement of YAG:Ce particle.
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EDS measuremnt of polymer matrix.





C
Correction to "Diffusion Influenced

Adsorption Kinetics"
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D
MATLAB

D.1. Amphiphile-solvent interaction
This script computes the solubility parameters of all the substances and plots the solubility spheres (Figure
6.15 for PE-b-PEG and Figure 6.24 for PEHMA-stat-PMPEOMA). With the solubility parameters it also com-
putes the amphiphile-solvent interaction parameters χ as a function of the ethanol content in the solvent
mixture (Figure 4.6 in the paper for PEHMA-stat-PMPEOMA and Figure 6.16 for PE-b-PEG.

1 clear all
2 close all
3 clc
4
5 %% Parameters
6 R = 8.3144598; % gas constant
7 T = 353; % temperature (K)
8 steps = 101; % number of steps for loop
9

10 %% Solubility parameters
11
12 % toluene
13 d_tol = 18.2; % hildebrand
14 dd_tol = 18; % hansen
15 dp_tol = 1.4;
16 dh_tol = 2;
17 d_tol_t = sqrt(dd_tol ^2 + dp_tol ^2 + dh_tol ^2); % hansen total
18 fd_tol = dd_tol /( dd_tol+dp_tol+dh_tol);
19 fp_tol = dp_tol /( dd_tol+dp_tol+dh_tol);
20 fh_tol = dh_tol /( dd_tol+dp_tol+dh_tol);
21 F_tol = fd_tol+fp_tol+fh_tol;
22 V_tol = 92.14/0.867; % molar volume
23
24 % % hexane (used for scaling to 2nm copolymer diameter in Steltzig et al. (2008) in hexane/etoh

mixture)
25 % d_tol = 14.9; % hildebrand
26 % dd_tol = 14.9;
27 % dp_tol = 0.001;
28 % dh_tol = 0.001;
29 % d_tol_t = sqrt(dd_tol ^2 + dp_tol ^2 + dh_tol ^2); % hansen total
30 % fd_tol = dd_tol /( dd_tol+dp_tol+dh_tol);
31 % fp_tol = dp_tol /( dd_tol+dp_tol+dh_tol);
32 % fh_tol = dh_tol /( dd_tol+dp_tol+dh_tol);
33 % F_tol = fd_tol+fp_tol+fh_tol;
34 % V_tol = 131.4;
35
36 % ethanol
37 d_etoh = 26.5; % hildebrand
38 dd_etoh = 15.8;
39 dp_etoh = 8.8;
40 dh_etoh = 19.4;
41 d_etoh_t = sqrt(dd_etoh ^2 + dp_etoh ^2 + dh_etoh ^2); % hansen total
42 fd_etoh = dd_etoh /( dd_etoh+dp_etoh+dh_etoh); % fractional parameters
43 fp_etoh = dp_etoh /( dd_etoh+dp_etoh+dh_etoh);
44 fh_etoh = dh_etoh /( dd_etoh+dp_etoh+dh_etoh);
45 F_etoh = fd_etoh+fp_etoh+fh_etoh;
46 V_etoh = 46.07/0.789; % molar volume
47
48 % mek
49 dd_mek = 16.0;
50 dp_mek = 9.0;
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51 dh_mek = 5.1;
52 d_mek_t = sqrt(dd_mek ^2 + dp_mek ^2 + dh_mek ^2); % hansen total
53
54 % aceton
55 dd_ace = 15.5;
56 dp_ace = 10.4;
57 dh_ace = 7.0;
58 d_ace_t = sqrt(dd_ace ^2 + dp_ace ^2 + dh_ace ^2); % hansen total
59
60 % dodecane
61 dd_dod = 16.0;
62 dp_dod = 0.0;
63 dh_dod = 0.0;
64 d_dod_t = sqrt(dd_dod ^2 + dp_dod ^2 + dh_dod ^2); % hansen total
65
66 % hexane
67 dd_hex = 14.9;
68 dp_hex = 0.0;
69 dh_hex = 0.0;
70 d_hex_t = sqrt(dd_hex ^2 + dp_hex ^2 + dh_hex ^2); % hansen total
71 V_hex = 131.4;
72
73 % water
74 dd_wat = 15.6;
75 dp_wat = 16.0;
76 dh_wat = 42.3;
77 d_wat_t = sqrt(dd_wat ^2 + dp_wat ^2 + dh_wat ^2); % hansen total
78
79 % THF
80 dd_thf = 16.8;
81 dp_thf = 5.7;
82 dh_thf = 8.0;
83 d_thf_t = sqrt(dd_thf ^2 + dp_thf ^2 + dh_thf ^2); % hansen total
84
85 % solvent mixture etOH
86 for i=1: steps
87 f_tol(i) = 1 - (i-1) *(1/( steps -1)); % ratio ethanol (0 to 1)
88 f_etoh(i) = 1-f_tol(i);
89 d_mix(i) = f_tol(i)*d_tol + f_etoh(i)*d_etoh; % hildebrand mixture
90 fd_mix(i) = f_tol(i)*fd_tol + f_etoh(i)*fd_etoh; % fractional parameters
91 fp_mix(i) = f_tol(i)*fp_tol + f_etoh(i)*fp_etoh;
92 fh_mix(i) = f_tol(i)*fh_tol + f_etoh(i)*fh_etoh;
93 F_mix(i) = fd_mix(i) + fp_mix(i) + fh_mix(i); % check if = 1
94
95 syms dd_mix dp_mix dh_mix
96 eq1 = dd_mix - (fd_mix(i)*dp_mix + fd_mix(i)*dh_mix)/(1- fd_mix(i)) == 0; % see section 5.1
97 eq2 = dp_mix - (fp_mix(i)*dd_mix + fp_mix(i)*dh_mix)/(1- fp_mix(i)) == 0;
98 eq3 = dh_mix - sqrt(d_mix(i).^2 - dd_mix ^2 - dp_mix ^2) == 0;
99 [sol_dd_mix ,sol_dp_mix ,sol_dh_mix] = solve(eq1 ,eq2 ,eq3 ,dd_mix ,dp_mix ,dh_mix);

100 dd_mix_sol(i) = double(sol_dd_mix);
101 dp_mix_sol(i) = double(sol_dp_mix);
102 dh_mix_sol(i) = double(sol_dh_mix);
103 H_mix(i,:) = [dd_mix_sol(i),dp_mix_sol(i),dh_mix_sol(i)];
104 H_mix_t(i) = sqrt(dd_mix_sol(i)^2+ dp_mix_sol(i)^2+ dh_mix_sol(i)^2);
105 end
106
107 % topas
108 dd_coc = 18;
109 dp_coc = 3;
110 dh_coc = 2;
111 d_coc_t = sqrt(dd_coc + dp_coc + dh_coc); % hansen total
112
113
114 %% Group contributions
115 % Properties of polymers , Hoftyzer & Van Krevelen (1992)
116 E_CH3 = 9640; % cohesive energy
117 E_CH2 = 4190;
118 E_O = 6290;
119 E_OH = 29800;
120
121 Fdi_CH3 = 420; % molar attraction constant
122 Fdi_CH2 = 270;
123 Fdi_CH = 80;
124 Fdi_C = -70;
125 Fdi_O = 100;
126 Fdi_OH = 210;
127 Fdi_COO = 390;
128 Fdi_PEHMA = 3* Fdi_CH3 + 6* Fdi_CH2 + Fdi_CH + Fdi_C + Fdi_COO;
129 Fdi_PEOMA = 2* Fdi_CH3 + 16* Fdi_CH2 + Fdi_C + Fdi_COO + 7.5* Fdi_O;
130 Fdi_EO = 2* Fdi_CH2 + Fdi_O;
131
132 Fpi_CH3 = 0;
133 Fpi_CH2 = 0;
134 Fpi_CH = 0;
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135 Fpi_C = 0;
136 Fpi_O = 400;
137 Fpi_OH = 500;
138 Fpi_COO = 490;
139 Fpi_PEHMA = 3* Fpi_CH3 + 6* Fpi_CH2 + Fpi_CH + Fpi_C + Fpi_COO;
140 Fpi_PEOMA = 2* Fpi_CH3 + 16* Fpi_CH2 + Fpi_C + Fpi_COO + 7.5* Fpi_O;
141 Fpi_EO = 2* Fpi_CH2 + Fpi_O;
142
143 Ehi_CH3 = 0;
144 Ehi_CH2 = 0;
145 Ehi_CH = 0;
146 Ehi_C = 0;
147 Ehi_O = 3000;
148 Ehi_OH = 20000;
149 Ehi_COO = 7000;
150 Ehi_PEHMA = 3* Ehi_CH3 + 6* Ehi_CH2 + Ehi_CH + Ehi_C + Ehi_COO;
151 Ehi_PEOMA = 2* Ehi_CH3 + 16* Ehi_CH2 + Ehi_C + Ehi_COO + 7.5* Ehi_O;
152 Ehi_EO = 2* Ehi_CH2 + Ehi_O;
153
154 % Molar volume (Fedors p.195 in Van Krevelen (1992)
155 V_CH3 = 33.5;
156 V_CH2 = 16.1;
157 V_CH = -1.0;
158 V_C = -19.2;
159 V_O = 3.8;
160 V_OH = 13.0;
161 V_COO = 18.0;
162 V_PEHMA = 3*V_CH3 + 6*V_CH2 + V_CH + V_C + V_COO;
163 V_PEOMA = 2*V_CH3 + 16* V_CH2 + V_C + V_COO + 7.5* V_O;
164 V_EO = 2* V_CH2 + V_O;
165 V_PMMA = 2*V_CH3 + V_CH2 + V_COO + V_C;
166
167 %% Hildebrand
168 E_575 = 2.5*( E_O + 2*E_CH2)+ E_OH + (15.9 -1) *(2* E_CH2) + E_CH2 + E_CH3; % cohesive energy
169 E_875 = 3.9*( E_O + 2*E_CH2)+ E_OH + (24.5 -1) *(2* E_CH2)+ E_CH2 + E_CH3;
170 E_920 = 10.3*( E_O + 2* E_CH2)+ E_OH + (16.1 -1) *(2* E_CH2)+ E_CH2 + E_CH3;
171 E_1400 = 15.7*( E_O + 2*E_CH2)+ E_OH + (24.7 -1) *(2* E_CH2)+ E_CH2 + E_CH3;
172
173 V_575 = 2.5*( V_O + 2*V_CH2)+ V_OH + (15.9 -1) *(2* V_CH2) + V_CH2 + V_CH3; % molar volume
174 V_875 = 3.9*( V_O + 2*V_CH2)+ V_OH + (24.5 -1) *(2* V_CH2)+ V_CH2 + V_CH3;
175 V_920 = 10.3*( V_O + 2* V_CH2)+ V_OH + (16.1 -1) *(2* V_CH2)+ V_CH2 + V_CH3;
176 V_1400 = 15.7*( V_O + 2*V_CH2)+ V_OH + (24.7 -1) *(2* V_CH2)+ V_CH2 + V_CH3;
177 V_A = 86.4* V_PEHMA + 4.4* V_PEOMA;
178 V_B = 115.5* V_PEHMA + 13.3* V_PEOMA;
179 V_C = 116.3* V_PEHMA + 23.0* V_PEOMA;
180
181 % Solubility parameters PE -b-PEG
182 d_575 = sqrt(E_575/V_575); % hildebrand
183 d_875 = sqrt(E_875/V_875);
184 d_920 = sqrt(E_920/V_920);
185 d_1400 = sqrt(E_1400/V_1400);
186
187 delta_d_mix_575 = abs(d_575 - d_mix); % delta hildebrand with mixture
188 delta_d_mix_875 = abs(d_875 - d_mix);
189 delta_d_mix_920 = abs(d_920 - d_mix);
190 delta_d_mix_1400 = abs(d_1400 - d_mix);
191
192 delta_d_tol_575 = abs(d_575 - d_tol);
193 delta_d_tol_875 = abs(d_875 - d_tol);
194 delta_d_tol_920 = abs(d_920 - d_tol);
195 delta_d_tol_1400 = abs(d_1400 - d_tol);
196
197 delta_d_etoh_575 = abs(d_575 - d_etoh);
198 delta_d_etoh_875 = abs(d_875 - d_etoh);
199 delta_d_etoh_920 = abs(d_920 - d_etoh);
200 delta_d_etoh_1400 = abs(d_1400 - d_etoh);
201
202 %% Hansen
203 Fdi_575 = 2.5*( Fdi_O + 2* Fdi_CH2)+ Fdi_OH + (15.9 -1) *(2* Fdi_CH2) + Fdi_CH2 + Fdi_CH3; % molar

attraction constants (dispersion component)
204 Fdi_875 = 3.9*( Fdi_O + 2* Fdi_CH2)+ Fdi_OH + (24.5 -1) *(2* Fdi_CH2)+ Fdi_CH2 + Fdi_CH3;
205 Fdi_920 = 10.3*( Fdi_O + 2* Fdi_CH2)+ Fdi_OH + (16.1 -1) *(2* Fdi_CH2)+ Fdi_CH2 + Fdi_CH3;
206 Fdi_1400 = 15.7*( Fdi_O + 2* Fdi_CH2)+ Fdi_OH + (24.7 -1) *(2* Fdi_CH2)+ Fdi_CH2 + Fdi_CH3;
207 Fdi_A = 86.4* Fdi_PEHMA + 4.4* Fdi_PEOMA;
208 Fdi_B = 115.5* Fdi_PEHMA + 13.3* Fdi_PEOMA;
209 Fdi_C = 116.3* Fdi_PEHMA + 23.0* Fdi_PEOMA;
210
211
212 Fpi_575_2 = 2.5*( Fpi_O ^2 + 2* Fpi_CH2 ^2)+ Fpi_OH ^2 + (15.9 -1) *(2* Fpi_CH2 ^2) + Fpi_CH2 ^2 + Fpi_CH3

^2;
213 Fpi_875_2 = 3.9*( Fpi_O ^2 + 2* Fpi_CH2 ^2)+ Fpi_OH ^2 + (24.5 -1) *(2* Fpi_CH2 ^2)+ Fpi_CH2 ^2 + Fpi_CH3 ^2;
214 Fpi_920_2 = 10.3*( Fpi_O^2 + 2* Fpi_CH2 ^2)+ Fpi_OH ^2 + (16.1 -1) *(2* Fpi_CH2 ^2)+ Fpi_CH2 ^2 + Fpi_CH3

^2;
215 Fpi_1400_2 = 15.7*( Fpi_O ^2 + 2* Fpi_CH2 ^2)+ Fpi_OH ^2 + (24.7 -1) *(2* Fpi_CH2 ^2)+ Fpi_CH2 ^2 + Fpi_CH3
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^2;
216 Fpi_A = 86.4* Fpi_PEHMA + 4.4* Fpi_PEOMA;
217 Fpi_B = 115.5* Fpi_PEHMA + 13.3* Fpi_PEOMA;
218 Fpi_C = 116.3* Fpi_PEHMA + 23.0* Fpi_PEOMA;
219
220
221 Ehi_575 = 2.5*( Ehi_O + 2* Ehi_CH2)+ Ehi_OH + (15.9 -1) *(2* Ehi_CH2) + Ehi_CH2 + Ehi_CH3;
222 Ehi_875 = 3.9*( Ehi_O + 2* Ehi_CH2)+ Ehi_OH + (24.5 -1) *(2* Ehi_CH2)+ Ehi_CH2 + Ehi_CH3;
223 Ehi_920 = 10.3*( Ehi_O + 2* Ehi_CH2)+ Ehi_OH + (16.1 -1) *(2* Ehi_CH2)+ Ehi_CH2 + Ehi_CH3;
224 Ehi_1400 = 15.7*( Ehi_O + 2* Ehi_CH2)+ Ehi_OH + (24.7 -1) *(2* Ehi_CH2)+ Ehi_CH2 + Ehi_CH3;
225 Ehi_A = 86.4* Ehi_PEHMA + 4.4* Ehi_PEOMA;
226 Ehi_B = 115.5* Ehi_PEHMA + 13.3* Ehi_PEOMA;
227 Ehi_C = 116.3* Ehi_PEHMA + 23.0* Ehi_PEOMA;
228
229
230 % Hansen solubility parameters (dispersion , polar & hydrogen bonding)
231 sym05 = 0.5;
232 sym1 = 1;
233 dd_575 = Fdi_575/V_575;
234 dp_575 = sqrt(Fpi_575_2)/V_575 * sym05;
235 dh_575 = sqrt(Ehi_575/V_575);
236 d_575t = sqrt(dd_575 ^2 + dp_575 ^2 + dh_575 ^2); % 575 hansen total
237
238 dd_875 = Fdi_875/V_875;
239 dp_875 = sqrt(Fpi_875_2)/V_875 * sym05;
240 dh_875 = sqrt(Ehi_875/V_875);
241 d_875t = sqrt(dd_875 ^2 + dp_875 ^2 + dh_875 ^2); % 875 hansen total
242
243 dd_920 = Fdi_920/V_920;
244 dp_920 = sqrt(Fpi_920_2)/V_920 * sym05;
245 dh_920 = sqrt(Ehi_920/V_920);
246 d_920t = sqrt(dd_920 ^2 + dp_920 ^2 + dh_920 ^2); % 920 hansen total
247
248 dd_1400 = Fdi_1400/V_1400;
249 dp_1400 = sqrt(Fpi_1400_2)/V_1400 * sym05;
250 dh_1400 = sqrt(Ehi_1400/V_1400);
251 d_1400t = sqrt(dd_1400 ^2 + dp_1400 ^2 + dh_1400 ^2); % 1400 hansen total
252
253 dd_A = Fdi_A/V_A;
254 dp_A = sqrt(Fpi_A)/V_A * sym1;
255 dh_A = sqrt(Ehi_A/V_A);
256 d_At = sqrt(dd_A^2 + dp_A^2 + dh_A ^2); % A hansen total
257
258 dd_B = Fdi_B/V_B;
259 dp_B = sqrt(Fpi_B)/V_B * sym1;
260 dh_B = sqrt(Ehi_B/V_B);
261 d_Bt = sqrt(dd_B^2 + dp_B^2 + dh_B ^2); % B hansen total
262
263 dd_C = Fdi_C/V_C;
264 dp_C = sqrt(Fpi_C)/V_C * sym1;
265 dh_C = sqrt(Ehi_C/V_C);
266 d_Ct = sqrt(dd_C^2 + dp_C^2 + dh_C ^2); % C hansen total
267
268 dd_PEOMA = Fdi_PEOMA/V_PEOMA;
269 dp_PEOMA = sqrt(Fpi_PEOMA)/V_PEOMA * sym1;
270 dh_PEOMA = sqrt(Ehi_PEOMA/V_PEOMA);
271 d_PEOMAt = sqrt(dd_PEOMA ^2 + dp_PEOMA ^2 + dh_PEOMA ^2); % MPEOMA hansen total
272
273 dd_EO = Fdi_EO/V_EO;
274 dp_EO = sqrt(Fpi_EO)/V_EO * sym1;
275 dh_EO = sqrt(Ehi_EO/V_EO);
276 d_EOt = sqrt(dd_EO ^2 + dp_EO^2 + dh_EO ^2); % EO hansen total
277
278
279
280 for i = 1: steps
281 for j = 1:81
282 T(j) = 293 + (j-1);
283 D_mix_EO(i) = sqrt( (dd_mix_sol(i)-dd_EO).^2 + (dp_mix_sol(i)-dp_EO).^2 + (dh_mix_sol(i)-dh_EO)

.^2); % delta hildebrand
284 D_mix_575(i) = sqrt( (dd_mix_sol(i)-dd_575).^2 + (dp_mix_sol(i)-dp_575).^2 + (dh_mix_sol(i)-

dh_575).^2);
285 D_mix_875(i) = sqrt( (dd_mix_sol(i)-dd_875).^2 + (dp_mix_sol(i)-dp_875).^2 + (dh_mix_sol(i)-

dh_875).^2);
286 D_mix_920(i) = sqrt( (dd_mix_sol(i)-dd_920).^2 + (dp_mix_sol(i)-dp_920).^2 + (dh_mix_sol(i)-

dh_920).^2);
287 D_mix_1400(i) = sqrt( (dd_mix_sol(i)-dd_1400).^2 + (dp_mix_sol(i)-dp_1400).^2 + (dh_mix_sol(i)-

dh_1400).^2);
288
289 D_mix_A(i) = sqrt( (dd_mix_sol(i)-dd_A).^2 + (dp_mix_sol(i)-dp_A).^2 + (dh_mix_sol(i)-dh_A).^2)

;
290 D_mix_B(i) = sqrt( (dd_mix_sol(i)-dd_B).^2 + (dp_mix_sol(i)-dp_B).^2 + (dh_mix_sol(i)-dh_B).^2)

;
291 D_mix_C(i) = sqrt( (dd_mix_sol(i)-dd_C).^2 + (dp_mix_sol(i)-dp_C).^2 + (dh_mix_sol(i)-dh_C).^2)
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;
292 D_mix_PEOMA(i) = sqrt( (dd_mix_sol(i)-dd_PEOMA)^2 + (dp_mix_sol(i)-dp_PEOMA)^2 + (dh_mix_sol(i)-

dh_PEOMA)^2);
293
294 V_mix_id(i,j) = f_tol(i)*V_tol + f_etoh(i)*V_etoh; % molar volume mixture (ideal)
295 X_mix_575(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_575).^2 + 0.25*( dp_mix_sol(i)-dp_575)

.^2 + 0.25*( dh_mix_sol(i)-dh_575).^2); % chi
296 X_mix_875(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_875).^2 + 0.25*( dp_mix_sol(i)-dp_875)

.^2 + 0.25*( dh_mix_sol(i)-dh_875).^2);
297 X_mix_920(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_920).^2 + 0.25*( dp_mix_sol(i)-dp_920)

.^2 + 0.25*( dh_mix_sol(i)-dh_920).^2);
298 X_mix_1400(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_1400).^2 + 0.25*( dp_mix_sol(i)-

dp_1400).^2 + 0.25*( dh_mix_sol(i)-dh_1400).^2);
299 X_mix_EO(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_EO).^2 + 0.25*( dp_mix_sol(i)-dp_EO)

.^2 + 0.25*( dh_mix_sol(i)-dh_EO).^2);
300
301 X_mix_A(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_A).^2 + 0.25*( dp_mix_sol(i)-dp_A).^2

+ 0.25*( dh_mix_sol(i)-dh_A).^2);
302 X_mix_B(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_B).^2 + 0.25*( dp_mix_sol(i)-dp_B).^2

+ 0.25*( dh_mix_sol(i)-dh_B).^2);
303 X_mix_C(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_C).^2 + 0.25*( dp_mix_sol(i)-dp_C).^2

+ 0.25*( dh_mix_sol(i)-dh_C).^2);
304 X_mix_PEOMA(i,j) = 0.6* V_mix_id(i)/(R*T(j))* (( dd_mix_sol(i)-dd_PEOMA).^2 + 0.25*( dp_mix_sol(i)-

dp_PEOMA).^2 + 0.25*( dh_mix_sol(i)-dh_PEOMA).^2);
305
306
307 % X_hex_A(j) = 0.6* V_hex/(R*T(j))* ((dd_hex -dd_A).^2 + 0.25*( dp_hex -dp_A).^2 + 0.25*( dh_hex -dh_A)

.^2); % used for scaling to 2nm copolymer diameter in Steltzig et al. (2008) in hexane/etoh
mixture

308 % X_hex_B(j) = 0.6* V_hex/(R*T(j))* ((dd_hex -dd_B).^2 + 0.25*( dp_hex -dp_B).^2 + 0.25*( dh_hex -dh_B)
.^2);

309 % X_hex_C(j) = 0.6* V_hex/(R*T(j))* ((dd_hex -dd_C).^2 + 0.25*( dp_hex -dp_C).^2 + 0.25*( dh_hex -dh_C)
.^2);

310
311 end
312 end
313
314 % Distance between solvent and centre of solubility sphere
315 D_tol_575 = sqrt( (dd_tol -dd_575)^2 + (dp_tol -dp_575)^2 + (dh_tol -dh_575)^2);
316 D_tol_875 = sqrt( (dd_tol -dd_875)^2 + (dp_tol -dp_875)^2 + (dh_tol -dh_875)^2);
317 D_tol_920 = sqrt( (dd_tol -dd_920)^2 + (dp_tol -dp_920)^2 + (dh_tol -dh_920)^2);
318 D_tol_1400 = sqrt( (dd_tol -dd_1400)^2 + (dp_tol -dp_1400)^2 + (dh_tol -dh_1400)^2);
319 D_tol_B = sqrt( (dd_tol -dd_B)^2 + (dp_tol -dp_B)^2 + (dh_tol -dh_B)^2);
320
321 D_etoh_575 = sqrt( (dd_etoh -dd_575)^2 + (dp_etoh -dp_575)^2 + (dh_etoh -dh_575)^2);
322 D_etoh_875 = sqrt( (dd_etoh -dd_875)^2 + (dp_etoh -dp_875)^2 + (dh_etoh -dh_875)^2);
323 D_etoh_920 = sqrt( (dd_etoh -dd_920)^2 + (dp_etoh -dp_920)^2 + (dh_etoh -dh_920)^2);
324 D_etoh_1400 = sqrt( (dd_etoh -dd_1400)^2 + (dp_etoh -dp_1400)^2 + (dh_etoh -dh_1400)^2);
325
326 D_mek_575 = sqrt( (dd_mek -dd_575)^2 + (dp_mek -dp_575)^2 + (dh_mek -dh_575)^2);
327 D_mek_875 = sqrt( (dd_mek -dd_875)^2 + (dp_mek -dp_875)^2 + (dh_mek -dh_875)^2);
328 D_mek_920 = sqrt( (dd_mek -dd_920)^2 + (dp_mek -dp_920)^2 + (dh_mek -dh_920)^2);
329 D_mek_1400 = sqrt( (dd_mek -dd_1400)^2 + (dp_mek -dp_1400)^2 + (dh_mek -dh_1400)^2);
330 D_mek_B = sqrt( (dd_mek -dd_B)^2 + (dp_mek -dp_B)^2 + (dh_mek -dh_B)^2);
331
332
333 D_ace_575 = sqrt( (dd_ace -dd_575)^2 + (dp_ace -dp_575)^2 + (dh_ace -dh_575)^2);
334 D_ace_875 = sqrt( (dd_ace -dd_875)^2 + (dp_ace -dp_875)^2 + (dh_ace -dh_875)^2);
335 D_ace_920 = sqrt( (dd_ace -dd_920)^2 + (dp_ace -dp_920)^2 + (dh_ace -dh_920)^2);
336 D_ace_1400 = sqrt( (dd_ace -dd_1400)^2 + (dp_ace -dp_1400)^2 + (dh_ace -dh_1400)^2);
337
338 D_dod_575 = sqrt( (dd_dod -dd_575)^2 + (dp_dod -dp_575)^2 + (dh_dod -dh_575)^2);
339 D_dod_875 = sqrt( (dd_dod -dd_875)^2 + (dp_dod -dp_875)^2 + (dh_dod -dh_875)^2);
340 D_dod_920 = sqrt( (dd_dod -dd_920)^2 + (dp_dod -dp_920)^2 + (dh_dod -dh_920)^2);
341 D_dod_1400 = sqrt( (dd_dod -dd_1400)^2 + (dp_dod -dp_1400)^2 + (dh_dod -dh_1400)^2);
342
343 D_wat_575 = sqrt( (dd_wat -dd_575)^2 + (dp_wat -dp_575)^2 + (dh_wat -dh_575)^2);
344 D_wat_875 = sqrt( (dd_wat -dd_875)^2 + (dp_wat -dp_875)^2 + (dh_wat -dh_875)^2);
345 D_wat_920 = sqrt( (dd_wat -dd_920)^2 + (dp_wat -dp_920)^2 + (dh_wat -dh_920)^2);
346 D_wat_1400 = sqrt( (dd_wat -dd_1400)^2 + (dp_wat -dp_1400)^2 + (dh_wat -dh_1400)^2);
347
348
349 %% PLOT delta hildebrand amphiphile A/B/C - solvent mixture
350
351 figure (1)
352 plot(f_etoh ,D_mix_PEOMA ,f_etoh ,D_mix_A ,f_etoh ,D_mix_B ,f_etoh ,D_mix_C)
353 hold on
354 % plot(f_etoh ,D_mix_575 ,f_etoh ,D_mix_875)
355 % plot(f_etoh ,D_mix_920 ,f_etoh ,D_mix_1400)
356 ax = gca;
357 ax.ColorOrderIndex = 1;
358 yL = get(gca ,'YLim');
359 plot([ f_etoh(D_mix_PEOMA ==min(D_mix_PEOMA)) f_etoh(D_mix_PEOMA ==min(D_mix_PEOMA))],[min(D_mix_PEOMA)

yL(1)],'--')
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360 plot([ f_etoh(D_mix_A ==min(D_mix_A)) f_etoh(D_mix_A ==min(D_mix_A))],[min(D_mix_A) yL(1)],'--')
361 plot([ f_etoh(D_mix_B ==min(D_mix_B)) f_etoh(D_mix_B ==min(D_mix_B))],[min(D_mix_B) yL(1)],'--')
362 plot([ f_etoh(D_mix_C ==min(D_mix_C)) f_etoh(D_mix_C ==min(D_mix_C))],[min(D_mix_C) yL(1)],'--')
363 xlabel('\phi_E_t_O_H ')
364 ylabel('\Delta\delta ')
365 legend('MPEOMA ','A','B','C')
366
367
368 %% PLOT delta hildebrand amphiphile B575/B875 - solvent mixture
369
370 figure (2)
371 hold on
372 plot(f_etoh ,D_mix_EO ,f_etoh ,D_mix_575 ,f_etoh ,D_mix_875)
373 plot(f_etoh ,D_mix_920 ,f_etoh ,D_mix_1400)
374 ax = gca;
375 ax.ColorOrderIndex = 1;
376 yL = get(gca ,'YLim');
377 plot([ f_etoh(D_mix_EO ==min(D_mix_EO)) f_etoh(D_mix_EO ==min(D_mix_EO))],[min(D_mix_EO) yL(1)],'--')
378 plot([ f_etoh(D_mix_575 ==min(D_mix_575)) f_etoh(D_mix_575 ==min(D_mix_575))],[min(D_mix_575) yL(1)],'

--')
379 plot([ f_etoh(D_mix_875 ==min(D_mix_875)) f_etoh(D_mix_875 ==min(D_mix_875))],[min(D_mix_875) yL(1)],'

--')
380 plot([ f_etoh(D_mix_920 ==min(D_mix_920)) f_etoh(D_mix_920 ==min(D_mix_920))],[min(D_mix_920) yL(1)],'

--')
381 plot([ f_etoh(D_mix_1400 ==min(D_mix_1400)) f_etoh(D_mix_1400 ==min(D_mix_1400))],[min(D_mix_1400) yL

(1)],'--')
382
383 xlabel('\phi_E_t_O_H ')
384 ylabel('\Delta\delta ')
385 legend('EO','575','875','920','1400')
386
387 %% PLOT chi amphiphile A/B/C - solvent mixture
388
389 figure (3)
390 hold on
391 set(gca ,'fontsize ' ,16)
392 plot(f_etoh *100, X_mix_A (:,1),f_etoh *100, X_mix_B (:,1),f_etoh *100, X_mix_C (:,1),f_etoh *100, X_mix_PEOMA

(:,1))
393 ax = gca;
394 ax.ColorOrderIndex = 1;
395 yL = get(gca ,'YLim');
396 plot([ f_etoh(X_mix_A (:,1)==min(X_mix_A (:,1))) f_etoh(X_mix_A (:,1)==min(X_mix_A (:,1)))]*100 ,[ min(

X_mix_A (:,1)) yL(1)],'--')
397 plot([ f_etoh(X_mix_B (:,1)==min(X_mix_B (:,1))) f_etoh(X_mix_B (:,1)==min(X_mix_B (:,1)))]*100 ,[ min(

X_mix_B (:,1)) yL(1)],'--')
398 plot([ f_etoh(X_mix_C (:,1)==min(X_mix_C (:,1))) f_etoh(X_mix_C (:,1)==min(X_mix_C (:,1)))]*100 ,[ min(

X_mix_C (:,1)) yL(1)],'--')
399 plot([ f_etoh(X_mix_PEOMA (:,1)==min(X_mix_PEOMA (:,1))) f_etoh(X_mix_PEOMA (:,1)==min(X_mix_PEOMA (:,1))

)]*100 ,[ min(X_mix_PEOMA (:,1)) yL(1)],'--')
400 xlabel('\phi_E_t_O_H (vol%)')
401 ylabel('\chi')
402 legend('A','B','C','MPEOMA ')
403
404
405 %% PLOT chi amphiphile B575/B875 - solvent mixture
406
407 figure (4)
408 hold on
409 set(gca ,'fontsize ' ,14)
410 plot(f_etoh ,X_mix_EO (:,1),f_etoh ,X_mix_575 (:,1),f_etoh ,X_mix_875 (:,1),f_etoh ,X_mix_920 (:,1),f_etoh ,

X_mix_1400 (:,1))
411 ax = gca;
412 ax.ColorOrderIndex = 1;
413 yL = get(gca ,'YLim');
414 plot([ f_etoh(X_mix_EO (:,1)==min(X_mix_EO (:,1))) f_etoh(X_mix_EO (:,1)==min(X_mix_EO (:,1)))],[min(

X_mix_EO (:,1)) yL(1)],'--')
415 plot([ f_etoh(X_mix_575 (:,1)==min(X_mix_575 (:,1))) f_etoh(X_mix_575 (:,1)==min(X_mix_575 (:,1)))],[min(

X_mix_575 (:,1)) yL(1)],'--')
416 plot([ f_etoh(X_mix_875 (:,1)==min(X_mix_875 (:,1))) f_etoh(X_mix_875 (:,1)==min(X_mix_875 (:,1)))],[min(

X_mix_875 (:,1)) yL(1)],'--')
417 plot([ f_etoh(X_mix_920 (:,1)==min(X_mix_920 (:,1))) f_etoh(X_mix_920 (:,1)==min(X_mix_920 (:,1)))],[min(

X_mix_920 (:,1)) yL(1)],'--')
418 plot([ f_etoh(X_mix_1400 (:,1)==min(X_mix_1400 (:,1))) f_etoh(X_mix_1400 (:,1)==min(X_mix_1400 (:,1)))],[

min(X_mix_1400 (:,1)) yL(1)],'--')
419 xlabel('\phi_E_t_O_H ')
420 ylabel('\chi')
421 legend('EO','B575','B875','B920','B1400 ','Location ','North ')
422
423 %% PLOT temperature vs chi in solvent mixture for A/B/C
424
425 figure (5)
426 hold on
427 plot(T,X_mix_A (11,:),T,X_mix_B (11,:),T,X_mix_C (11,:),T,X_mix_PEOMA (11,:))
428 xlabel('T (K)')
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429 ylabel('\chi')
430 legend('A','B','C','MPEOMA ')
431
432 %% PLOT temperature vs chi in solvent mixture hexane:etoh for A/B/C (for scaling)
433
434 figure (5)
435 hold on
436 plot(T-273, X_mix_PEOMA(vf ,:),T-273, X_mix_A(vf ,:),T-273, X_mix_B(vf ,:),T-273, X_mix_C(vf ,:))
437 plot(T-273,X_hex_A ,T-273,X_hex_B ,T-273, X_hex_C)
438 xlabel('T')
439 ylabel('\chi')
440 legend('MPEOMA ','A','B','C')
441
442
443 %% PLOT solubility sphere PE -b-PEG
444
445 r = D_mek_575;
446 [x,y,z] = ellipsoid(dd_575 ,dp_575 ,dh_575 ,r,r,r,128);
447
448 figure (6)
449 h = surfl(x, y, z);
450 set(h, 'FaceAlpha ', 0.2, 'FaceColor ', [0 1 0], 'EdgeColor ', 'none');
451 shading interp
452 hold on
453 scatter3(dd_575 ,dp_575 ,dh_575 ,50,'filled ','d')
454 text(dd_575 ,dp_575 ,dh_575 -0.1,'B575 ','HorizontalAlignment ','right ')
455 scatter3(dd_875 ,dp_875 ,dh_875 ,50,'filled ','d')
456 text(dd_875 ,dp_875 ,dh_875 ,'B875 ','HorizontalAlignment ','right ')
457 scatter3(dd_920 ,dp_920 ,dh_920 ,50,'filled ','d')
458 text(dd_920 ,dp_920 ,dh_920 ,'B920 ','HorizontalAlignment ','right ')
459 scatter3(dd_1400 ,dp_1400 ,dh_1400 ,50,'filled ','d')
460 text(dd_1400 ,dp_1400 ,dh_1400 +0.1,'B1400 ','HorizontalAlignment ','right ')
461 scatter3(dd_tol ,dp_tol ,dh_tol ,50,'filled ','^','MarkerFaceColor ' ,[0 0.5 0])
462 text(dd_tol ,dp_tol ,dh_tol ,' Toluene ')
463 scatter3(dd_mek ,dp_mek ,dh_mek ,50,'filled ','^','MarkerFaceColor ' ,[0 0.5 0])
464 text(dd_mek ,dp_mek ,dh_mek ,' MEK')
465 scatter3(dd_ace ,dp_ace ,dh_ace ,50,'filled ','rv')
466 text(dd_ace ,dp_ace ,dh_ace ,' Aceton ')
467 scatter3(dd_dod ,dp_dod ,dh_dod ,50,'filled ','^','MarkerFaceColor ' ,[0 0.5 0])
468 text(dd_dod ,dp_dod ,dh_dod ,' Dodecane ')
469 scatter3(dd_etoh ,dp_etoh ,dh_etoh ,50,'filled ','rv')
470 text(dd_etoh ,dp_etoh ,dh_etoh ,' Ethanol ')
471 for i=1:6
472 point = 1+(steps -1)*i/10;
473 scatter3(dd_mix_sol(point),dp_mix_sol(point),dh_mix_sol(point),'filled ','MarkerFaceColor ' ,[0 0.5

0])
474 end
475 for i=7:10
476 point = 1+(steps -1)*i/10;
477 scatter3(dd_mix_sol(point),dp_mix_sol(point),dh_mix_sol(point),'filled ','r')
478 end
479 text(dd_mix_sol (1+( steps -1) *0.1),dp_mix_sol (1+( steps -1) *0.1),dh_mix_sol (1+( steps -1) *0.1),' 10 vol%

EtOH')
480 text(dd_mix_sol (1+( steps -1) *0.2),dp_mix_sol (1+( steps -1) *0.2),dh_mix_sol (1+( steps -1) *0.2),' 20 vol%

EtOH')
481 text(dd_mix_sol (1+( steps -1) *0.7),dp_mix_sol (1+( steps -1) *0.7),dh_mix_sol (1+( steps -1) *0.7),' 70 vol%

EtOH')
482 plot3 ([dd_575 , dd_mek], [dp_575 , dp_mek], [dh_575 , dh_mek],'k:', 'LineWidth ', 1);
483 plot3(dd_mix_sol , dp_mix_sol , dh_mix_sol ,'k:', 'LineWidth ', 1);
484 grid on
485 axis equal
486 xlabel('\delta_d ');ylabel('\delta_p ');zlabel('\delta_h ')
487 axis ([10 30 0 12 0 20])
488 view ([1 0 0])
489
490 %% PLOT solubility sphere PEHMA -stat -PMPEOMA
491
492 r = D_mek_B;
493 [x,y,z] = ellipsoid(dd_B ,dp_B ,dh_B ,r,r,r ,128);
494 figure (7)
495 h = surfl(x, y, z);
496 set(h, 'FaceAlpha ', 0.2, 'FaceColor ', [0 1 0], 'EdgeColor ', 'none');
497 shading interp
498 set(gca ,'fontsize ' ,20)
499 hold on
500 scatter3(dd_A ,dp_A ,dh_A ,50,'filled ','d')
501 text(dd_A ,dp_A ,dh_A -0.1,'A ','HorizontalAlignment ','right ')
502 scatter3(dd_B ,dp_B ,dh_B ,50,'filled ','d')
503 text(dd_B ,dp_B ,dh_B ,'B ','HorizontalAlignment ','right ')
504 scatter3(dd_C ,dp_C ,dh_C ,50,'filled ','d')
505 text(dd_C ,dp_C ,dh_C +0.1,'C ','HorizontalAlignment ','right ')
506 scatter3(dd_tol ,dp_tol ,dh_tol ,50,'filled ','^','MarkerFaceColor ' ,[0 0.5 0])
507 text(dd_tol ,dp_tol ,dh_tol ,' Toluene ')
508 scatter3(dd_mek ,dp_mek ,dh_mek ,50,'filled ','^','MarkerFaceColor ' ,[0 0.5 0])
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509 text(dd_mek ,dp_mek ,dh_mek ,' MEK')
510 scatter3(dd_ace ,dp_ace ,dh_ace ,50,'filled ','rv')
511 text(dd_ace ,dp_ace ,dh_ace ,' Aceton ')
512 scatter3(dd_dod ,dp_dod ,dh_dod ,50,'filled ','^','MarkerFaceColor ' ,[0 0.5 0])
513 text(dd_dod ,dp_dod ,dh_dod ,' Dodecane ')
514
515 scatter3(dd_etoh ,dp_etoh ,dh_etoh ,50,'filled ','rv')
516 text(dd_etoh ,dp_etoh ,dh_etoh ,' Ethanol ')
517 for i=1:7
518 point = 1+(steps -1)*i/10;
519 scatter3(dd_mix_sol(point),dp_mix_sol(point),dh_mix_sol(point),'filled ','MarkerFaceColor ' ,[0 0.5

0])
520 end
521 for i=8:10
522 point = 1+(steps -1)*i/10;
523 scatter3(dd_mix_sol(point),dp_mix_sol(point),dh_mix_sol(point),'filled ','r')
524 end
525 text(dd_mix_sol (1+( steps -1) *0.1),dp_mix_sol (1+( steps -1) *0.1),dh_mix_sol (1+( steps -1) *0.1),' 10 vol%

EtOH')
526 text(dd_mix_sol (1+( steps -1) *0.2),dp_mix_sol (1+( steps -1) *0.2),dh_mix_sol (1+( steps -1) *0.2),' 20 vol%

EtOH')
527 text(dd_mix_sol (1+( steps -1) *0.7),dp_mix_sol (1+( steps -1) *0.7),dh_mix_sol (1+( steps -1) *0.7),' 70 vol%

EtOH')
528 plot3 ([dd_B , dd_mek], [dp_B , dp_mek], [dh_B , dh_mek],'k:', 'LineWidth ', 1);
529 plot3(dd_mix_sol , dp_mix_sol , dh_mix_sol ,'k:', 'LineWidth ', 1);
530 grid on
531 axis equal
532 xlabel('\delta_d ');ylabel('\delta_p ');zlabel('\delta_h ')
533 axis ([10 30 0 12 0 20])
534 view ([1 0 0])

D.2. Stabilization kinetics
This script computes τ as a function of the amphiphile concentration for DC, KC and MC adsorption kinetics
(Equations 4.14, 4.16 and 4.11, respectively, and plotted in Figure 4.3 in the paper) using, among other things,
the solubility parameters computed in the script of Section D.1.

1 clear all
2 close all
3 clc
4
5 chi
6
7 %% Polymer adsorption kinetics
8 % Fixed inputs
9 R_etOH = 5; % vol% etOH dispersion

10 V_tol = 2; % volume toluene (mL)
11 c_p0 = 1e-3; % concentration polymer (g/mL)
12 MW = 19e3; % MW polymer (g/mol)
13 c_s_etOH = 0.007; % concentration solids in etOH (w/v%) (g/100mL)
14 T = 353; % temperature
15 G = 1; % mean shear rate
16 theta = 0.95; % fractional surface coverage;
17
18 % Parameters
19 vf = ((( R_etOH /100) /1))*(steps -1) +1; % volume fraction step for loop
20 d_p = 2e-9*(MW /10.6e3)^(3/5); % diameter polymer
21 d_np = 15e-9; % diameter NP (number -weighted average from DLS)
22 rho_s = 4560; % density YAG (kg/m3)
23 kb = 1.38064852e-23; % Boltzmann constant
24 N = 6.022140857 e23; % Avogadro 's constant
25 A1 = -5.878;
26 A2 = 1287;
27 A3 = .004575;
28 A4 = -4.499e-6;
29 mu = exp(A1 + A2/T + A3*T + A4*T^2) * 1e-3; % viscosity toluene (Pa.s)
30
31 % Calculate number concentration solids
32 V_etOH = V_tol /(100 - R_etOH)*( R_etOH); % volume etOH dispersion (mL)
33 V_tot = V_tol + V_tol /(95) *(5); % total volume (mL)
34 V_np = 4/3*pi*(d_np /2)^3; % volume per NP (m3)
35 c_s_etOH_gmL = c_s_etOH /100; % concentration solids (w/v% to g/mL)
36 m_s = c_s_etOH_gmL*V_etOH; % total mass solids (g)
37 m_np = V_np*rho_s *1000; % mass per NP (g)
38 n_s = m_s/m_np / V_tot; % number concentration solids (per mL mixture)
39 n_s_m3 = n_s * 1e6; % number concentration solid (per m3 mixture)
40
41 % Calculate number concentration polymer (at t=0) & surface coverage if all
42 % is adsorbed
43 m_p0 = c_p0*V_tol; % total mass polymer (g) in toluene
44 mol_p0 = m_p0 / MW; % total moles polymer in toluene
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45 n_p0 = mol_p0 * N / V_tot; % number concentration polymer (per mL mixture)
46 n_p0_m3 = n_p0 * 1e6; % number concentration polymer (per m3 mixture)
47 mol_p0_m3 = n_p0_m3 / N; % molar concentration polymer (per m3 mixture)
48
49 % Calculate number concentration polymer for max coverage (theta =1)
50 n_a = 4*n_s*(d_np/d_p)^2; % number of adsorbed molecules (per mL mixture)
51 n_a_m3 = n_a * 1e6; % number of adsorbed molecules (per m3 mixture)
52 n_a_np = n_a/n_s; % number of molecules per NP
53 mol_a_np = n_a_np / N; % moles absorbed per NP
54 mol_a = n_a / N; % moles absorbed (per mL mixture)
55 mol_a_m3 = mol_a * 1e6; % moles absorbed (per m3 mixture)
56 m_a = mol_a * MW; % mass absorbed (g) (per mL mixture)
57 F_mol = mol_p0_m3/mol_a_m3; % Factor molar excess stabilizer
58
59
60 %% Adsorption % agglomeration time
61 % Calculate absorption time (surplus polymer , n_p0 constant)
62 K_ij = 8*kb*T/(3*mu) + G/6*(2* d_np)^3; % collision frequency

constant NP -NP
63 K_sp = 2*kb*T/(3*mu)*(2+ d_p/d_np+d_np/d_p)+ G/6*( d_np+d_p)^3; % collision frequency

constant polymer -NP
64 F_K = K_sp/K_ij;
65 A_np = 4*pi*(d_np /2)^2; % surface area NP (m2)
66 A_np_m3 = A_np * n_s_m3; % total surface area NPs (m2

per m3 mixture)
67 gamma_m = mol_a_m3 / A_np_m3; % maximum surface coverage (

mol/m2)
68 gamma_m2 = 4/(N*A_np)*(d_np/d_p)^2; % maximum surface coverage (

mol/m2)
69 D_p = kb*T/(6*pi*mu*(d_p/2)); % diffusion constant polymer
70 t_dl95 = (-log(1-theta)*gamma_m ./(2* mol_p0_m3)).^2 .* pi/(D_p); % diffusion -limited

adsorption time (95% adsorbed)
71
72 % Calculate agglomeration time
73 t_ag95 = (20 -1)*3*mu/(4*kb*T*n_s_m3); % agglomeration time diffusion (95%

agglomerated)
74 F_b = 2;
75 F_s = 3;
76 phi_s_m3 = V_np*n_s_m3; % volume concentration NPs (m3 per

m3 mixture)
77 K_b = 2*kb*T/(3*mu)*F_b; % rate constant Brownian
78 K_s = G*phi_s_m3/pi*F_s; % rate constant shear
79 t_fl95 = log((K_b*n_s_m3+K_s *20)/(K_b*n_s_m3+K_s))/K_s; % flocculation time diffusion&shear

(95% agglomerated)
80 X_np = n_s_m3 ^( -1/3); % average interparticle distance
81
82 % Calculate tau
83 tau = t_dl95/t_fl95;
84
85
86
87 %% PLOT tau (DC, KC & MC) vs amphiphile concentration
88
89 MW_array = [19e3 29e3 33e3 19e3 29e3 33e3]; %[575 875];
90 X_all_T = [X_mix_A(vf); X_mix_B(vf); X_mix_C(vf); X_mix_A(vf); X_mix_B(vf); X_mix_C(vf)

]; %X_mix_575(vf); X_mix_875(vf);
91 k_a = vpa([1 1 1 10 10 10]);
92 X_75hex_25etoh_B = 0.15;
93 for i = 1:6
94 disp(i)
95 for j = 1:20
96 disp(j)
97
98 d_p(i) = 2e-9*( MW_array(i)/10.6 e3)^(3/5) *( (0.5- X_all_T(i))/(0.5-

X_75hex_25etoh_B) )^0.2; % diameter polymer
99 C_X(i) = ( (0.5- X_all_T(i))/(0.5- X_75hex_25etoh_B) )^0.2;

100 D_p(i) = vpa(kb*T/(6*pi*mu*(d_p(i)/2))); % Diffusion constant polymer
101 gamma_m2(i) = vpa (4/(N*A_np)*(d_np/d_p(i))^2);
102 c_p0_c(j) = 1e-4+1e-4*(j-1); % concentration polymer in

toluene (g/mL)
103 m_p0_c(j) = c_p0_c(j)*V_tol; % total mass polymer (g) in

toluene
104 mol_p0_m3_c(i,j) = vpa(( m_p0_c(j) / MW_array(i))/V_tol *1e6); % total moles

polymer (per m3 mixture)
105 mol_a_m3_c(i) = 4*n_s*(d_np/d_p(i))^2 / N *1e6;
106 F_mol_c(i,j) = mol_p0_m3_c(i,j) / mol_a_m3_c(i); % Factor of molar excess

stabilizer
107
108 t_dl95_c(i,j) = (-log(1-theta)*gamma_m2(i)/(2* mol_p0_m3_c(i,j)))^2 * pi/(D_p(i)); %

diffusion -limited adsorption time (95% adsorbed)
109 t_fl95_c(i,j) = log((K_b*n_s_m3+K_s *20)/(K_b*n_s_m3+K_s))/K_s; %

flocculation time diffusion&shear (95% agglomerated)
110 tau_dc_c(i,j) = t_dl95_c(i,j)/t_fl95_c(i,j);
111
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112 t_kc95_c(i,j) = log(1/(1- theta))/(k_a(i)*mol_p0_m3_c(i,j));
113 tau_kc_c(i,j) = t_kc95_c(i,j)/t_fl95_c(i,j);
114 tic
115 syms t_symMC1 t_symMC2
116 eqn1 = vpa(theta) - 1 + exp(-mol_p0_m3_c(i,j)*D_p/(k_a(i)*gamma_m2(i)^2)* (

exp(k_a(i)^2* gamma_m2(i)^2* t_symMC1/D_p(i))*erfc(k_a(i)*gamma_m2(i)*sqrt(t_symMC1/D_p(i
))) + 2*k_a(i)*gamma_m2(i)*sqrt(t_symMC1 /(D_p(i)*pi)) -1))==0;

117 t_mc95_c = zeros (3,20);
118 t_mc95_c(i,j) = solve(eqn1(i),t_symMC1 ,'Real',true);
119 tau_mc_c(i,j) = t_mc95_c(i,j)/t_fl95_c(i,j);
120 toc
121 end
122 end
123
124 figure (1)
125 hold on
126 for k = 1: length(MW_array)
127 % plot(c_p0_c *1e3 ,t_dl95_c(k,:))
128 % plot(c_p0_c *1e3 ,t_fl95_c (1,:))
129 plot(c_p0_c *1e3,tau_dc_c(k,:))
130 plot(c_p0_c *1e3,tau_kc_c(k,:))
131 plot(c_p0_c *1e3,tau_mc_c(k,:))
132 ax = gca;
133 ax.ColorOrderIndex = 1;
134 end
135 plot(c_p0_c *1e3,ones(1,length(c_p0_c)),'--k')
136 set(gca , 'XScale ', 'log')
137 set(gca , 'YScale ', 'log')
138 set(gca ,'fontsize ' ,20)
139 grid on
140 xlabel('c_0 (g/L)')
141 ylabel('\tau')
142 title('\tau vs amphiphile concentration ')
143 legend('\tau_d_c ','\tau_k_c ','\tau_m_c ','\tau=1')
144 % legend('\tau_d_c , B575 ','\tau_d_c , B875 ','\tau = 1')
145
146
147 %% PLOT tau (DC) vs temperature
148
149 X_all_T = [X_mix_575(vf ,:); X_mix_875(vf ,:); X_mix_A(vf ,:); X_mix_B(vf ,:); X_mix_C(vf ,:)

];
150 X_75hex_25etoh_B = 0.15;
151 MW_array = [575 875 19e3 29e3 33e3];
152
153 for i = 1: length(MW_array)
154 for j = 1:81
155 d_p(i,j) = 2e-9*( MW_array(i)/10.6e3)^(3/5) *((0.5 - X_all_T(i,j))/(0.5- X_75hex_25etoh_B) )

^0.2; % diameter copolymer
156 mol_p0(i) = m_p0 / MW_array(i);
157 mol_p0_m3_T(i) = mol_p0(i) * N / V_tot * 1e6 / N; % #

concentration polymer (per mL mixture)
158 gamma_m2_T(i,j) = 4/(N*A_np)*(d_np/d_p(i,j))^2;
159 T_T(j) = 293 + (j-1);
160 A1 = -5.878;
161 A2 = 1287;
162 A3 = .004575;
163 A4 = -4.499e-6;
164 mu_T(j) = exp(A1 + A2/T_T(j) + A3*T_T(j) + A4*T_T(j)^2) * 1e-3; %

viscosity (Pa.s)
165 K_b_T(j) = 2*kb*T_T(j)/(3* mu_T(j))*F_b; %

rate constant Brownian
166 D_p_T(i,j) = kb*T_T(j)/(6*pi*mu_T(j)*(d_p(i,j)/2)); %

diffusion constant polymer
167
168 t_dl95_T(i,j) = (-log(1-theta)*gamma_m2_T(i,j)/(2* mol_p0_m3_T(i)))^2 * pi/(D_p_T(i,j)); %

diffusion -limited adsorption time (95% adsorbed)
169 t_fl95_T(j) = log((K_b_T(j)*n_s_m3+K_s *20)/( K_b_T(j)*n_s_m3+K_s))/K_s; %

flocculation time diffusion&shear (95% agglomerated)
170 tau(i,j) = t_dl95_T(i,j)/t_fl95_T(j);
171 end
172 end
173 figure (2)
174 hold on
175 for k = 1: length(MW_array)
176 % plot(T_T -273, t_dl95_T(k,:))
177 plot(T_T -273,tau(k,:))
178 end
179 % plot(T_T -273, t_fl95_T)
180 set(gca , 'YScale ', 'log')
181 grid on
182 xlabel('Temperature (\ circC)')
183 ylabel('\tau')
184 set(gca , 'YScale ', 'log')
185 set(gca ,'fontsize ' ,20)
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186 title('\tau vs temperature ')
187 legend('\tau_D_C , 575','\tau_D_C , 875','\tau_D_C , A','\tau_D_C , B','\tau_D_C , C' )
188 % legend('t_a_g_9_5 ','t_a_d_9_5 , 575','t_a_d_9_5 , 875','t_a_d_9_5 , A','t_a_d_9_5 , B','t_a_d_9_5 , C'

)

D.3. Controlling mechanism of adsorption
This script computes the estimated slope of ln(dh) vs ln(c0) for MC adsorption computed by Equation 4.44
as a function of the adsorption rate constant ka (Equation 4.44 and Figure 4.4 in the paper).

1 close all
2 clear all
3 clc
4
5 mol_p0_m3_array = vpa ([0.05 0.0328 0.0288]); % molar concentration of A, B & C
6 D_p_array = vpa ([7.4036e-10 5.7446e-10 5.3160e-10]); % diffusion constant of A, B & C
7 gamma_m2_array = vpa ([2.6240e-07 1.5798e-07 1.3528e-07]); % max surface coverage of A, B & C
8 c0_array = [1 10]; % c0
9

10 for c0 = 1:2 % loop for concentration
11 figure (2)
12 ax = gca;
13 ax.ColorOrderIndex = 1;
14 for cp = 1:3 % loop for copolymer
15 theta = 0.95; % surface coverage
16 mol_p0_m3_1 = mol_p0_m3_array(cp)*c0_array(c0); % molar c0
17 D_p = D_p_array(cp); % diffusion constant
18 gamma_m2 = gamma_m2_array(cp); % max surface coverage
19 dc = 0.001; % infinitessimal step
20 mol_p0_m3 = vpa([ mol_p0_m3_1 mol_p0_m3_1+dc]); % molar c0 and at c0+step
21 D_f = 1.8; % fractal dimension
22
23 %% Solving KC , DC & MC
24
25 % ka_mc = [1e-4 10 1e7];
26 % ka_sym = vpa(ka_mc (1));
27 % t_dc0 = (log(1-theta)*gamma_m2 ./(2* mol_p0_m3 (1))).^2 .* pi/(D_p)
28 % t_dc1 = theta ^2* gamma_m2 ^2*pi/(4* mol_p0_m3 (1) ^3*D_p)
29 % t_kc0 = -log(1-theta)/( ka_sym*mol_p0_m3 (1))
30 % syms t_symDC t_symKC
31 % eqn1 = theta - 1 + exp(-2*( mol_p0_m3 (1)/gamma_m2)*sqrt(D_p*t_symDC/pi)) == 0;
32 % t_dc = solve(eqn1 ,t_symDC)
33 % eqn2 = theta - 1 + exp(-ka_sym*mol_p0_m3 (1)*t_symKC) == 0;
34 % t_kc = solve(eqn2 ,t_symKC)
35
36 % % Solving KC
37 % syms t_symKC1 t_symKC2
38 % eqn3 = theta - 1 + exp(-ka_sym*mol_p0_m3 (1)*t_symKC1) == 0;
39 % t_kc1 = solve(eqn3 ,t_symKC1 ,'Real ',true);
40 % eqn4 = theta - 1 + exp(-ka_sym*mol_p0_m3 (2)*t_symKC2) == 0;
41 % t_kc2 = solve(eqn4 ,t_symKC2 ,'Real ',true);
42 % slope_kc0 = (t_kc1./t_kc2)/dc;
43 %
44 % % Solving DC
45 % syms t_symDC1 t_symDC2
46 % eqn5 = theta - 1 + exp(-2*( mol_p0_m3 (1)/gamma_m2)*sqrt(D_p*t_symDC1/pi)) == 0; % diffusion -

controlled
47 % t_dc1 = solve(eqn5 ,t_symDC1 ,'Real ',true);
48 % eqn6 = theta - 1 + exp(-2*( mol_p0_m3 (2)/gamma_m2)*sqrt(D_p*t_symDC2/pi)) == 0; % diffusion -

controlled
49 % t_dc2 = solve(eqn6 ,t_symDC2 ,'Real ',true);
50 % slope_dc0 = (t_dc1./t_dc2)/dc;
51 %
52 % % Solving mixed control for erfc(x)
53 % syms t_sym
54 % eqn1 = theta - 1 + exp(-mol_p0_m3 (1)*D_p/( ka_sym*gamma_m2 ^2)* ( exp(ka_sym ^2* gamma_m2 ^2* t_sym/D_p)

*erfc(ka_sym*gamma_m2*sqrt(t_sym/D_p)) + 2* ka_sym*gamma_m2*sqrt(t_sym/(D_p*pi)) -1))==0;
55 % t_mc1 = solve(eqn1 ,t_sym ,'Real ',true);
56 % syms t_sym2
57 % eqn2 = theta - 1 + exp(-mol_p0_m3 (2)*D_p/( ka_sym*gamma_m2 ^2)* ( exp(ka_sym ^2* gamma_m2 ^2* t_sym2/D_p

)*erfc(ka_sym*gamma_m2*sqrt(t_sym2/D_p)) + 2* ka_sym*gamma_m2*sqrt(t_sym2 /(D_p*pi)) -1))==0;
58 % t_mc2 = solve(eqn2 ,t_sym2 ,'Real ',true);
59 % slope_mc0 = (t_mc1./t_mc2)/dc;
60
61 % % Approximation for erfc(x)
62 % a1 = 0.278393;
63 % a2 = 0.230389;
64 % a3 = 0.000972;
65 % a4 = 0.078108;
66 % syms t_sym
67 % x1 = ka_sym*gamma_m2*sqrt(t_sym/D_p);
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68 % erfc1 = 1/(1 + a1*x1 + a2*x1^2 + a3*x1^3 + a4*x1^4)^4;
69 % eqn1 = theta - 1 + exp(-mol_p0_m3 (1)*D_p/( ka_sym*gamma_m2 ^2)* ( exp(ka_sym ^2* gamma_m2 ^2* t_sym/D_p)

*erfc1 + 2* ka_sym*gamma_m2*sqrt(t_sym/(D_p*pi)) -1))==0;
70 % t_mc1 = solve(eqn1 ,t_sym ,'Real ',true);
71 % syms t_sym2
72 % x2 = ka_sym*gamma_m2*sqrt(t_sym2/D_p);
73 % erfc2 = 1/(1 + a1*x2 + a2*x2^2 + a3*x2^3 + a4*x2^4)^4;
74 % eqn2 = theta - 1 + exp(-mol_p0_m3 (2)*D_p/( ka_sym*gamma_m2 ^2)* ( exp(ka_sym ^2* gamma_m2 ^2* t_sym2/D_p

)*erfc2 + 2* ka_sym*gamma_m2*sqrt(t_sym2 /(D_p*pi)) -1))==0;
75 % t_mc2 = solve(eqn2 ,t_sym2 ,'Real ',true);
76 % slope = -sqrt(t_mc1/t_mc2)
77 % ka_mc = 0.1:0.1:1;
78
79 % % Approximation for erfc(x) by Seki
80 % syms t_sym
81 % x1 = ka_sym*gamma_m2*sqrt(t_sym/D_p);
82 % erfc1 = 1 - 2/sqrt(pi)*exp(-x1^2)*(x1 +2/3*x1^3);
83 % eqn1 = theta - 1 + exp(-mol_p0_m3 (1)*D_p/( ka_sym*gamma_m2 ^2)* ( exp(x1^2)*erfc1 + 2*x1 -1))==0;
84 % t_mc1 = solve(eqn1 ,t_sym ,'Real ',true);
85 % syms t_sym2
86 % x2 = ka_sym*gamma_m2*sqrt(t_sym2/D_p);
87 % erfc2 = 1 - 2/sqrt(pi)*exp(-x2^2)*(x2 +2/3*x2^3);
88 % eqn2 = theta - 1 + exp(-mol_p0_m3 (2)*D_p/( ka_sym*gamma_m2 ^2)* ( exp(x2^2)*erfc2 + 2*x2 -1))==0;
89 % t_mc2 = solve(eqn2 ,t_sym2 ,'Real ',true);
90 % slope = -sqrt(t_mc1/t_mc2)
91
92
93 %% Loops
94
95 ka_mc = logspace (-1,6);
96 for i=1: length(ka_mc)
97 ka_sym(i) = vpa(ka_mc(i));
98 % Solving MC
99 syms t_symMC1 t_symMC2

100 eqn1 = theta - 1 + exp(-mol_p0_m3 (1)*D_p/( ka_sym(i)*gamma_m2 ^2)* ( exp(ka_sym(i)^2* gamma_m2 ^2*
t_symMC1/D_p)*erfc(ka_sym(i)*gamma_m2*sqrt(t_symMC1/D_p)) + 2* ka_sym(i)*gamma_m2*sqrt(t_symMC1
/(D_p*pi)) -1))==0;

101 t_mc1(i) = solve(eqn1 ,t_symMC1 ,'Real',true);
102 eqn2 = theta - 1 + exp(-mol_p0_m3 (2)*D_p/( ka_sym(i)*gamma_m2 ^2)* ( exp(ka_sym(i)^2* gamma_m2 ^2*

t_symMC2/D_p)*erfc(ka_sym(i)*gamma_m2*sqrt(t_symMC2/D_p)) + 2* ka_sym(i)*gamma_m2*sqrt(t_symMC2
/(D_p*pi)) -1))==0;

103 t_mc2(i) = solve(eqn2 ,t_symMC2 ,'Real',true);
104 slope_mc(i) = log((t_mc1(i)./ t_mc2(i)))/log(mol_p0_m3 (1)/mol_p0_m3 (2));
105 % Solving KC
106 syms t_symKC1 t_symKC2
107 eqn3 = theta - 1 + exp(-ka_sym(i)*mol_p0_m3 (1)*t_symKC1) == 0;
108 t_kc1(i) = solve(eqn3 ,t_symKC1 ,'Real',true);
109 eqn4 = theta - 1 + exp(-ka_sym(i)*mol_p0_m3 (2)*t_symKC2) == 0;
110 t_kc2(i) = solve(eqn4 ,t_symKC2 ,'Real',true);
111 slope_kc(i) = log((t_kc1(i)./ t_kc2(i)))/log(mol_p0_m3 (1)/mol_p0_m3 (2));
112 % Solving DC
113 syms t_symDC1 t_symDC2
114 eqn5 = theta - 1 + exp(-2*( mol_p0_m3 (1)/gamma_m2)*sqrt(D_p*t_symDC1/pi)) == 0; % diffusion -

controlled
115 t_dc1(i) = solve(eqn5 ,t_symDC1 ,'Real',true);
116 eqn6 = theta - 1 + exp(-2*( mol_p0_m3 (2)/gamma_m2)*sqrt(D_p*t_symDC2/pi)) == 0; % diffusion -

controlled
117 t_dc2(i) = solve(eqn6 ,t_symDC2 ,'Real',true);
118 slope_dc(i) = log((t_dc1(i)./ t_dc2(i)))/log(mol_p0_m3 (1)/mol_p0_m3 (2));
119 disp(i)
120 end
121
122 %% PLOT
123 lim1 = ka_mc;
124
125 figure (1)
126 hold on
127 plot(lim1 ,t_mc1)
128 plot(lim1 ,t_kc1)
129 plot(lim1 ,t_dc1)
130 set(gca , 'YScale ', 'log')
131 set(gca , 'XScale ', 'log')
132 xlabel('k_a')
133 % xlabel('k_a ^2\ Gamma_m ^2/D')
134 % xlabel('Dc_0/(k_a\Gamma_m ^2) ')
135 % xlabel('k_a ')
136 ylabel('t_1 (\Gamma/\ Gamma_m =0.95) ')
137 % legend('t_m_c_1 (c=c_0)','t_m_c_2 (c=2\ cdotc_0)','t_r_c_1 (c=c_0)','t_r_c_2 (c=2\ cdotc_0)','

t_d_c_1 (c=c_0)','t_d_c_2 (c=2\ cdotc_0) ')
138 legend('MC','KC','DC')
139
140 figure (2)
141 hold on
142 grid on
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143 plot(lim1 ,slope_mc/D_f)
144 set(gca , 'XScale ', 'log')
145 xlabel('k_a')
146 % ylabel('proportionality coefficient a (t ~ c_0^-^a)')
147 ylabel('\Deltaln(d_h)/\ Deltaln(c_0)')
148 legend('A','B','C')
149 end
150 plot ([1e-1 1e6],[-0.57 -0.57],'--k','HandleVisibility ','off')
151 end

D.4. Activation energy
This script computes the estimated activation energies of copolymer A, B and C from the experimentally
obtained slopes of ln(dh) vs. 1/T (Equation 4.51 in the paper).

1 clear all
2 close all
3 clc
4
5 % Parameters
6 R = 8.314459; % gas constant
7 Ea = 28200; % activation energy (random)
8 A = 353000; % exponential pre -factor (random)
9 for i = 1:81

10 dT = 1; % temperature increment
11 T(i) = 293+dT*(i-1); % temperature
12 T2(i) = T(i)+dT;
13 ka(i) = A*exp(-Ea/(R*T(i))); % adsorption rate constant

k_a
14 ka2(i) = A*exp(-Ea/(R*(T(i)+dT)));
15 slope_k(i) = log(ka2(i)^(-1)/ka(i)^(-1)) / (1/T2(i) -1/T(i)); % slope ln(k_a) vs 1/T
16 tau(i) = 1/A*exp(Ea/(R*T(i)))*T(i);
17 tau2(i) = 1/A*exp(Ea/(R*T2(i)))*T2(i);
18 slope_tau(i) = log(tau2(i)/tau(i)) / (1/T2(i) -1/T(i)); % slope ln(tau) vs 1/T
19 slope_dh(i) = 1/1.9 * slope_tau(i);
20 end
21
22
23 syms Ea_sym A_sym H_sym
24 % solve for Ea with experimentally obtained slope
25 for k = 1:3
26 slope = [1629.1 1222.5 1082.4]; % experimental slopes of copolymers A, B and C
27 eqn1 = 1/1.9 * log( (T(2)/T(1) * exp(-Ea_sym *(T(2)-T(1))/(R*T(1)*T(2)))) ) / (1/T(2) -1/T(1)) -

slope(k)==0;
28 Ea_sol1(k) = vpasolve(eqn1 ,Ea_sym); % activation energy
29 eqn4 = 1/1.9 * (-H_sym *(T(2)-T(1))/(R*T(1)*T(2)* (1/T(2) -1/T(1))) ) - slope(k)==0;
30 H_sol(k) = vpasolve(eqn4 ,H_sym); % activation enthalpy
31 end
32 disp(Ea_sol1 ');
33 disp(H_sol ');
34
35 % solve for pre exponential factor A
36 for l = 1:3
37 ka_est = [40 40 75];
38 eqn5 = A_sym*exp(-Ea_sol1(l)/(R*373))== ka_est(l);
39 A_sol(l) = vpasolve(eqn5 ,A_sym);
40 end
41 disp(A_sol ')
42
43 figure (1)
44 hold on
45 grid on
46 plot(T,slope_k)
47 figure (2)
48 hold on
49 grid on
50 plot(T,slope_tau)
51 figure (3)
52 hold on
53 grid on
54 plot(T,slope_dh)
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