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Paper I
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CHAPTER 1

INTRODUCTION

1.1 Colloidal systems

Colloidal particles, here referred to as colloids, are in the size range from a few
nm to ∼1 µm. A colloidal dispersion consists of colloids in a medium where both
the colloids and the medium can be in any state, liquid, gaseous or solid. Milk,
for instance, is an example when both phases are liquid and is normally referred
to as an emulsion. Mist, clouds and smoke are examples of aerosols, where the
continuous phase is gaseous and the colloids are either liquid or solid. Colloids
are used in everyday life and they are also widely used in industrial processes. In
pharmaceutical applications colloids act, e.g., as drug carriers or blood substitutes
[1]. In addition, colloids are used in the food industry to give texture and structure
to, e.g., milk, butter and jam. In the paper industry, colloids are used as binders
and fillers, and in the paint industry they serve as pigments not only for the purpose
of adding color, but also to cover the underlying surface [2]. Other examples where
colloids play an important role include inks, adhesives and in water clarification
[3, 4].

1.2 Model systems

Colloids are not only important in our everyday life and for industrial applications,
but colloids have gained interest within the academic community as well. Part of
this interest is connected to the fact that the colloidal size range covers many impor-
tant naturally occurring particles, such as proteins and other biomacromolecules and
aggregates of various kinds. Another, very large part of it comes from the industrial
importance of colloids, which has motivated the development of the field of Colloid
Science. A third reason for the academic interest in colloids is that they can be used
to mimic the behavior of atoms and molecules to some extent [5]. Since colloids are
much larger than actual atoms, with their motion also covering very different time
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2 Chapter 1. Introduction

scales, various experimental techniques can be used to study their behavior such as
light scattering and microscopy techniques. To acts as such a model system colloids
need to be monodisperse and have well defined size, shape and interaction.

The hard-sphere system is a well studied system both experimentally and theo-
retically. Here the particles interact via volume exclusion so the interaction is very
short-ranged and strongly repulsive. Hence, the colloids should not interact over
long distances, but repel each other upon contact [3]. A well studied model sys-
tem is Polymethylmethacrylate (PMMA) with grafted poly-12-hydroxystearic acid
in organic solvent [6]. In a mixture of decalin and carbon disulphide these colloids
have been used to study the phase behavior of one-component systems [5] and of
colloid mixtures [7]. Another hard-sphere model system is silica particles coated
with stearyl alcohol in organic solvent [8]. Electrostatically stabilized polystyrene
particles [3] and microgels [9] have also served as colloidal model systems.

Colloidal model systems have been used to study glass transitions [10, 11, 12], phase
behavior [5, 13], both short and long-time dynamics which have been studied both
theoretically [14, 15, 16] and experimentally [17, 18, 19]. Colloids have also been
used to study nucleation and growth of colloidal crystals [20, 21, 22, 23]. Apart from
similarities between the colloidal phase diagram and that of atoms, there are also
differences stemming from particle polydispersity [24], and the option of controlling
size and shape of the both the colloids and their interactions [25]. In other words,
colloids are not only useful to mimic atomic behavior, but they display a rich phase
diagram of their own including e.g., gels [26, 27, 28, 29, 30] and shear-dependent
rheological properties [31, 32].

1.3 Sterically stabilized systems

One common way to synthesize colloids is via emulsion polymerization. The devel-
opment of emulsion polymerization progressed during World War I and escalated
during World War II since synthesizing synthetic rubber was needed due to the
shortage of natural rubber [33, 4]. Nowadays colloids of different morphologies such
as dumbbells [34, 35], Janus particles [36, 37], and multi-layered spheres [38, 39] can
be synthesized. Especially important are polymer-coated spheres due to their robust
stability against electrolytes and stability at high particle concentrations. Although
colloidal stability is improved, sterically stabilized systems can be destabilized by
mechanisms that are not fully understood [40]. Most colloidal model systems are
studied in organic solvents, mainly due to the low refractive index of water, so an
aqueous colloidal model system would be useful to generalize previous findings.
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1.4 Purpose and outline of the thesis

The overall aim of this thesis is to improve our understanding of particle interac-
tions in predominantly aqueous environments and to develop a deeper insight into
the relation between particle interactions and collective phenomena. Our goal is to
develop and carefully characterize a water-based sterically stabilized colloidal model
system. The requirements for an aqueous model system are numerous. Firstly, the
particle refractive index needs to be relatively close to that of water. This offers
a means to control the van der Waals force and it enables scattering techniques to
be used to study high particle concentrations. Secondly, the particles need to be
quite monodisperse and spherical to simplify interpretation of scattering data and
to enable comparison to simulations and theoretical models. Thirdly, the ability to
tune particle interactions in a controlled manner is crucial in order to access various
parts of the colloidal phase diagram. Finally, reversible destabilization is sought for
to be able to pinpoint the location of phase boundaries. To meet all these require-
ments, core-shell particles have been synthesized containing a fluorinated core and
a polymer-grafted shell. The idea is to use the solubility of the grafted polymer
to induce attractions among the grafted spheres and to investigate their collective
behavior.

Having introduced the topic and stated the purpose of this thesis we will present the
rest of the outline. In Chapter 2, a brief description of emulsion/semi-batch polymer-
ization will be given, followed by a detailed description of the synthesis procedure,
including purification of chemicals and post-treatment of the particles. Moreover,
we have developed and evaluated a method to transfer the particles from water into
simple alcohols. In Chapter 3, we give an overview of the instrumental techniques
used throughout this project. We first present a description of the instrumental
setup and discuss some key concepts followed by showing some important results.
Chapter 4 focuses on colloidal interactions and their link to the phase diagram. In
Chapter 5, a brief summary of the four papers included in this thesis will be given.
Papers I and II include synthesis and characterization of the colloids with the option
of varying the length of the polymer graft. We also synthesized (and characterized)
polymer-coated polystyrene spheres. Paper III deals with instrumental smearing in
Small Angle X-ray Scattering (SAXS) stemming from the finite size of the beam on
the detector. Paper IV focuses on particle interactions and their link to the colloidal
phase diagram at low volume fractions. The main conclusions and a few suggestions
for further studies are given in Chapter 6.
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CHAPTER 2

SYNTHESIS

2.1 Emulsion polymerization

Emulsion polymerization can be either homogeneous or heterogeneous but through-
out this thesis we will focus on heterogeneous emulsion polymerization and we also
limit ourselves to water as the continuous medium. The key ingredients are a poorly
water soluble monomer, a water soluble initiator and a water soluble polymer.

The polymerization process is usually divided into three stages. Particles are formed
in stage I. Upon entering stage II, where the number of particles is constant, they
increase in size. Finally, in stage III, both the number and size of the particles
remain constant. A more detailed description of the three stages is given as follows.
The synthesis of latex particles starts with an agitation process to yield monomer
droplets and possibly micelles (if surfactant above its critical micelle concentration is
present). The initiator, potassium persulfate (KPS), decomposes upon heat to form
radicals according to: S2O

2−
8 −→ 2•SO−

4 The sulfate radicals can either terminate
or react with monomer (denoted M) in the water phase as described in reaction 1
below. The new radical can either continue to polymerize to form higher oligomers
as described in reaction 2 or become terminated as shows in reaction 3. Both the
monomer and polymer contain acrylate, so the polymerization occurs via the vinyl
group.

1. •SO−

4 + M −→ •MSO−

4

2. •MSO−

4 + M −→ •M2SO
2−
4 ; •M2SO

−

4 + M −→ •M3SO
−

4

3. •MSO−

4 + •M2SO
−

4 −→ M3(SO
−

4 )2

We have synthesized latex with and without a polymeric monomer, referred to as
macromonomer, and we have not evaluated the properties of the macromonomer
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6 Chapter 2. Synthesis

at 70◦C, merely whether it possess surface active properties and has the ability to
form micelles. Therefore, we will describe two nucleation mechanisms, one valid
with micelles present and the other in the absence of surfactant. The latter is also
valid when surfactants are present at concentrations below the critical micelle con-
centration. The former nucleation mechanism is called SE theory, after Smith and
Ewart [41]. The latter was developed by Fitch and Tsai [42] and complemented by
the work of Hansen and Ugelstad [43] and is referred to as the HUFT model. A
brief overview of these theories will be given and it should be pointed out that the
polymerization process is rather complicated.

According to the SE nucleation theory, micelles are only present during the first
stage of the polymerization process. Radical oligomers either migrate into pre-
existing micelles or form micelles with surfactant molecules. Hence, it is obvious
that oligomers themselves can have surface active properties. In the second stage so
many particles are present that the probability of new particles being formed is low
because all radical oligomers will enter pre-existing particles instead of creating new
ones. Hence, particle number is constant during the second stage. As the polymer-
ization occurs within the particles, monomer migrates from the droplets (which act
solely as monomer reservoirs) to the particles. This will lead to an increase in the
particle size and a decrease in monomer droplet size. The end of stage II is marked
by the disappearance of droplets. In the third and final stage, polymerization occurs
within the particles and the monomer concentration decreases.

It is obvious that the SE theory fails to describe the nucleation process in the
absence of micelles. According to HUFT theory, homogeneous nucleation occurs
in the absence of emulsifier. Since no micelles are present, the radical oligomers
grow in the aqueous phase until they reach a critical chain length after which they
precipitate and become swollen with monomer. Particles grow via coagulation or
the entry of other radical oligomers. Since no surfactant is present, particle stabil-
ity is achieved via residual charges from the initiator. The literature on emulsion
polymerization is vast and it remains an active topic of research. For further details
on the kinetic and thermodynamic aspects of emulsion polymerization, including a
detailed mechanistic approach, we refer to [33].

2.2 Synthesis of core-shell particles

Fluorinated latices have been successfully synthesized in the past using emulsion
polymerization [44, 45, 46, 47]. Grafting hydrophilic polymer on latex particles
has been done rather routinely, at least for polystyrene and PMMA particles [48,
49, 50, 6], though producing monodisperse polymer-grafted particles is not eas-
ily achieved. When it comes to fluorinated particles, however, it has been more
difficult to graft these with for instance PEG polymer [51]. Also my own initial at-
tempts, which combined methods to synthesize bare fluorinated particles [46] with
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batch co-polymerization of PEG macromonomer used to obtain sterically stabilized
polystyrene [50], proved unsuccessful. Only bimodal size distributions were obtained
and the polymer grafting density was not satisfactory as judged through stability
measurements. We were only able to synthesize monodisperse core-shell particles us-
ing a semi-batch polymerization where the initiator was fed slowly into the reaction
vessel.

2.3 Semi-batch polymerization

Unlike batch emulsion polymerization where all reactants are added at the beginning
of the synthesis, in semi-batch emulsion polymerization only a portion of the reac-
tants are added initially and some reactants are fed separately throughout or partly
throughout the polymerization process. The main advantage using a semi-batch
approach is the great degree of operational flexibility. Using a semi-batch approach
one has the ability not only to control particle concentration and size distribution
but also to maintain temperature control. More specifically, particles with core-shell
morphology is commonly produced by first synthesizing core particles and adding
the second monomer (that would make up the shell) at a later stage [33]. Usually
it is the monomer or an emulsion of monomer that is fed continuously, but we have
adopted a slow feeding of the initiator to produce monodisperse core-shell particles.
Compared to separate addition of monomer, separate addition of initiator has gain
little academic interest, but it has been used in emulsion homopolymerization to
yield particles with a narrow size distribution [52]. Moreover, the effect of adding
the initiator in different ways in the copolymerization of styrene-butylacrylate was
used to study the effect on conversion and viscosity [53].

2.3.1 Pretreatment of chemicals

One important factor is to ensure that the purity of the chemicals is sufficient, which
we will discuss in detail. The initiator, KPS, is recrystallized in water in the fol-
lowing manner. KPS is placed on a crystallization dish followed by water to create
a saturated solution. The crystallization dish is placed in an oven at 40◦C until all
KPS dissolves. The solution is left to cool slowly at room temperature and further
cooling might be required to form crystals (either by placing the solution in a refrig-
erator or by using an ice bath). The crystals are then suction filtered and washed
with ice-cold water. The crystals are left to dry in an oven overnight at 35◦C. The
dry crystals are transferred to a jar which is sealed and refrigerated for long-time
storage.

The monomer, 2,2,3,3,4,4,4-heptafluorobutyl methacrylate (HFBMA), is supplied
with an inhibitor (hydroquinone) which needs to be removed prior to starting the
synthesis. The inhibitor is removed by passing the monomer through a packed col-
umn filled with material for inhibitor removal (CAS 9003-70-7, Sigma-Aldrich). As
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a column we use a 2 mL glass Pasteur pipette which we place glass wool at the
bottom of and then fill with inhibitor removal resin (∼0.9 g). Glass wool is also
placed at the top. If several syntheses are to be made within a couple of weeks it is
possible to store purified HFBMA in a refrigerator. The macromonomer, methoxy
poly(ethyleneglycol) acrylate (mPEGA480) with an average molecular weight (MW)
of 480 g/mol was supplied with both methyl ether hydroquinone (MEHQ) and buty-
lated hydroxytoluene (BHT). The former can be removed using the same column as
described above but in order to remove the latter the column was also packed with
Al2O3. A test was made by purifying the macromonomer with inhibitor removal
resin only but this resulted in a bimodal size distribution, so we concluded that
the BHT needs to be removed as well. The macromonomer mPEGA2000 with an
average molecular weight of 2000 g/mol is a custom synthesis and it was used as
received. All other chemicals were also used as received.

2.3.2 Setup

After discussing the treatment of chemicals I now turn to the synthesis procedure.
The synthesis setup can be seen in Fig. 2.1. A cold condenser is essential to avoid
evaporation of water and monomer so antifreeze is added (giving the condenser its
bluish color in Fig. 2.1). The cooling system is typically turned on early in the
morning or one day prior to the synthesis. To aid the cooling system further, the
level of the final reaction mixture should not exceed the level of the oil bath.

The initiator solution is prepared by dissolving ∼58 mg recrystallized KPS into
a 50 mL volumetric flask and filled with Milli-Q water followed by sonication to
dissolve KPS and to partly remove oxygen. 10 mL of this solution is later added in
a dropwise fashion into the reactor. The macromonomer (if present) is dissolved in
Milli-Q water in a 25 mL volumetric flask and also sonicated. Oxygen acts as an
inhibitor and therefore the removal of dissolved oxygen is crucial.

In a typical synthesis, 75 mL of water is added to a 250 mL three-necked round-
bottom flask which is purged with N2 for ∼30 minutes at 70◦C. The temperature
is controlled by having the reactor submerged in an oil bath which is heated on a
hot plate. The slow addition of initiator controls the heat release, so temperature
control via the oil bath is sufficient. Many objects in a chemical laboratory that are
termed ”chemically inert” are made of polytetrafluoroethylene (PTFE). However,
care should be taken when synthesizing fluorinated latices because polymerization
will occur on such surfaces. Therefore, we use a polypropylene stirring blade in-
stead of a PTFE stirrer. Initially we used a stirrer gland but condensation from the
reaction mixture mixed with the lubricating oil causing it to seep into the reaction
vessel. Therefore, we used a stirrer guide with glass bearings in order to have a
leakage-free system.

To maintain an oxygen-free environment, stock grease (with a melting point above
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Figure 2.1: Image of the synthesis setup.

the reaction temperature) have been applied to all glass joints. Once the water has
been purged thoroughly, the stirring rate is set to 500 rpm and 25 mL of dissolved
macromonomer is added followed by 1 mL of purified HFBMA. This vigorous stir-
ring is applied for 1 h followed by a reduction of rotation to 150 rpm and 10 mL
of initiator solution is fed dropwise into the reaction mixture. The nitrogen gas
outlet passes via a bubble counter in order to avoid any unnecessary stripping of
reactants and a nitrogen flow is kept over the initiator to ensure oxygen-free environ-
ment (once all the initiator has been added, the nitrogen gas flow can be turned off).

Although it is crucial to feed the initiator slowly into the reaction vessel it is not
extremely sensitive towards the speed of the initiator addition. If the initiator is
added in a dropwise manner during between 1.5 - 4 h we obtain particles with high
grafting density and a narrow size distribution. If the initiator is added too fast a
bimodal size distribution is obtained. Adding the initiator too slowly results in a
lower yield. The synthesis is turned off after ∼20 h by turning off the heat.
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2.3.3 Post-treatment of particles

When the synthesis has cooled down it is filtered twice through a 10 µm filter pa-
per using a Büchner funnel operating under atmospheric pressure. Any unreacted
material is removed by dialysis. The cut-off molecular weight of the membranes de-
pends on the molecular weight of the PEGylated macromonomer. For 2000 g/mol
or less, it is sufficient to use 12-14 kDa membranes. The dialysis water is replaced
daily and progress is monitored by conductivity until the conductivity is similar to
that of water. Typically, the first replacements of dialysis water contain much foam
which decreases with the number of replacements, signaling removal of unreacted
macromonomer. Once dialysis is completed, the batch is filtered through a 0.45
µm nylon syringe filter or 0.45 µm HA membrane filter (Millipore). For long-time
storage, sodium azide is added since it is known to prevent bacterial growth [54].
A stock solution of stabilizing media (250 mM) is prepared by dissolving 175 mM
NaCl and 75 mM NaN3 in water and diluted with particle suspensions to yield a
solvent with a 1:1 salt concentration of 10 mM in total.

We have used Jumbosep filter devices (Pall Inc., 30 kDa MW cutoff) as a means to
make more concentrated particle suspensions and we have ensured particle stability
during centrifugation by measuring particle size prior to and after centrifugation
using dynamic light scattering. The conductivity of the filtrate did not change dur-
ing the centrifugation so the ionic strength is not affected. Typically, 50 mL of
suspension is centrifuged at 3500 rpm for 2x10 minutes, with refilling of the filter
device in between the two runs. The low polydispersity of the particles results in
colloidal crystal formation at the bottom of the filter housing. Alternatively, con-
centrated suspensions can be obtained by bench-top sedimentation. Undisturbed
samples form a crystalline sediment within a few weeks.

2.4 Solvent exchange

Advantages using steric stabilized colloids, besides their relative insensitivity against
electrolytes [55] and reversible flocculation [56], include their robust stability in
both polar and non-polar solvents. This offers the possibility of replacing sol-
vents. I have developed a route for replacing the water with simple alcohols such
as methanol, ethanol, 1-propanol and 1-butanol. However, for reasons explained
later only methanol and ethanol were successfully replaced. After recognizing that
the alcohols have lower densities than water we decided to use centrifugation as
a solvent exchange method. As centrifugation tubes we used the Jumposep filter
devices (Pall Inc., 30 kDa MW cutoff) to ensure a gentler centrifugation and that
the particles remained in the filter housing. We also tested Amicon ultra centrifugal
filter units (regenerated cellulose, 100000 NMWL) which worked equally well as a
solvent exchange unit. The Amicon ultra units are more advantageous for lower
sample volumes but the formation of colloidal crystals in the sample holder makes



2.4. Solvent exchange 11

it difficult to retrieve the particles, so the Jumposep filter devices are preferred.

Small amounts of water can have a profound effect on PEG dissolved in alcohols
[57]. It was therefore crucial to develop a technique to monitor the alcohol content.
Our approach was to measure the density of the filtrate and to compare it to a
density standard curve of alcohol-water mixtures. The standard density curve was
prepared by weighing in specific amounts of water and alcohol which were mixed,
taking care to avoid evaporation.

The density was measured at 25◦C using a density meter (DMA 5000, Anton Paar).
In order to exchange the solvent, a particle suspension was centrifuged at 2000 rpm
for 10 minutes and the filtrate was saved. Roughly 15 ml of alcohol was added
and then centrifuged again at 2000 rpm for 10 minutes. This step was repeated
until the filtrate had roughly the same density as the pure alcohol. The standard
curves for methanol/water and ethanol/water mixtures are displayed in Figs. 2.2a
and 2.2b, respectively. The red point in each graph correspond to the density of
the filtrate and the black lines correspond to linear fits of the respective density
standard. According to the standard curves, the alcohol content in the respective
filtrate of methanol and ethanol is 99.5%. Since the alcohol content in the filtrate
was determined and not the solvent surrounding the particles, we expect the particle
solvent to have a minimum alcohol content of 99.5%.

(a) Methanol (b) Ethanol

Figure 2.2: The black data points correspond to the standard curve with linear fits
and the red points correspond to the filtrate concentration after 4 centrifugal steps
for methanol and 8 centrifugal steps for ethanol.

Corresponding graphs were also made for 1-propanol (data not shown) but long cen-
trifugation times (4x60 min) were needed and invariably particles passed through
the filter, signaling filter leakage. Any particles left in the filtrate were filtered off
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using a 0.1 µm syringe filter prior to the density measurements. However, not more
than 96% propanol was obtained. We were not successful in replacing water with
1-butanol since the filtering devices were not compatible with pure 1-butanol ei-
ther. Hence the method was only successfully applied when water was replaced by
methanol and ethanol.



CHAPTER 3

INSTRUMENTATION

3.1 Ultraviolet-visible spectroscopy (UV-vis)

In UV-vis spectroscopy light of wavelengths ∼200-800 nm is used to illuminate
the sample, one wavelength at a time, which excites electrons. Hence, structural
information and/or information about electron configurations can be obtained. For
our purpose we are only interested in the turbidity so the following description is
limited to the transmittance T . When light of wavelength λ with a certain intensity
reaches the sample four processes can occur. The beam can be transmitted, i.e.
it passes through the sample unaffected. It can also be absorbed, reflected, or
scattered, as illustrated in Fig. 3.1.

Figure 3.1: Schematic representation over the different processes that can occur
when a cuvette is illuminated in a spectrophotometer.

We used spectrometry as a means to determine the refractive index of the dispersed
particles. When the volume-averaged refractive index, n̄p, of the particles is equal
to that of the solvent, nf , they become invisible and they lose their scattering
ability. This means that the scattered intensity, IS, approaches a very small value
as the match point is approached. For small refractive index differences between the
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14 Chapter 3. Instrumentation

particles and the solvent, the optical contrast is given by [58]

C = 4
∣

∣

∣

n̄p − nf

nf

∣

∣

∣

2

(3.1)

The so-called transmittance is defined as

T =
IT

I0
(3.2)

However, we are interested in the point where IS is minimized. Assuming no ab-
sorption or reflection, what is not scattered is transmitted, so the quantity we are
interested in is 1− T , which is directly related to the turbidity.
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Figure 3.2: Square root of 1 minus the transmittance as a function of refractive
indices at a wavelength of 640 nm.

The turbidity is proportional to the optical contrast [58]

− T ∝ 4
∣

∣

∣

n̄p

nf
− 1
∣

∣

∣

2

≈ 4
∣

∣

∣

n̄f

np
− 1
∣

∣

∣

2

(3.3)

so we expect that
√

(1− T ) should vary linearly with the refractive index of the
solvent near the match point. This is verified in Fig. 3.2 where varying amounts
of dimethylsulfoxide (DMSO) has been added as a cosolvent to the dispersion with
a constant particle concentration to yield different solvent refractive indices. From
Eq. 3.3 we know that the refractive index of the particles is given by the minimum
in the graph in Fig. 3.2. The solid lines are linear fits to the points below and above
the match point. The fitted lines intersect at a refractive index of 1.384. Similar
measurements for 2 more wavelengths, 550 and 600 nm, showed that the wavelength
dependence of the refractive index of the particles was negligible.
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3.2 Dynamic Light Scattering (DLS)

In dynamic light scattering a laser beam is used to probe the particle suspension.
In an elastic scattering process, no absorption of light occurs, and the wavelength
of the scattered light remains unchanged [58]. Dynamic light scattering is often
also referred to as quasi-elastic light scattering, which emphasizes that the shift in
wavelength is treated as small [59]. Most materials absorb very weakly for the red
wavelengths used in most light scattering applications. As particles move due to
Brownian motion, constructive and destructive interference of the scattered light
will lead to a speckle pattern in the far field as illustrated schematically in Fig.
3.3. Due to the constant translation of particles, the speckles fluctuate in time. By
placing a detector in the far field, the intensity fluctuation as a function of time is
recorded. This intensity trace contains both structural and dynamical information.
The time dependence of the intensity fluctuation is used to construct an Intensity
Auto-Correlation Function (IACF), which in normalized form is defined as

g(2)(q, τ) =
〈I(q, 0)I(q, τ)〉

〈I(q〉2 (3.4)

When τ , the time separation between recorded intensities, is small, I(q, τ) will be
similar to I(q, 0), because particles have not had enough time to move any significant
distance. Hence, the intensities are strongly correlated. At long times, I(q, τ) varies
independently of I(q, 0), so the intensities are uncorrelated [60].

Figure 3.3: On the left: Schematic figure of the scattering, where θ is the scattering
angle and the dashed line the scattered light towards the detector. On the right:
Schematic figure of the intensity of the scattered light as a function of time.

In Eq. 3.4, q is the scattering vector, defined as

q =
4πnf

λ
sin

(

θ

2

)

(3.5)
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λ is the wavelength of the light in vacuum and θ is the scattering angle. The
IACF is related to an Electric field Auto-Correlation Function (EACF), g(1)(q, τ),
via the so-called Siegert relation

g(2)(q, τ) = 1 + [g(1)(q, τ)]2 (3.6)

This equation assumes that the detector has an area comparable to that of one
speckle. However, only a point detector would have such a property. The finite
size of the detector can be accounted for by defining β as an instrument parameter,
related to the ratio between the area of the pinhole detector to that of a speckle.
If the detector area equals that of a speckle, β → 1, and if the detector is so large
that several speckles are observed, β → 0. In terms of this quantity, Eq. 3.6 now
becomes:

g(2)(q, τ) = 1 + β[g(1)(q, τ)]2 (3.7)

This is a very useful relation since it can be used to convert the measured g(2)(q, τ)
into g(1)(q, τ) which has been analyzed theoretically. The simplest analysis of the
EACF shows that it can can be used to obtain information about the dilute-limiting
diffusion coefficient, D0, via

g(1)(q, τ) = e−q2D0τ (3.8)

The diffusion coefficient can be determined since g(1)(q, τ) and τ can be obtained
from Eqs. 3.7 and 3.8, respectively. Using the Stokes-Einstein relation for spheres

D0 =
kBT

6πηR
(3.9)

the hydrodynamic radius R of the particles can be determined. In Eq. 3.9, kB is
Boltzmann’s constant, T is the temperature, and η is the solvent viscosity. Equa-
tion 3.8 is only valid for truly monodisperse particles since it is fitted to a single
exponential. For dilute polydisperse samples g(1)(q, τ) consists of a sum of exponen-
tials. In 1972 Koppel proposed that the sum of exponentials could be rewritten as
a power series expansion, called a cumulant expansion, which is valid if the particle
distribution is relatively narrow [61, 62]. It is given by

g(1)(q, τ) = e−Γτ+
µ2τ

2

2
+

µ3τ
3

6
+... (3.10)

where Γ is the first cumulant, defined as q2D, with D the diffusion coefficient, and
µ2, µ3 are the higher-order cumulants. The second cumulant contains information
about the width of the size distribution and the third cumulant controls the skew-
ness (asymmetry) [61].

Dynamic light scattering has been used throughout this thesis in various sub-projects.
The main purpose for using DLS has been to extract a hydrodynamic radius but it
has also been used to elucidate the scattering behavior of the particles close to the
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refractive index match point and to evaluate the stability of dispersions as well as
aggregation kinetics.

As an example I include here an examination of how the IACF changes as a func-
tion of contrast. The scattering contrast was varied in this case by using ethylene
glycol/water mixtures as the solvent. In Fig. 3.4, for the highest concentration of
ethylene glycol (91 wt%), which corresponds to a solvent refractive index of ∼1.42,
the IAFC mainly displays the usual features of particle translation as expected for
dilute dispersions of strongly scattering particles. As the match point of the fluo-
rinated core is approached, a faster relaxation becomes visible. This relaxation is
attributed to density fluctuations of the solvent mixture [63, 64]. As seen in Fig.
3.4, almost the entire amplitude of the slower relaxation from particle diffusion is
suppressed close to the match point, leaving just the much faster decay from sol-
vent fluctuations. As expected, below the refractive index match point, the particle
diffusion process becomes again more dominant as we move away from the match
point. Hence, from these measurements the refractive index match point is located
between 1.383-1.386, which is in good agreement with 1.384, the result obtained
from spectroscopy.
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Figure 3.4: Intensity correlation functions in ethylene glycol/water mixtures yielding
various refractive indices. The solid and dotted lines are above and below the match
point respectively.
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3.3 Zeta Potential

A charged particle in a solvent will attract counter ions, which will be situated close
to the particle surface. This layer of counter ions is often called the Stern layer and
is illustrated as a solid circle in Fig. 3.5 for a negatively charged particle.

Figure 3.5: Schematic figure of a negatively charged particle in an electrolyte solu-
tion.

When placed in an electric field, charged particles will move. The outer layer of
ions surrounding the particle, which moves with the same velocity as the particle,
constitutes the slipping plane. The slipping plane is visualized as the dotted circle
in Fig. 3.5. The zeta potential, ζ , is usually interpreted as the electric potential at
the surface of the slipping plane. The zeta potential cannot be measured directly,
but it can be calculated through its relation to the electrophoretic mobility, µ.
The particle drift velocity, vd, that results from applications of an electric field is
proportional to the electric field strength, E. The electrophoretic mobility is defined
as the proportionality constant at low field strengths viz. [65]

vd = Eµ (3.11)

The relation between the electrophoretic mobility and the zeta potential, according
to Smulochowski [66], is given by

µ =
ǫrǫ0

η
ζ (3.12)

where ǫr is the dielectric constant, ǫ0 is the permittivity of vacuum, and η is the
viscosity. This equation is valid if κR ≫1 which corresponds to a relatively large
particle at high ionic strength, corresponding to large κ, where κ is the inverse of
the Debye length. The Debye length of a 1:1 electrolyte at a concentration of 10
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mM is ∼3 nm as obtained through

κ−1 =

(

ǫrǫ0kBT

e2
∑

i niz
2
i

)1/2

(3.13)

where e is the elementary charge, ni is the number density of ions of valence zi. If
the situation is reversed, i.e. for small particles in a medium of low ionic strength,
(κR ≪1), Hückel’s equation is valid

µ =
2ǫrǫ0
3η

ζ (3.14)

Since the particles in this work are rather large and suspended in a 10 mM aqueous
electrolyte, we use Smulochowski’s equation, Eq. 3.12.

Having clarified the relation between the zeta potential and the electrophoretic mo-
bility it remains to mention how a measurement of the electrophoretic mobility can
be accomplished. Various types of detection techniques for particle displacements,
such as dark field microscopy, electroacoustic techniques, and light scattering, can
be used to determine the electrophoretic mobility, but we used detection by light
scattering. The same instrument as used for DLS, discussed previously, can be ap-
plied using a different measurement cell.

We have used the zeta potential to characterize colloidal surfaces. The initiator,
potassium persulfate, leaves negative charges on the particle surface so in the ab-
sence of the PEG macromonomer the particle surface will be strongly negatively
charged. Polymer-grafted spheres will carry less negative charges due to the pres-
ence of PEG and it follows that the zeta potential can to some extent be used to
characterize the degree of grafting [50].

3.4 Cryogenic-Transmission Electron Microscopy

(cryo-TEM)

Cryo-TEM is a method used to prepare samples which involves vitrification, i.e.
transformation into a glass. Vitrification is obtained by cooling a liquid below its
freezing point fast enough so that glass formation is favored over crystallization [67].

It should be noted that TEM is an instrument of many components and only an
overview of some of them will be give here in a very simplified manner. In TEM, the
specimen is bombarded with electrons and the transmitted (or backscattered or sec-
ondary) electrons can be detected. In our case we were only interested in transmitted
electrons. There are 2 types of electron sources, thermionic (tungsten filaments or
LaB6 crystals) and field emitters (tungsten needles). Thermionic sources, as the
name suggests, emit electrons upon heating, whereas field emitters emit electrons
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due to high voltage.

After emission, the electron beam passes through a series of condenser lenses, which
focus the beam on the specimen and determine the probe size on the specimen.
In addition to this, there are lenses that enable the possibility to switch between
parallel beams or convergent beams striking the specimen. A parallel beam setup
is illustrated in Fig. 3.6.

Figure 3.6: Simplified image of the upper part of the TEM setup for a parallel
electron beam, where the condenser lenses are displayed as black rings.

Convergent beam setups are used in scanning imaging (STEM), X-ray and electron
spectrophotometry analyses and convergent beam electron diffraction. The parallel
beam setup is used for TEM imaging and selected-area diffraction. Beneath the
specimen is an objective lens which determines resolution and magnifies the image.
It is the most important lens of the TEM. The objective lens together with the
sample stage is the heart of any TEM instrument. Beneath the objective lens is a
series of projector lenses which further magnify the image and can be used to switch
between viewing the image or the diffraction pattern. The image is displayed either
on a fluorescent screen or on a computer display [68].

We prepared our samples by placing a lacey carbon-coated film on a copper grid
support. To avoid evaporation of the sample, the grid is placed in a humid cham-
ber, where the temperature is kept slightly above room temperature. About 5 µL of
suspension is placed on the lacey carbon-coated film, and any excess is carefully re-
moved using a filter paper. This procedure fills the holes in the lacey carbon-coated
film with suspension. The grid is then quickly plunged into liquid ethane (-180◦C)
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to vitrify and then transferred to liquid nitrogen (-196◦C).

Examples of cryo-TEM images of PEG-grafted pHFBMA particles are shown in
Fig. 3.7. The fluorine-containing particle cores are electron rich and appear as quite
dark in these images. The PEG layers can be observed in some images, particularly
those recorded with higher magnification. Analysis of images such as those in Fig.
3.7 allows for not only determining size distributions, but the thickness of grafted
PEG layers can be inferred from nearest neighbor center-to-center separations.

(a) L5 (b) L25

Figure 3.7: Cryo-TEM images of a monodisperse batch (a) and a polydisperse batch
(b) of fluorinated latices.

3.5 Differential Centrifugal Photosedimentometer

(DCP)

In differential centrifugal photosedimentometry, the time required for particles to
travel a certain distance due to sedimentation is used to determine particle sizes
and size distributions. A force balance between the drag force, −6πηRdr

dt
, and the

centrifugal force, 4π
3
R3(ρp − ρf )ω

2r, leads to

2
9
R2(ρp − ρf)ω

2t

η
= ln

r(t)

r(0)
(3.15)

where R is the particle radius, ω is the angular frequency, and t is the time taken
to reach r(t), the radial position of the sedimenting particle, which can be written
as R = Kt−1/2 with
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K =

(

9ηln r(t)
r(0)

2(ρp − ρf)ω2

)1/2

(3.16)

In practice, K is determined by using a calibration standard containing particles
of known size. The DCP instrument consists of a hollow disc and an absorbance
detector at a known distance from its center. The disc is filled with a density gradient
(we used sucrose/water mixtures) to avoid bulk settling. The measured absorbance
as a function of particle diameter can be converted to a weighted particle distribution
by taking the effective light scattering cross section of different particle sizes into
account, which is calculated based on Mie theory [69]. The weighted distribution
can then be recalculated to yield a number-based distribution. The number-based
distributions from DCP were used as a complementary measure of the polydispersity
and were also used in optimizing synthesis protocols for obtaining monodisperse
particles.

3.6 Small Angle X-ray Scattering (SAXS)

The wavelength of X-rays is between ∼0.1 - 1 nm which means that they can be
used as probes on atomic scales.Unlike DLS discussed earlier, conventional SAXS
measurements are static experiments so instead of recording the intensity fluctua-
tions as a function of time, the average intensity as a function of scattering vector
is measured. The total intensity as a function of q will have a contribution from the
so-called form factor P (q), and the structure factor, S(q), as described by

I(q) = npP (q)S(q) (3.17)

where np is the number density of particles. Strictly speaking, it is only for systems
of monodisperse spheres that the intensity can be divided into form and structure
factors, where the former only contains intraparticle correlations and the latter only
interparticle correlations.

For a system of monodisperse and homogeneous spheres with radius R and elec-
tron density difference ∆ρ, the form and structure factors are given by [70]

P (q) =

[

4π∆ρ

(

sin(qR)− qRcos(qR)

q3

)]2

(3.18)

S(q) = 1 + np

∫

∞

0

4πr2[g(r)− 1]
sin(qr)

qr
dr (3.19)

The form factor depends on the internal structure of the particles, their shape, and
size distribution including the size and polydispersity, whereas the structure factor
contains information about the positional correlations between particles (and hence
particle interactions) through the radial distribution function g(r). P (q) can be
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determined under dilute conditions where S(q) → 1. Knowing P (q), the scattering
due to S(q) is given through relation 3.17. To obtain values of size and particle
interactions one needs to calculate P (q) and S(q) for a selected model and compare
it to the experimental I(q).

In this project we have conducted our SAXS measurements at two facilities, the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France and at the
Division of Physical Chemistry, Lund University, Sweden. An overview of the ID2
beamline at ESRF is given in Fig. 3.8. The main advantage with the ID2 beamline
at ESRF, besides negligible smearing and a far higher radiation flux, is the accessible
q-range. At ESRF, the sample-to-detector distance can be varied between ∼1-30 m,
while for the laboratory-scale SAXS instrument in Lund the corresponding distance
can be varied between ∼0.5-1.5 m.

Figure 3.8: A simplified overview over the beamline ID2 at ESRF in Grenoble,
France.



24 Chapter 3. Instrumentation



CHAPTER 4

INTERACTIONS BETWEEN COLLOIDAL PARTICLES

4.1 Colloids as model systems

There are many types of interaction forces between colloidal particles, but we will
focus on the ones relevant to the work in this thesis, hard sphere, van der Waals,
electrostatic, and steric interactions. Unlike interactions in molecular systems, col-
loidal interactions can be tuned. For instance, for the PEGylated particles studied
in this work, attractions can be induced upon worsening the solvent quality for the
polymer by adding co-solutes such as Na2CO3 [71], raising the temperature, [72] or
both [73]. The tunability of the interaction enables systematic studies of the link
between interactions and macroscopic properties [25].

4.2 Hard sphere

Perhaps the most simple yet for colloids quite realistic interaction is the hard sphere
interaction. Here the colloids only interact via volume exclusion, meaning that they
occupy space and cannot interpenetrate. For monodisperse particles the interaction
is given by

VHS(r) =

{

∞ r < D

0 r ≥ D
(4.1)

The hard sphere colloidal phase diagram has been mapped out, yielding fluid and
crystalline phases and coexistence between the two [5] as well as a a glassy behavior
[12], depending on particle concentration.

Ulama, 2016. 25
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4.3 van der Waals

van der Waals forces have different origin namely Keesom, Debye and London inter-
actions, which stem from permanent-permanent, permanent-induced, and induced-
induced molecular dipole interactions, respectively. Often, in colloidal systems the
London dispersions forces are dominant and one simple way to account for it is to
use pair-wise additivity which was adopted by Hamaker [74]. This may be a reason-
able approximation for the dispersion interaction, but it is less accurate for polar
media which also require consideration of Keesom and Debye interactions. As an
alternative, Lifshitz and co-workers [75, 76] described the solvent and particles based
on their macroscopic properties such as refractive indices and dielectric properties.
In a simplified form, the Lifshitz-Hamaker constant can be expressed as [77]

A131 =
3

4
kBT

(

ǫ1 − ǫ3

ǫ1 + ǫ3

)2

+
3hve

16
√
2

(n2
1 − n2

3)
2

(n2
1 + n2

3)
3/2

(4.2)

where indices 1 and 3 correspond to particles and solvent, respectively. ve is the
main absorption frequency in the UV region, which is on the order of 3x1015 s−1, and
h is Planck’s constant. As a further approximation, the Hamaker constant in Eq.
4.2 can be used in the Hamaker-summed expressions for the interactions between
particles of various shapes [77].

The usual interpretation of Eq. 4.2 is that the first term mainly stems from the
classical contribution (Keesom and Debye interactions), whereas the latter derives
from London dispersion forces. Due to the electrostatic origin of the first term, this
can be minimized by the addition of electrolytes due to screening [78], and the latter
term is seen to be minimized under refractive index matched conditions. Colloidal
van der Waals forces are almost always present in suspensions, but with a suitably
chosen system there are ways to control them. This can aid the understanding of
the contribution of van der Waals forces to the total interaction.

In a suspension, colloids are constantly bombarded with solvent molecules which
push the colloids around in the solvent, which is referred to as Brownian motion.
This thermal motion is typically not sufficient to keep particles from aggregating
under the influence of van der Waals forces. If colloidal stability is to be obtained,
a repulsive force needs to be present to counteract them. We will discuss two such
stabilizing mechanisms, electrostatic and steric stabilization.

4.4 Electrostatic interactions

Electrostatic interactions between like-charged particles are generally repulsive and
can be of long range. The range of the interaction can be tuned by the addition of
electrolyte. This screening behavior is captured by the screened Coulomb interaction
that has the form of a Yukawa pair potential [25]
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V (r) ≈ λD
e(−κr)

r
(4.3)

where λD is a coupling parameter that depends on the charge or surface potential of
the particles and r is the distance between the particle centers. Recalling Eq. 3.13,
the inverse Debye length, κ, depends on the salt concentration and serves to screen
the electrostatic interaction.
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Figure 4.1: Stability Ratio as a function of [NaCl] for charge-stabilized particles
without PEG. The inset shows the initial aggregation rate, that is, particle diameter
as a function of time for various [NaCl].

At low electrolyte concentrations the interaction is long-ranged, which can even
cause particles to crystallize at volume fractions as low as 0.002 [79]. On the con-
trary, the screening by electrolyte compromises particle stability. This effect is shown
in Fig. 4.1 for non-grafted pHFBMA particles with a radius of 227 nm. They carry
negatively charged surfaces due to residuals from the initiator. The inset in Fig. 4.1
shows the apparent particle diameter as a function of aggregation time for various
NaCl concentrations as determined by DLS. The ratio between the fast aggregation
at high salt concentrations versus slow aggregation rate at lower salt concentrations
is used to construct a stability ratio, which is shown in Fig. 4.1 as a function of
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NaCl concentration. A critical coagulation concentration can be extracted from Fig.
4.1 as about 1 M NaCl. The critical coagulation concentration has also been stud-
ied at two lower particle concentrations (data not shown), and it was found to be
independent of particle concentration, which is the expected behavior [80].

It is quite remarkable that these charged particles can withstand such high salt
concentrations without entering a fast aggregation regime. For similar fluorinated
charged spheres, Koenderink et al. [46] saw no aggregation until more than 400 mM
NaCl was added, which is in good agreement with the results shown here. One ex-
planation is the low refractive index difference between the particles and the solvent
which lowers the van der Waals force [46]. The refractive index of the fluorinated
latices is 1.386 [45], and the refractive index of 0 - 3 M NaCl solutions varies between
∼1.33 - 1.36. In other words, the particles are not totally refractive index matched
with the solvent and this results in a small but finite Hamaker constant. What
remains to be explained is the broad region of slow aggregation, which cannot be
done using DLVO theory alone.

4.5 Steric interactions

Interactions between particles with grafted or adsorbed polymer are controlled by
the solvent quality for the polymer. Good solvent conditions, which cause polymers
to become highly solvated, result in repulsive interactions between particles. This
effect is well understood [81, 82]. Interpenetration of layers reduces the volume
available to polymers and limits the number of configurations, which results in a
repulsive interaction. For poor solvent conditions the situation is considerably less
well understood. It is well known that particles aggregate under such conditions,
which is a process often referred to as flocculation. The mechanism behind the
attraction that must be present has not yet been clarified. There are a number
of different proposals. One possibility is that polymer contracts in poor solvents,
thereby exposing a core-core van der Waals attraction [83]. A second possibility
is that polymers contract and a shell-shell van der Waals attraction develops [84].
Perhaps related to this are polymer-polymer interactions [85, 86, 87]. A third pos-
sibility is that the polymer undergoes a phase transition to a crystalline state that
results in a strong attraction [88].

The PEG-grafted fluorinated particles developed as part of this thesis interact only
very weakly, if at all, via core-core van der Waals interactions. In addition, PEG
dissolved in ethanol is known to crystallize [89] and provided PEG grafted on par-
ticles behave the same way, several of the mechanisms behind attractions between
polymer-grafted particles proposed in the literature can be tested.



CHAPTER 5

SUMMARY OF PAPERS

Paper I
In paper I, we employed a semi-batch emulsion polymerization and optimized the
synthesis protocol to produce aqueous dispersions of fluorinated spheres without and
with a polymer graft. The former has been achieved in the past by others [44, 46]
but the latter has proven difficult [51] and quite complicated synthesis routes have
been suggested [39]. The present method results in core-shell particles which were
thoroughly characterized to ensure that they fulfill a number of requirements usually
expected for models system.

For colloidal model systems it is essential to be able to refractive index match the
particles and the solvent because it enables the use of optical and light scattering
techniques and allows for some control of the van der Waals interaction. However,
most existing colloidal model systems consist of particles made of high-refractive-
index materials, which limits them to nonaqueous media due to the low refractive
index of water. One way to circumvent this problem is to use fluorinated particles.
To this end, charged fluorinated spheres have been used to study, e.g., translational
and rotational dynamics [90, 91, 92] as well as effects of interactions on the static
structure factor [93]. Furthermore, fluorinated latices have served as a host suspen-
sion when studying self-diffusion using dynamic light scattering [94]. These bare
charged spheres are limited to studying effects of repulsive interactions. When also
attractions act between particles, a host of additional phenomena are encountered,
such as fluid-fluid phase separation, aggregation, and gel formation.

To be able to carefully pinpoint locations of phase boundaries, the colloidal sys-
tem should preferably aggregate reversibly. This can be achieved by attaching a
polymer at high grafting density onto the fluorinated particles. For this purpose
we used methoxy poly(ethylene glycol) acrylate (mPEGA), with a molecular weight
(MW) of 2000 g/mol. We chose to evaluate the reversibility of the aggregation using

Ulama, 2016. 29
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Na2CO3 as an electrolyte since it is known to destabilize PEGylated spheres [95] and
free PEG [96]. The grafted spheres show long-term stability in 0.5 M Na2CO3, but
aggregate in 0.6 M Na2CO3. The reversibility of the aggregation is readily confirmed
by diluting the aggregated sample such that a salt concentration of 0.5 M Na2CO3

is recovered.

The low refractive index of the PEG-grafted particles was confirmed using UV-vis
spectroscopy at three different wavelengths. No wavelength dependence was found
and the particle refractive index has been determined as 1.384, which can easily be
matched in an aqueous solution by adding a cosolvent.

Advantages of particles with low polydispersities are numerous. Dispersions of
monodisperse particles are not only convenient for testing theories, but their prop-
erties can also be compared with computer simulations of models and the inter-
pretation of scattering data is simplified to a great extent. Furthermore, crystalline
phases are absent in polydisperse suspensions [24] and many applications rely on the
ability to generate crystalline order [97, 98, 99]. Latices with polydispersities as low
as ∼3 %, as determined by SAXS modeling, can be produced with the semi-batch
synthesis method provided the molar ratio is kept around 0.05 for these PEG2000-
grafted particles.

Finally, to image the particles we have employed cryo-TEM imaging. Bare fluo-
rinated charged spheres in contact can be seen on the left in Fig. 5.1, whereas the
image on the right shows PEGylated spheres close to contact.

Figure 5.1: Cryo-TEM images of bare charged fluorinated particles (left) and PE-
Gylated fluorinated particles (right).

The PEG-layer is seen as a halo around the particles. Note that the cores in this
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case cannot come in intimate contact due to the grafted layer.

Paper II
We investigate the wider applicability of the semi-batch emulsion polymerization de-
veloped in Paper I, by grafting both longer (MW 5000 g/mol) and shorter (MW 480
g/mol) PEG chains onto fluorinated particles. To optimize the synthesis, we var-
ied the molar ratio between the PEG macromonomer and the fluorinated monomer.
Furthermore, we tested the semi-batch approach on polystyrene latices with a PEG-
graft and compared it to a corresponding batch polymerization, with the conclusion
that the semi-batch approach results in a more monodisperse size distribution. For
the batches with the shorter PEG-grafts, the particle size is relatively unaffected by
the molar ratio as long as it is kept below 0.2. The yield increases with increasing
molar ratio, but the size distribution develops a tail toward smaller particle sizes as
the molar ratio is increased. In Fig. 5.2, the scattering intensity as a function of q
is shown for three dispersions synthesized at three different molar ratios, where the
solid lines are the fitted form factors. About ten well-defined minima are observed
for the dispersions with the lowest molar ratio, whereas the oscillations are less pro-
nounced for the dispersions synthesized with larger molar ratios.
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Figure 5.2: Scattering intensity as a function of q for three different dilute dispersions
of fluorinated latices with short PEG-grafts. The results have been shifted vertically
for clarity as labeled. The open symbols are data recorded with a sample-to-detector
distance of 20 m, whereas filled symbols are data recorded at 10 m. The solid lines
are fitted form factors.

The variation in molar ratio for the syntheses with PEG5000 also resulted in an
increase in yield with increasing molar ratio, although the difference is modest. The
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particle size decreases with increasing molar ratio, which is not observed for disper-
sions synthesized with shorter PEG grafts. In addition, no tail in the size distribution
is observed at higher molar ratios with these longer grafts. The scattered intensity
as a function of q is shown in Fig. 5.3 for three different molar ratios. The most
well-resolved minima are observed for the dispersion with the intermediate molar
ratio. However, since the SAXS measurements in Fig. 5.3 were recorded using a
laboratory-scale instrument, instrumental resolution effects become more significant
the larger the particle size (see Paper III) and it is actually the dispersion made
with the lowest molar ratio that has the lowest polydispersity. It is also worthwhile
to note that for the PEG5000 dispersions the molar ratio was varied between 0.01-
0.045 whereas the corresponding range for the PEG480 dispersions was 0.05-0.2.
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Figure 5.3: Scattering intensity as a function of q for three different dilute dispersions
of fluorinated particles bearing long PEG-grafts. The results have been shifted
vertically for clarity as labeled. The solid lines are fitted form factors.

The thickness of the PEG-layer (determined as the difference between the hydrody-
namic radius and the radius obtained in the SAXS modeling) is roughly 2 nm for
the shorter PEG480 graft and between 7-10 nm for the PEG5000 graft. Despite the
steric stabilizing layer being only 2 nm for PEG480 dispersions, they show long-term
stability in as much as 1 M Na2CO3. Fluorinated particles grafted with PEG2000
[100] lose their stability in the range 0.6-0.7 M Na2CO3 and for similar particles with
PEG5000 the stability limited is found between 0.5-0.6 M Na2CO3. The enhanced
colloidal stability as the PEG-graft becomes shorter follows the behavior of free PEG
solutions [101, 102, 103, 104]. Low molecular weight PEG phase separates at higher
salt concentrations. Since the dispersion stability is enhanced using shorter PEG
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grafts, the attraction mainly originates from the grafted polymer and is not caused
by core-core van der Waals interactions.

Paper III
SAXS is a widely used technique well suited to obtaining structural information
about colloids and polymers. However, instrumental smearing effects cannot al-
ways be neglected when interpreting scattering data. For synchrotron based radi-
ation, beams are often well collimated and smearing effects due to collimation are
minimized. However, for many laboratory-scale SAXS setups, beam collimation is
sacrificed in order to increase the radiation flux. Therefore, an efficient way of tak-
ing smearing effects into account is called for. This is often done by calculating
[105, 106, 107, 108, 109] or simulating [109, 110, 111, 112, 113] the beam profile
based on the geometry of the collimation system. Following this, the beam profile is
mapped onto a Gaussian profile because the smearing calculation is done more eas-
ily for Gaussian profiles [114]. In some cases beam profiles can be measured rather
than estimated. For those cases it would be preferable to incorporate the measured
beam profile directly in the smearing calculation. This is the approach taken in this
work where also an efficient algorithm to accomplish this has been suggested.

We have used fairly monodisperse particles to evaluate instrumental smearing ef-
fects on scattering obtained on a laboratory-scale SAXS setup. Fluorinated particles
with a core-shell morphology were used because the shell contrast is poor and can
be neglected. The rationale for using fluorinated latices, besides the fact that they
can be synthesized with a narrow size distribution [71], is their high electron density
which gives high contrast in SAXS measurements.

The measured beam profiles of a number of different instrumental configurations
are shown in Fig. 5.4. They have been fitted to a suitable function to provide a
smooth description of the profiles. An algorithm that allows for rapid direct in-
tegration in polar coordinates has been suggested, which has the benefit that any
beam profile can be incorporated in smearing calculations. Rather than attempting
to desmear experimental data, the algorithm is applied to smear the model intensity.

The smearing effect is illustrated in Fig. 5.5 for three of the different beam profiles
in Fig. 5.4. Configuration 26 in Fig. 5.4 has ∼50 times higher flux compared to con-
figuration 4, but the data are so smeared that the form factor oscillations are barely
visible even though the particles are quite monodisperse. Nonetheless, excellent fits
to all the data are obtained (solid lines) with the same set of parameters, a particle
radius of 93.8 nm and a polydispersity of 3.8%. This demonstrates that as long as
smearing effects are handled accurately even scattering data that are significantly
smeared can be usefully modeled.
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Figure 5.4: Experimentally measured beam profiles versus magnitude of the scat-
tering vector. The solid lines are least-square fits.
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Figure 5.5: Scattering intensity on absolute scale as a function of the scattering vec-
tor for PEG-grafted pHFBMA spheres at various configurations of the instrument,
as labeled. The solid lines are model form factors, with smearing included using
the measured beam profiles. The results have been shifted vertically for clarity as
labeled.
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Paper IV
Although steric stabilization is robust for well-covered particles, attractions can be
induced by adding electrolyte, changing temperature or adding non-adsorbing poly-
mer. The depletion mechanism leads to attractions in the latter case, but the causes
of attractions in the two former cases remain unclear. One view is that upon wors-
ening the solvent quality, the polymer layer collapses and exposes a core-core van
der Waals force [115, 116, 83]. A second view is that polymer-polymer interactions
leads to an attraction [117, 118, 119, 86, 84]. In addition, experiments have re-
vealed polymer crystallization on colloidal surfaces, leading to macroscopic gelation
[120, 88, 121]. In this work we use a colloidal model system consisting of fluorinated
colloids with grafted PEG-chains. This model system can be used in both aqueous
and non-aqueous media, which is exploited here to probe the destabilization mech-
anism.

Using cryo-TEM, SAXS and DLS, we have investigated the microstructure and the
phase behavior under both good and poor solvent conditions for PEG. The solvent
quality is worsened either by adding Na2CO3 or using ethanol. Free PEG in known
to crystallize in ethanol at room temperature [89], so we have replaced the aqueous
solution with ethanol as a means to induce attraction. Despite that the core-core
van der Waals force is weaker in ethanol compared to water, the attraction is strong
enough in ethanol to form fractal structures which was observed in SAXS (data not
shown).
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Figure 5.6: Phase behavior of PEG-grafted fluorinated spheres suspended in Na2CO3

solutions.
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The phase behavior under dilute particle concentrations have been investigated using
DLS in Fig. 5.6. Four different regions can be distinguished. At low salt concentra-
tions there is a stable phase which shows long-term stability. Above 0.65 Na2CO3

a fluid-crystal coexistence region can be identified when the particle concentration
is not too dilute, >0.1 mg/mL, through the presence of crystallites. Below this
concentration the dispersion is so dilute so that it is difficult to determine whether
crystallites or aggregates form. The formation kinetics is also very slow, which is
the reason for labeling this region as ’slowly restructuring’. In the so-called demixed
state, at high salt concentrations, particles avoid the solvent either by settling or by
positioning themselves at the surface.

The behavior observed resembles what has been reported in depletion systems at
low particle concentration [122, 123]. However, the fluid-crystal boundary above
the stable region shows an upturn at low particle concentrations in the depletion
systems whereas the corresponding boundary is quite flat in Fig. 5.6. Using temper-
ature to induce attractions, Napper et al. [124] observed a flat critical flocculation
boundary for PEGylated spheres, whereas Vincent et.al [56, 125] observed an up-
turn. The difference was attributed to differences in PEG-layer thickness and the
magnitude of the induced attractions [125]. Our interpretation is that either the
slowly evolving growth process at dilute particle concentrations has gone unnoticed
or that the entire stability limit in Fig. 5.6 is a fluid-crystal transition. Furthermore,
while preparing these samples, we observed (except for the lowest concentrations)
that when a suspension is subjected to a concentrated stock solution of Na2CO3,
clusters are initially formed that break up within a time frame of a few hours. In
other words, the equilibrium behavior is preceded by non-equilibrium effects which
make determination of the phase behavior difficult.

We have used SAXS as a means to quantify the interaction as a function of Na2CO3

concentration using an adhesive sphere model. SAXS measurements on the same
PEG-grafted fluorinated spheres in Paper II have shown that the PEG-layer does
not need to be incorporated when modeling form factors [71]. However, it cannot be
neglected when evaluating structure factors. Therefore, we have applied cryo-TEM
imaging to estimate the PEG-layer thickness at different Na2CO3 concentrations,
the results of which show that the layer contracts in a gradual manner as the salt
concentration is increased.

In modeling the scattering intensities as a function of Na2CO3 concentration only
the stickiness-parameter of the adhesive sphere model, τ , remains as a fitting pa-
rameter. In Fig. 5.7, the fitted SAXS scattering curves are shown as a function
of the scattering vector at different salt concentrations for a constant particle con-
centration. The upturn at low q at 0.54 M demonstrates the presence of clusters
that slowly disperse as seen in the inset to Fig. 5.7. The result of the modeling
is that the attraction is gradually increasing with increasing amount of salt, which
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Figure 5.7: Scattering intensity as a function of q for 13 wt% suspension with various
amounts of Na2CO3, as labeled. The solid lines are the fits according to the adhesive
sphere model. The results have been shifted vertically for clarity as labeled. The
inset shows the intensity at a Na2CO3 concentration of 0.54 M decreases with time,
where the intensity has been recorded with a 30 min time interval.

follows the gradual contraction of the PEG graft. This behavior is in agreement with
computer simulations of pair interactions between polymer-grafted spheres [87]. In
contrast, similar measurements on particles dispersed in ethanol show that fractal
aggregation occurs, from which one can infer strong attractions between particles.
As demonstrated in Paper II the origin of these attractions is not core-core van der
Waals interactions. Instead, they are caused by the grafted PEG. We speculate that
the reason for the far stronger attractions in ethanol is that the PEG chains crys-
tallize, whereas in aqueous systems they adopt a more compact structure to avoid
contact with the solvent.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

Although colloidal model system have proven very useful in studying phenomena in
colloid science and condensed matter physics, they have been limited for the most
part to nonaqueous media. Therefore, aqueous colloidal model systems are called
for. We have devised a synthesis route to produce monodisperse fluorinated latices
bearing a PEGylated graft. The high degree of monodispersity, the low refractive
index of the fluorinated core polymer, and the PEG-graft make them suitable as
model sterically stabilized systems.

The particles were synthesized using a semi-batch emulsion polymerization, where
the initiator was fed slowly into the reaction mixture. Slow feeding of the initiator
has been used previously in homo-polymerization, but its applicability in the prepa-
ration of core-shell particles through co-polymerization has not been evaluated.

Several properties such as colloidal stability [126] and optical properties [127] are
related to the properties of the stabilizing layer, such as grafting density and thick-
ness. This together with a wish to test the wider applicability of the semi-batch
approach served as a motivation for grafting polymers of various length onto flu-
orinated spheres. Particles grafted with PEG480 and PEG5000 were successfully
synthesized in addition to the ones with grafted PEG2000. The molar ratio of the
PEG macromonomer to the fluorinated monomer was shown to influence the size
distribution strongly. The synthesis procedure was also shown to lower the polydis-
persity of polystyrene particles with a PEGylated graft.

In applications of this model system, we have mapped out the low-concentration
part of the phase diagram for these sterically stabilized colloids exposed to high
concentrations of sodium carbonate. The salt serves to decrease the solvent qual-
ity for the PEG graft. In these dilute systems particles tend to form crystals due
to attractions between particles. The attractions are not caused by the usual van
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der Waals interaction between homogeneous particles. Instead, it was shown to be
caused by interactions mediated by the PEG grafts because the particle stability
was shown to increase as the length of the PEG graft was decreased. For systems
dominated by a core-core van der Waals interaction the opposite trend should follow.
Using cryo-TEM and SAXS it was shown that the addition of salt leads to a gradual
compaction of the PEG graft and the development of a weak to modest attraction.
In contrast, dispersing the particles in ethanol leads to much stronger attractions,
which are presumably caused by freezing of the PEG chains.

In terms of future extension of this work, access to higher particle concentrations
would be required to enable studies of rheology and more complete studies of the
phase behavior. For this the synthesis would need to be scaled up. In addition,
based on the aggregation of these particles that occurs in ethanol, it would be in-
teresting to investigate colloidal stability in various solvents. This would serve as
further probe of the influence of the PEG graft on interactions between particles.
In this context, we have developed and evaluated a simple and fast method based
on centrifugation to replace the aqueous solution with simple alcohols. Although
no swelling was observed in ethanol, we note that cross-linking of the fluorinated
polymer might be required to avoid swelling in other solvents.

Studies have claimed that there is an equivalence with regard to interparticle attrac-
tions induced by increasing temperature and by increasing salt concentrations [128].
Previous studies on PEGylated polystyrene spheres showed that in the presence of
appreciably amount Na2CO3, temperature could indeed be used to increase the at-
traction further [73]. However, for these sterically stabilized fluorinated latices, no
temperature dependence of the phase boundary was observed in an interval between
5-40 ◦C. This seeming contradiction calls for further studies.

Most of the focus in terms of the synthesis procedure was to produce monodis-
perse core-shell particles, and little emphasis was given to changing particle size.
One possible way to control particle radius (which never was tested) is to change
the monomer/water ratio in the synthesis. If the particles were smaller, studies of
the interactions would be much simpler. For instance, DLS measurements would
yield the collective diffusion coefficient which is sensitive to interactions between
particles. Also, the structure factor peak would be shifted to lower q for smaller
particles, so that a laboratory-scale SAXS instrument would be sufficient for ob-
serving effects of interactions. Also, if the particles were larger (and fluorescently
labeled), confocal microscopy can be used to study real-time collective behavior.
Simultaneous refractive index matching and density matching can be achieved by
adding a mixture of salt to water or using a mixture of solvents [129].

The grafting density plays a key role in colloidal stability. In the work presented
in this thesis the grafting density was not quantified. In other words, it is not
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known whether the grafting density changes significantly when PEG chains of var-
ious length are grafted on the particles. There is a need for a reliable method to
determine grafting density that works also for densely grafted systems.

We were able to observe a contraction of the PEG-layer with increasing amount of
salt using cryo-TEM imaging. However, little is known about the polymer dynamics
as solvent quality is worsened in colloidal suspensions. The studies have so far been
limited to adsorbed [130] and polydisperse [131] grafted planar surfaces in organic
solvents. In aqueous solutions, studies have been restricted to planar surfaces at low
grafting densities [132]. In a non-aqueous colloidal suspension of silica, Roke et.al.
were able to observe grafted hydrocarbon chains crossing over from a liquid-like
morphology to crystalline order as the colloids went from stable to their gelled state
upon lowering the temperature [88]. A similar structural transition is suspected to
be responsible for the aggregation that occurs when the PEG-grafted particles stud-
ied in this work are transferred to ethanol. One would expect a dramatic change in
the dynamics of the grafted polymer in connection with this structural transition.
Attempts to capture the PEG-polymer dynamics with DLS by canceling out the
core scattering through contrast matching proved unsuccessful due in part to den-
sity fluctuations of the solvent mixture. This polymer dynamics, which occurs on
small length and time scales, can be studied using neutron spin echo, studies which
could lead to an increase of our understanding of the relation between microscopic
and macroscopic properties.
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[93] W. Härtl and H. Versmold. Temperature dependence of the structure factor
S(Q) of liquid-like ordered colloidal dispersions. J. Chem. Phys., 81:2507–2510,
1984.
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