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Abstract

The aim of this project has been to produce core-shell particles containing oil as the
core, and water-insoluble polymers as the shell. Since the particles were to be used in
experiments with light scattering (LS) and nuclear magnetic resonance diffusometry
(NMRQA) for probing the structure of hydrogels following particle diffusion in the gel
systems, the size of the particles was intended to be below 1 wm and detectable with
NMR.

Oil-containing microparticles were produced by solvent evaporation protocols using a
homogenizer or a microfluidizer. Different types of fluorinated oils were encapsulated
to give core-shell particles ranging in size from about 1 pm to 150 nm with a
polydispersity ranging from 0.1 to 0.4 in terms of the relative standard deviation of
the size distributions as determined by dynamic light scattering.

Further, static light scattering (SLS) was used to obtain experimental form factors of
the particles to be compared with theoretical ones. Successful data analysis could then
have given information about, e.g. shell thickness of the particles, size of the core, and
average density of the particles.

However, it was found that it was not possible to describe the particles as classical
core-shell particles from these light scattering experiments. The experimental form
factors deviated substantially from what could be theoretically simulated.

The explanation for this could tentatively be based on results from experiments with
the technique QCM-D (quartz crystal microbalance with dissipation monitoring). It
was found that the emulsifier used to produce the particles seemed to bind irreversibly
to the shell polymer, creating a thick layer around the particles. Thus, the simple core-
shell model used to analyze the SLS data was probably wrong.

Future possible work is outlined in this Thesis, emphasizing the need for better
control of some parameters crucial for forming the core-shell particles, e.g.
temperature and stirring speeds. Also, the characterization of such complex particles
with an adsorbed polymer layer would probably be more accurate if scattering
techniques based on neutrons and X-rays were used. Alternatively, a more
complicated theoretical model for the form factor might be necessary for successful
LS data analysis.
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1 INTRODUCTION

Encapsulation of different molecules in so called microcapsules is of major
importance in many industrial applications. By definition a microcapsule is a particle
with a core and shell structure where the core can be a solid, liquid, or gas system and
the shell can be a polymer system or an inorganic material.’

Microcapsules are widely used in applications in which an active compound needs to
be protected from the environmental conditions (UV, oxygen, and moisture) either to
avoid the side effect of the active or to prolong the storage life time of the active.
Other applications are when controlled release, or prevented chemical reaction
between the active and surrounding is required. For example, controlled release of an
active medical agent can be a mean to make available the drug during a long time to
achieve, e.g. a once-daily dosing of the medicine.” The same principle can be used in
agricultural and paint applications, where now, however, the release of, e.g. a
pesticide might be necessary to prolong for months.? Microcapsules can also be used
to mask bitter taste of active substance in food and pharmaceutical products.’

There are different techniques for the production of microcapsules, such as phase
separation, spray-drying, interfacial and in-situ polymerization, and solvent
evaporation. Phase separation” is a method in which core material is suspended into a
solution of shell materials and where the phase separation is induced by different
techniques like adding non solvent. This technique is, however, not suitable for
production of particles in the micrometer scale. Spray drying” is a quite simple
technique but not suitable for highly temperature sensitive material. Moreover,
particle size control is not easy with this technique, Polymerization® is a method
which is principally based on interfacial polymerization. In this method
polymerization occurs at the interface between the aqueous phase and the emulsion
droplet. When the polymer film is formed, the active is encapsulated.

The technique mostly used is however the solvent evaporation technique,*” since it
does not require, e.g. elevated temperature and gives the possibility to control the size
of the produced particles in the range of nano- to micrometer. In this technique both
core and shell material are dissolved in a good solvent and emulsified in an aqueous
phase in the presence of an emulsifier soluble in the aqueous phase. Finally, the
solvent for the core and shell materials is evaporated at, e g, room temperature.

Apart from the industrial applications mentioned above, core-shell particles can be
used as so called probe-particles, i.e. particles incorporated in a material and that can
be detected by some technique to get information about material properties.
Incorporation of particles with suitable properties in, e.g., a hydrogel will make it
possible to follow the transport and movement of the particles in the material,
reflecting the structure of the material and its dynamics. Depending on the detection
technique to be used, the properties of the particles are crucial.

Some of the work at the Division of Applied Chemistry at Chalmers is focused on
hydrogel properties. A hydrogel is a polymer system based on, e.g. biopolymers like



alginate, agarose, gellan gum, carrageenan, etc, or synthetic polymers like polyacrylic
acid, that can form gel-like systems built up by physical or chemical crosslinks. Such
systems can hold up to more than 99% w/w of water when swelled in water and are
frequently found in several industrial products within the food, pharmaceutics, paint
etc. industry. The work at the division is carried out within the VINNOV A
competence centre SUMO (Supramolecular biomaterials) and several different
techniques are used to study material properties, e.g. NMR (nuclear magnetic
resonance), LS (light scattering), and FRAP (fluorescence recovery after
photobleaching), each of these techniques putting different demands on the particle to
be used.

One way to get a signal suitable for NMR would be to incorporate fluorinated oil in
the core of a core-shell particle. The requirement then is low solubility of the oil in the
water, so that no release to the aqueous environment of the particles is obtained when
a hydrogel is loaded with the particles. For FRAP, such particles must have a
fluorescent molecule, preferably at their surface. LS requires rather monodisperse
particles to better understand obtained results, which however would favour also the
use of the other techniques. Otherwise LS does not require any particular property
except that the particles to be detectable must have an average refractive index
different from that of water, which however nearly almost is the case.

The aim of this Master in Science project was to construct core-shell particles that
could be suitable for both NMR and LS experiments in coming studies of hydrogels.
The goal was to achieve small particles in the range of 100 nm to 1 wm in diameter
based on fluorinated oil as the core and a water insoluble polymer as the shell. Also,
to avoid complicating interactions with the hydrogel material, it was intended to try to
prepare particles with minor amounts or no stabilizer needed for the particle system.
The solvent evaporation technique was used as the microencapsulation process, and
both dynamic and static light scattering and also NMR diffusometry were carried out
to characterize the particles. To study the adsorption behavior of the emulsifier on the
surface of the shell polymer, the technique QCM-D (quartz crystal microbalance with
dissipation monitoring) was used.



2 THEORY

2.1 Micro- and Nanoencapsulation

A microcapsule is a core-shell system, where the core can be, e.g. an active substance,
often dissolved in a liquid and the shell is a polymer. A large number of liquid and
solid materials can be encapsulated. Microcapsules are able to immobilize and protect
the core substance or the active from UV, moisture, oxygen, etc. Microencapsulation
prevents probable chemical reactions between the core and the surrounding
environment. Having control over the release of the active material in the core is also
another advantage of microencapsulation.' Sometimes the term “nanocapsules” is
used to emphasize that such microcapsules are in the size range of 10 — 1000 nm.°

Besides the methods that have been already mentioned for the preparation of
microcapsules, there are some other methods that are used specifically for the
preparation of nanocapsules: emulsion-diffusion, nanoprecipitation, double
emulsification, emulsion-coacervation, polymer-coating, layer-by-layer, but also
solvent-evaporation. The solvent evaporation is a very ordinary technique because it
is easy and it does not need any special processing conditions and can also be used to
prepare both micro- and nanocapsules. Microencapsulation based on solvent
evaporation basically consists of three steps:4

(1) preparation of a mixture of an organic phase (composed by polymer,
a high vapour pressure good solvent and a non-solvent), and an aqueous
phase (composed by water and a proper emulsifier);

(2) emulsification of the organic phase in the aqueous phase;

(3) evaporation of the organic good solvent by continuous mixing or
using evaporator.

Migration of

Evaporation . Evaporation
£ some polymer-rich =772 Fall v
Polymer OS¢ O phase o
V.S, — O — || I

&
O

Phase separation of
polymer within oil
droplets

n.v.n.s.

o/w emulsion
droplet

Polymer-rich phase

. S Microcapsule
at the interface crocaps

Figure 1: Schematic of the steps of microencapsulation based on solvent evaporation;
n.v.n.s., non-volatile non-solvent; v.s., volatile solvent.

Among these three steps, the emulsification of the polymeric solution (organic phase)
in the aqueous continuous phase is crucial. The o/w emulsion formation occurs by
agitation of two immiscible liquids. Normal stirrer (impeller), homogenizer, or
microfluidizer are suitable instruments for dispersing the oil phase in the continuous
aqueous phase. Depending on the desired size and size distribution any of these
techniques can be used. The one which is able to induce stronger shear forces and
more turbulence will give smaller droplet sizes and more narrow size distributions.



An impeller is a rotating blade which is connected to a shaft. It imposes bulk motion
(shear stress) and is used to mix immiscible and highly viscous liquids. A
homogenizer is based on a rotor/stator principle (see Figure 2) and is used for
dispersing and homogenizing immiscible liquids and solid particles. Both these
techniques are thus based on applying a shear stress to produce a turbulent flow, while
the microfluidizer is based on a special technology, in which the flow is laminar and
the droplets are formed at the site of addition of oil phase to the continuous phase.’
Droplet size and size distribution is controlled in a microfluidizer by varying the
processing pressure and the number of passes through the instrument.

Figure 2: Schematic rotor/stator and its function.®

Since the size of the capsules or particles formed is related to the size of the droplets
in the primary emulsion, all the parameters that influence the droplet size in the
emulsion will affect the particle size in the final suspension as well. Besides
processing parameters that already have been mentioned, there are many other
important parameters that influence the size and size distribution of the particles
during emulsification, such as nature and concentration of emulsifier, polymer
concentration, oil viscosity, presence of a co-solvent (e. g. acetone), polymer/oil
raltio,9 temperature, and time of emulsification.*'" Most of these parameters influence
either the viscosity of the oil phase or the aqueous phase. For instance, polymer
concentration, type and amount of solvent, temperature, and oil viscosity have great
influence on the viscosity of the oil phase, while type and concentration of emulsifier
affect the aqueous phase viscosity.

On the other hand, droplet disruption as a result of applied shear depends on the
viscosity of both the dispersed and continuous phases. The lower the viscosity of the
dispersed phase (oil phase), the less energy is needed to disrupt the droplets and
droplet break-up is easier. The higher the viscosity of the continuous phase, the
stronger the viscous forces that generate stress at the drop surface, which facilitates
the droplet disruption. However, with a polymer as emulsifier in the continuous phase
the result can be different; the polymer may restrain the turbulence, which will result
in a less efficient droplet disruption. Thus, with polymers as emulsifiers, the droplet
size first decreases with increasing concentration, but can then start to increase after a
certain concentration when the effect of the restrained turbulence becomes important.
On the other hand, also the viscosity ratio of both phases (Noi/Magueous) has an effect on
the droplet break-up; an increase in this ratio will result in an increase in droplet
size.!" Accordingly, the factors that influence the viscosity will directly influence the
size and size distribution of the finally formed particles.



Moreover, there are parameters during the evaporation process that might influence
the size of the particles such as speed and temperature of evaporation, as well as
emulsifier concentration.'* The important thing during evaporation is to prevent
coalescence and to get complete solvent removal, in order to get particles of the
similar size and size distribution as the droplets in the emulsion."?

Although the solvent evaporation method is an easy-to-use method and has been used
for preparation of both micro- and nanocapsules, some research’ has demonstrated
that the presence of high molecular weight species e.g. polymers in the interface of
the oil and the aqueous phases, can limit the diffusion of the solvent through the
aqueous phase. The evaporation and capsule formation are then difficult to control in
the case of nanoencapsulation. Also, other research'® showed that nanocapsules might
not be processed successfully with the direct solvent evaporation technique because of
the mechanical stress induced from the bubbles in the aqueous phase. Therefore,
solvent evaporation is perhaps not the best method to make nanocapsules.
Nevertheless, the convenience of this technique would be a reason to pursue trying to
optimize parameters for the solvent evaporation method to prepare nanocapsules, as
was one aim this thesis.

2.2 Phase Diagram

In order to prepare a suitable oil phase to make core-shell particles, the selection of
right solvents and proper concentrations and having knowledge about the
thermodynamics of mixing and kinetics of phase separation in, e.g., a ternary system,
are important issues. A phase diagram summarizes the phase behaviour of a mixture
at equilibrium and shows at which concentrations all the components are completely
dissolved in each other and at which concentration of each component phase
separation will start. Binary and ternary phase diagrams can be constructed both
theoretically and experimentally. Knowledge about the kinetics can only be obtained
in detail by experiments, but some guidance might be obtained from considering
principles of diffusion.
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Figure 3: Typical ternary phase diagram for the
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A ternary phase diagram for nonsolvent/solvent/polymer system can be made
theoretically based on Flory-Huggins theory'* for three components. (A typical
ternary phase diagram is shown in Figure 3) Although the Flory-Huggins theory first
was developed for thermodynamic behaviour of binary systems it was later extended



to three component systems by Tompa'®. According to Tompa’s theory the Gibbs free
energy of mixing for a ternary system is given by:16

AG=RT[n,Ing, +n, In g, +nyIng; + g (), 9 + 255 (v3 na@s + 2,5m,0;] Eq. 1

The subscripts refer to nonsolvent (1), solvent (2), and polymer (3). n; and @, are the

number of moles and the volume fraction of component i, respectively. R is the gas
constant, and 7 represents the absolute temperature. y;3 is the concentration-
independent nonsolvent/polymer interaction parameter, while g;» and g,; are the
concentration—dependent nonsolvent/solvent and solvent/polymer interaction
parameters. u; is the volume fraction of solvent on a polymer free basis, and v; is the
volume fraction of polymer on the a nonsolvent free basis, i.e. u,=@/( @+ @) and

Vs= 0y/( 9o+ @3).

In order to obtain a phase diagram from Eq. 1, the interaction parameters should be
known which can be achieved experimentally. In this work, complete phase diagrams
were not made for the present components. However, phase diagrams with quite the
same components have been presented by other researchers,'>'” and therefore used as
guidance in this work. The concentrations of the components were chosen so that the
systems corresponded to the one phase regions.

2.3 Diffusion

Translation motions in solution are diffusion and fluid flow. The translational motions
of a species not only reflect intrinsic properties of the species itself (such as size, etc.)
but can also shed light on the surrounding environment (such as material
microstructure and dynamics). Self diffusion is the random thermal motion of
molecules or small particles in a liquid at thermal equilibrium. It is possible to
imagine it as Brownian motion where a small suspended particle is constantly and
randomly hit by collisions with molecules of the liquid and makes particle jumps (see
Figure 4). Translational diffusion is characterized by a diffusion coefficient which can
be calculated from the Stokes-Einstein equation'® (for the simple case of a spherical
particle at infinite dilution):

— kBT
67”7Rh

Eq. 2

where kg is Boltzmann constant (J/K), T is temperature (K), # is the viscosity of the

liquid (Pa s), and R}, is the hydrodynamic radius of the particle (m), which gives D in
2

m-/s.
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Figure 4: Diffusion by Brownian motion.

According to the Stokes-Einstein equation the diffusion coefficient of a suspended
particle (except for the universal constant and absolute temperature) depends on the
viscosity of the liquid and on the size of the suspended particles.

On the other hand, based on Fick’s first and second laws, the diffusion coefficient can
be calculated from the mean-square-displacement, MSD, which states that for free
diffusion the MSD changes linearly with time:

<Ar2(t)>:2nDt Eq. 3

where D is the diffusion coefficient (mz/s), <A r2( t)> is the MSD (m), n is dimension,
and ¢ is time (seconds). According to this definition the diffusion coefficient depends
on how the mean-square-displacement changes with time. For free diffusion, the
diffusion coefficient calculated from this equation is constant while it is a function of
time for restricted diffusion. Measuring the mean-square-displacement with any
technique e.g. NMR and dynamic light scattering gives the possibility to calculate the
(average) hydrodynamic radius of the diffusing species at zero concentration (free
diffusion) from Eqgs. 2 and 3 as

A0 _ g
2n-t  67R,

Thus, the size of diffusing species is one of the intrinsic properties that can be
determined by measuring the diffusion coefficient.

Moreover, different diffusion regimes exist and are classified depending on the
behaviour of the diffusing species and how they are influenced by the environment."
These regimes can be described by an MSD proportional to . If 0 < a < 1 the regime
is called subdiffusion for which the MSD increases slower than is the case for free
diffusion. Such behaviour can be expected when the particles are restricted to move
in, e.g. a hydrogel system, where obstruction can occur due to a microheterogeneous

structure. Moreover, the increase in <Ar2(t)> is no longer linear. However, when o > 1

the MSD increases again in a non-linear manner but faster than for free diffusion and
the distribution of jump distances is wide. The diffusion regime is called



superdiffusion or Levy flight and is typical for a particle in, e.g. a turbulent flow like
smoke from a chimney; see Figure 5.
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Figure 5: Schematic illustration of superdiffusion or Levy flight showing the
Brownian motion of a particle that occurs in a separate region followed by a jump to
another Brownian region.

2.4  Principle of Light Scattering

Light scattering is a frequently used technique to investigate, e.g., polymers in
solution, and colloidal particles. The theory of light scattering was first developed by
Lord Rayleigh for small particles (compared to the wavelength of the incident light)
and was extended by Debye for large particles and by Mie for all particles without any
particle size limitation.”

The Rayleigh theory states that the origin of scattered light is a complex interaction
between the incident light and the molecular structure of the scattering object. When
incident light interacts with a particle, the electron orbit of the molecules of the
particle is periodically perturbed with the same frequency as the electron field of the
incident light. The oscillation of the electron cloud causes an induced dipole moment
within the molecule. The oscillating induced dipole moment is manifested as scattered
light. The scattering process is called elastic when the scattered light frequency is the
same as the incident radiation frequency (Rayleigh scattering). Since molecules in
solution are in a random motion there will be scattered light of several frequencies
around the frequency of the incident radiation. Therefore, light scattering is
sometimes called "quasi-elastic-light-scattering". In this molecular theory the
fundamental parameters are the polarizability and the medium refractive index.
Besides this molecular theory there is a thermodynamic theory which describes the
origin of the scattered light with another approach. In the Einstein-Smoluchowski
thermodynamic approach, the interaction of the radiation field with the
inhomogeneities, caused by the random motions of the molecules, is a result of
localized microscopic fluctuations of density and thus the dielectrical constant is
considered. This thermodynamic theory explains why a pure liquid can scatter light as
the result of density fluctuations. Both Rayleigh (and the further developed Rayleigh-
Gans-Debye) and Einstein-Smoluchowski theories are applicable for particles when

10



the relation between size, wavelength of light and refractive indices obeys Eq. 5
below: For larger particles the Mie theory was developed.

R<#; ‘n -n

m p‘
2zn,, —n,

<1 Eq. 5

where R is the radius of the particles, 4, is the wavelength of the light, and n,, and n,
are the refractive indices of the medium and the particles, respectively

The physical concept of the Mie theory is the same as the Rayleigh theory, so that the
oscillation induced polarization within the particle is due to the incident light field,
and light scattering from the particle is the result of those oscillations. However, in the
Mie theory a particle is considered to have contributions of a series of electrical and
magnetic multipoles located in the particle, instead of assigning one single dipole to
the particle (as in the Rayleigh theory). For large particles relative to the light
wavelength, the Mie theory predicts the direction of the scattered light to occur at
different angels.

Light scattering instruments for both static and dynamic light scattering techniques
(SLS and DLS respectively) are equipped with laser light which is a coherent and
monochromic source of light. A schematic instrument set up for SLS and DLS is
shown in Figure 6.
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Figure 6: Instrument set up for SLS and DLS

2.4.1 Static Light Scattering

Static light scattering is a technique that has been used mostly to characterize the
physical chemical properties of species in solution, such as polymers in solution,
colloidal suspensions, and micellar systems. In a light scattering instrument, scattered
light is detected at different angles. The instrument measures the total intensity of the
light as a function of angle and/or concentration. The quantity of interest of the
scattered light is the so-called Rayleigh ratio, R, which can be calculated from the
measured intensities of solvent and solution:

11



I .. —1
Rg =k solution solvent Eq 6

incident

where [ is the intensity of the indicated system, and k 7 arises from calibration.

The Rayleigh ratio depends on the angle of observation (see Figure 5) through the
scattered wave vector, ¢, which is defined as:

4m, . (6
= sin| — Eq. 7
T (zj 4

incident

where ny is the refractive index of the solvent, 4, is the incident light wavelength in
vacuum, and @ is the angle of observation.

On the other hand, the Rayleigh equation below describes the relation between the
intensity of the scattered light (Rayleigh ratio) and physical chemical properties of the
particle in solution accordingly, which is the simplified form by Zimm and which is
fulfilled at low concentrations:

Kc 1

= +2A,c+3A0° + ...
Ry(c.q) M p(g) "~ Ae Fa.8

where M,, is the average molecular weight of the species, P(6) is the form factor
(particle scattering factor), c is the particle concentration, A; is the second virial
coefficient (a measure of how good the solvent is), and K is an optical constant which
is defined as:

2 2 2
K=ff%(mj Eq. 9
AyN 4, \dc

where d%c is the changes in refractive index of the solution as a function of the

changes in concentration, and N, is Avogadro’s constant. The Zimm equation can be
used in order to analyse the data from static light scattering in different ways; one way

is to plot K% (c.q) Vs q2 +kc for different concentrations and different angles. The
ANS]

factor k in this plot is used to expand the x-axis in a suitable way and can be chosen
arbitrary to give a foreseeable plot. This kind of plot was proposed by Zimm in
1948, and is called the Zimm-plot. The Zimm-plot is used frequently to analyse
static light scattering data to determine M,, R,, and A;.

The form factor or particle scattering factor, P(6), is the angular dependence of the
scattered light intensity. The angular dependence arises from the light scattered from
different positions in the same particle and this happens when the particle is big
enough compared to the wavelength of the incident light. In fact, it shows how the
intensity will change with the size and shape of the particle. The form factor has been
theoretically calculated for several different types of systems and are available in
several palpers.21 For example, the form factors for the hard sphere and the core-shell
particle are given below, respectively:**

12



r 2

P(8)= 5 7 (sin(rq)—rq cos(rg)) Eq. 10
(rq)

(7 = 1)im3 +2)v,R(,q)+ (3 = 1)m +2)V, R(50090) - ViR (r09))

(m,2 —1)(m22 +2)V1 + (m§ _1)(’"12 +2)V2 Eq. 11

where r is the radius of the hard sphere, ¢ is the scattering wave vector in Eq. 6,

m; = % , n;1s the refractive index of the core, and nyis the refractive index of the
0

medium, m, = ’% , n21s the refractive index of the shell, V; is the volume of the
0

core, V5, is the volume of the shell, V; volume of the total particle, and finally R(rq) is
defined in Eq. 12:

3(sin rg — rg cos
R(rq)=( rq(rq';? r4) Eq. 12

By plotting P(0) vs. g, e.g. for hard spheres, see Figure 7(a), it is possible to estimate
the size of the particle. It is seen that when the particles are very small, the angular
dependence in P(6) is lost. For larger particles a pronounced & -dependence can be
seen, even with minima for very large particles. In the plot of log P(8) vs. gr (see
Figure 7(b) the first minimum for large particles is (generally) located at gr = 4.49,
where 1 is the radius of the particle. Thus, finding the first minimum in P(6) vs g gives
the radius from r = 4.49/q,,:» provided the particle is big enough to give a minimum.

The form factor P(8) for spheres of different radii log (P{8))for different sphere radii
.2
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Figure 7: (a) plot of P(0) vs. q for hard spheres of different radii, and (b) log P(0)vs.
qr for spheres of different radii. Rys is the hard sphere radius.

The Guinier approximation is also a very useful approach to evaluate static light
scattering data to determine R,.”** It states that when

13



R?
gR, — 0, then PO)=1-4° % for any type of system at zero or very low

concentrations.

. R . S
Thus, by plotting ln(l{gj vs. ¢° for data at zero concentration, which is called a
c

Guinier plot, it is possible to determine R, from the slope of the plot and My, from the
intercept, provided the plot is linear (see Eq. 8). Often this means that only data at low
g-values can be used, if at all. The Guinier plot and plot of P(€) vs. g were used in this
work to estimate R, and the type of particle using a Sigma plot program (SigmaPlot
2000, SPSS Inc.). It is seen that taking the logarithm of the reciprocal of Eq. 8, and
subtracting In(M), where M is an apparent molecular weight, the resulting
experimental data for low concentrations should be forced to pass In(P(6=0))=0
according to the Guinier approximation. The experimental data can then be compared
with different theoretical plots of P(8), provided the experiments are carried out at
low concentrations as in the present work.

2.4.2 Dynamic Light Scattering

Dynamic light scattering is a technique to determine, e.g., sizes and size distributions
of small particles in suspension or polymers in solution. Moreover, it can be used to
study the structural behaviour of concentrated polymer solutions or gel systems. As
mentioned before monochromatic and coherent light similar to SLS laser light is
needed. In DLS the time dependent fluctuations in the intensity of the scattered light
are recorded with a fast computer, the so-called correlator. These fluctuations arise
from the particles movement in the observation volume due to Brownian motion of
particles. The relation between these fluctuations during an experiment is calculated
based on a mathematical operation called autocorrelation and results in the time
correlation function (Eq. 13) in the correlator:

G*(t)=(100)I(t)) Eq. 13

where [(¢) is the intensity at time z.

The G*(1 ) can be called a memory function and it contains the measured raw data.
The G*(1) is normalized through a symmetric normalization proposed by ALV:*

GZ (t) normalization g 2 (t)

where g*(t) is the normalized intensity correlation curve. This correlation curve is
normally displayed as log ( g2 (1)-1) vs. log t in order to have the possibility to follow
the curve for a long time and to have good control over the background (see Figure 8).
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Figure 8: Correlation curves for two kind of spheres, the blue curve is for spheres
with R,=8nm, and the red curve is for spheres with R,=80nm

The normalized intensity correlation function g2 (1) is related to the normalised field
correlation function called g’(7), which contains the information of interest through
the Siegert relation:

:1+ﬂg1(rf Eq. 14

where f is a correction factor that depends on the detection aperture and counting rate;
in fact it is an instrument constant. It takes a value between 0 to (ideally) 1 depending
on the construction of the instrument, and for the instrument that has been used in this
work £=0.37. However Eq. 14 is only valid for ergodic systems, i.e. for systems
where the time average of a property is independent of where in the system the
property is studied. This is expressed as the time average being equal to the ensamble
average. A particle dispersion at low concentrations is one example of an ergodic
system, while a gel normally is non-ergodic (contains heterogeneous parts).

The field correlation function g’(z) contains dynamic information of the system
studied. Different theoretical descriptions exist for g’(z), the simplest one describing
the field correlation function for monodisperse, non-interacting particles as follows:

g'(t)=exp(-T1)= exp(— Lj = exp(— qut) Eq. 15
T

where /" is the relaxation decay rate (sec’l), 7 18 the relaxation time (sec), D is the
diffusion coefficient (m®sec’’) defined in Eq. 2, and ¢ is the magnitude of the
scattering wave vector (m™") as defined in Eq. 7. In the case of polydisperse systems
g'(1) will decay as a sum of exponentials.
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In general, the field correlation function can be described by:

g'(r)= eXp(—quJ Eq. 16

6

where <Ar2 (t)> is the MSD for the scattering species, and which can be written, e.g.

as in Eq. 3. Equation 16 is the starting point for analysis of, e.g., microrheology
experiments.

In order to analyse the data from DLS, several algorithms exist and which are based
on cumulants, the Contin procedure, and/or on some non-linear models like the
Schultz model.” The Contin algorithm is the most frequently used algorithm which
preferentially is used to get the distribution of relaxation times, the standard deviation
(o) and the coefficient of variation (CV = the relative standard deviation) of the
distribution, from which a distribution of, e.g. sizes can be obtained. However
precautions should be taken when the Contin algorithm is used. Thus, for very narrow
distributions with a width of CV < 0.07, the Contin algorithm sometimes does not
give the correct distribution but the cumulants algorithm might work fine. When the
distribution is not too narrow and CV > 0.07, the Contin model will lead to a
reasonable distribution. However, sometimes when the CV is very small, the ALV
cumulants analysis has been found to report a negative value of one estimated
parameter |1, related to the polydispersity index (PDI) by PDI=u/I"> (=CV?) where I’
is the average relaxation rate of the system. A negative PDI is of course not physically
possible, and for some data the non-linear Schultz model is then better to use.

2.5 Nuclear Magnetic Resonance Diffusometry (NMRd)

NMRd is a very powerful technique to measure the self-diffusion of species in a wide
range of sizes (from small water molecule to a few micrometer particles) in variety of
mediums. The diffusion coefficient obtained from NMRd can be used to determine,
e.g, the hydrodynamic radius of the species, membrane permeability, and effects of
chemical exchange. In NMRd two gradient pulses are used, of which the first gradient
encodes the position of the nuclear spin. In fact, the first gradient is labelling the spin
magnetically and gives the possibility to follow the translational motions during an
observation time, A. The labelling is decoded after the observation time by applying
the second gradient pulse. The use of pulse field gradients in Spin-Echo Pulsed Field
Gradient experiments was suggested by Stejskal and Tanner,”* and the experimental
layout is schematically shown in Figure 9.

90°x 180°y

H: | | U/\Uﬂvf\u%

Figure 9: The Stejskal-Tanner spin-echo pulsed field gradient experiment.
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The gradient pulses are often sine-shaped. The normalised signal attenuation depends
on the strength, g, and length, J, of the gradient pulses, the time between two
gradients (observation time), 4, and the diffusion coefficient of the species. The
normalised signal intensity for the square shaped gradient is then as described by
Stejskal-Tanner in Eq. 17:

% oc exp(7252g2(A;5jDJ Eq. 17
0 3

where I and /) are the NMR signal intensities with and without gradients and y is the
gyromagnetic ratio constant. The Stejskal-Tanner equation can be written as:

% = exp(— kD) Eq. 18
0

A-0
where k = };g25{TJ. Therefore it is possible to determine the diffusion

coefficient, D, from a nonlinear least square fit of log( /Iy ) vs k with the slope of D.
Then using the Stokes-Einstein equation (Eq. 2) it is possible to calculate the
hydrodynamic radius of the (spherical) species.

2.6 Quartz Crystal Microbalance with Dissipation
Monitoring (QCM-D)

The QCM with the dissipation monitoring technique is used for measuring
macromolecule adsorption and structural properties of them on a surface in a liquid.
Basically QCM-D is based on the piezoelectric properties of quartz. A thin quartz disc
placed between two electrodes (typically gold electrodes), is subjected to an AC
voltage across the electrodes. The piezoelectric material i.e. the quartz crystal, starts
to oscillate at a specific (resonance) frequency which is related to the mass of the
crystal. Adsorption of any spices on the surface of the crystal results in an increase in
the total mass and consequently a change in the oscillation frequency. When the
adsorbed layer is a thin rigid film, the amount of the absorbed layer can be calculated
using Sauerbrey equation:25

_4C_

n

Am

p; o, Eq. 19

where C is the mass sensitivity constant (= 17.7 ng/cmz), n 1s the overtone number, py
is the effective density of the adhering layer (ng/cm3), and oy is the estimated
thickness (cm). However for non-rigid or flexible adsorbed layers (films) which are
quite common in a liquid phase, the Sauerbrey equation is invalid. In fact, the
Sauerbrey equation underestimates the mass at the surface, since a soft film will not
fully follow the crystal’s oscillation. A viscoelastic (soft) film dissipates some parts of
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the crystal’s oscillation; this dissipation (D) shows the viscoelasticity of the film
according to:*°

D= B Eq. 20

27Z.Esrored

where E,, is dissipated energy (J) and E,eq is stored energy (J). The dissipation of
the crystal is measured by recording the response of a freely oscillating crystal
vibrating at its resonance frequency. By measuring frequencies and dissipation at
different overtones and applying viscoelastic models a soft film can be characterized.
Either the Voigt model is used, which is a model for a viscoelastic solid*’ or the
Maxwell model which is for a viscoelastic liquid.

In this work the measured dissipations and frequencies were modelled using the Voigt
model given by Eq. 21 below:?’

de(r)
dt

ot)=Ee(t)+n Eq. 21

where o is stress (it can be shear stress or normal stress,( Pa)), € is strain (unitless), #
is viscosity (Pa s), and E is the modulus of elasticity (Pa).

2.7  Scanning Electron Microscopy

In a scanning electron microscope, SEM, an electron beam is used to scan the surface
of the sample. To get information from the scan, both primary electrons (the electrons
from the beam that are backscattered) and secondary electrons (the electrons that are
emitted from the sample) are detected. Photons that are emitted from the sample are
also detected. The scattering patterns give information about topography, morphology
and composition. Topography describes what the surface looks like, morphology
gives the shape and size making up the sample, while the composition shows the
different elements in the sample and the relative amounts of them. SEM has a focus
that are called the Depth of Field, which means that it has a large depth of focus,
which makes it possible to produce an image that appears 3-dimensional.

Specimen preparations are needed before using SEM. The sample needs to be in
vacuum and therefore the sample can not contain any liquids that will vaporize under
that condition. The samples need to be conductive in order to be examined. Non-
conductive samples have to be coated with an electrically conductive film. If the
sample need to be in a wet environment, or if the sample is non-conductive, an
instrument called Environmental SEM, ESEM, can be used.

18



3 EXPERIMENTAL

3.1 Materials

3.1.1 Shell Polymers

PMMA (poly (methyl methacrylate)) is an amorphous synthetic polymer made of
methyl methacrylate monomers (repeating unites), (see Figure 10). Commercially, it
can be found under the name of Plexiglas, Perspex, Acrylex, and also other names. It
is produced by emulsion polymerization, solution polymerization, and also bulk
polymerization. PMMA has a glass transition temperature (T,) around 105°C and it
can be varied for different molecular weight. It is insoluble in water and soluble in
organic solvents, and it has good mechanical properties. Three PMMA with different
molecular weight 350 kD, 120 kD, and 95 kD, bought from Sigma-Aldrich, were used
in this Thesis work.

Poly(methyl methacrylate-co-methacrylic acid) is also an amorphous synthetic
copolymer made of both methy methacrylate (MMA) and methacrylic acid (MA)
repeating unit and with a ratio of MMA to MA that can be varied; see Figure 9. The
one used in this work was bought from Sigma-Aldrich with a molecular weight of 34
kD and with MMA to MA ratio equal to 1:0.016 and a T, = 105°C

- H; N CHs CHa
S s
CHy CHs
- <4 n = -m = =n
(@) (b)

Figure 10: Chemical structures of (a) poly (methyl methacrylate) and (b) poly (methyl
methacrylate-co-methacrylic acid).

3.1.2 Core Oils

When the core shall contain an oil (as intended here) it should have some very
important properties. First, it should have water solubility as small as possible for
reasons discussed earlier. Second, the solubility in the solvent used for the polymer
shell material should meet the requirements of how much of the oil that should be
present in the final core-shell particles. Third, a very high interfacial tension between
the core oil and aqueous phase is needed. Fourth, the core oil should have a very high
boiling point and very low vapour pressure not to be removed during solvent
evaporation. Finally, specifically for this Thesis project, the oil should be detected by
NMR. Thus, it should contain atoms such as F, H, or ch. Also, to be detectable by
light scattering its refractive index should be different from the polymeric shell and
the medium (water). Besides, it is preferable that the solubility of the core oil in the
polymeric shell is as small as possible. Considering all the requirements above
fluorinated oils were chosen for the present work.
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Fluorinated oils or perfluorocarbons are composed of carbon and fluorine bonded
together. They have very low viscosity compared to the molecules with the same
molecular weight due to their weak intermolecular interaction. They have very low
surface tension and very low vapour pressure, also their refractive index is notable.
Further, they have restrictive miscibility or solubility in organic solvents, but very low
solubility in water. Fluorinated oils are biologically inert and chemically stable due to
the strength and nature of carbon-fluorine bonds. Thus, they hardly interact with other
materials. Three different fluorinated oils were used in the work, bought from Sigma-
Aldrich. Perfluorodecalin is an odourless, colourless fully-fluorinated liquid with
density=1.917 g/cm3, vapour pressure = (.83 kPa, boiling point = 142°C, and
refractive index = 1.313. It has limited miscibility in chloroform and dichloromethane
(which were used as solvents for the polymer shell material). Perfluorooctane has
nearly the same properties as the previous one with density = 1.76 g/cm3, vapour
pressure < 1.3 kPa, boiling point=104°C, and refractive index = 1.28, but it is partially
miscible in chloroform.

F FFE FF F F

F
F F
F e FEFEFF
Perfluorodecalin Perfluorooctane

(a) (b)

Figure 11: Chemical structure of (a) perfluorodecalin and (b) perfluorooctane

In order to compare fluorinated core particles with other kind of particles, dodecane
was also used as the core oil. Dodecane (Sigma-Aldrich) is an alkane hydrocarbon
with chemical formula C,Hyg, density = 0.75 g/cm3, vapour pressure = (0.2 kPa,
boiling point = 216.2°C, and refractive index = 1.42. It is miscible in chloroform and
dichloromethane and rarely soluble in water.

Moreover, to use the oil absorption technique28 for encapsulation, (see section 3.2
below) one other fluorinated molecule, trimethyl(pentafluoro phenyl)silane (Sigma-
Aldrich), was used. It is a clear, colourless liquid with density = 1.261 g/cm”, boiling
point = 170°C, and refractive index = 1.433. Vapour pressure for this molecule was
not available.

RO
| =
-.Slg—Q—F
F F

Figure 12: Chemical structure of trimethyl(pentafluoro phenyl)silane.
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3.1.3 Solvent

In the solvent evaporation method the solvent selection plays a very crucial role in the
evaporation stage. Therefore, some requirements should be met by the solvent when
used for preparing microparticles with this method. Immiscibility of the solvent with
water is the first requirement, but solvent diffusion into the aqueous phase is indeed
needed to get a control of the rate of evaporation. The diffusion of the solvent depends
on its water solubility; very low water soluble solvents would diffuse very slowly into
the aqueous phase and evaporate slower, while in fact a highly water immiscible
solvent retards evaporation rate,” (as also found in the present experiments). Second,
the complete dissolution of both oil and polymer in the organic solvent is very
important. The possibilities for this are best determined by a phase diagram.
Furthermore, the lowest heat of evaporation or the highest vapour pressure is required
to enhance and speed up the removal of the solvent from the water/air interface by
evaporation.29

The solvents used in this work were dichloromethane (DCM; Sigma-Aldrich)), which
is miscible with organic solvents, has a very low miscibility with water (13g/1 at
20°C), a boiling point = 40°C, and vapour pressure = 47 kPa at 20°C, and chloroform,
an effective solvent for alkaloids, with very low solubility in water (8g/1 at 20°C), a
boiling point = 61.2°C, and vapour pressure = 21.2 kPa at 20°C.

3.1.4 Emulsifier

As mentioned before, the emulsifier has a crucial role both during the emulsification
and evaporation stages. In this work two different emulsifiers were used; polyvinyl
alcohol (PVA, Sigma-Aldrich)) with M=88 kD and 88% hydrolyzed,
poly(methacrylic acid) (PMAA, Polyscience Inc.) with M=100 kD.

OH H

Figure 13: Chemical structure of polyvinyl alcohol and poly(methacrylic acid).

3.1.5 Other Materials

Acetone (Sigma-Aldrich) was used in most of the formulations to reduce the viscosity
of the oil phase and also to facilitate the evaporation. Ethanol (99.5 v%, Kemetyl AB,
Sweden) was used to clean the cyvettes for light scattering (Hellma GmbH&Co,
Germany, LS circular LS cyvettes). The water was highly purified through a Milli-Q
Academic System equipment and used as it was for preparing the aqueous solution,
but it had been filtrated with 100 nm filters (Minisart, non-pyrogenic) and degassed
for the light scattering samples. Helmanex II (Hellma) was used for cleaning the
cuvettes, while ordinary glass vials were used for DLS sample preparations. Hollow
sphere particles (30% w/w, average particle size 380 nm, Rohm & Haas, Germany)
and polystyrene latex particles (CML latex, 4%w/v, 0.1um, CV=0.05, Molecular
Probes Inc. U.S) were used as references in light scattering measurements.
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3.2  Synthesis of Microcapsules

Microcapsules were prepared with the solvent evaporation method using both a high
shear homogenizer and a microfluidizer. For both set-ups the oil phase and the
aqueous phase were prepared individually. The emulsifier (PVA or PMAA) was
dissolved in Milli-Q water at 85-90°C for 2 h and was left overnight to slowly attain
room temperature. The concentration of the emulsifier was different for the different
formulations, some of which are shown in Table 1. PMMA or co-polymer was
dissolved in the organic solvent at room temperature for 1h after which the oil was
added. The mixture was continuously stirred to get the complete dissolution of the oil.

The aqueous phase (80 gr) was stirred with a rotor/stator homogenizer (Kinematic) at
5000 rpm, while the organic phase (80 gr) was added during 60 s. The temperature
was varied for the different protocols. The stirring was raised to 15000 to 20000 rpm
for one hour for different samples. A processed mixture was immediately after one
hour poured into 120 gram of aqueous phase placed in a ventilated hood while
stirring slowly (400 rpm) with a magnetic stirrer to allow for the evaporation of the
dichloromethane (or chloroform) and the acetone. Once a particle dispersion had
formed, it was diluted with water for analysis, e.g. size and size distribution.

Table 1: Formulations and processing conditions for different samples prepared by
rotor/stator homogenizer. The solvent used for all formulation was chloroform.

St [ rvacor | macor | ety [ o T on | Ter | M |
BF1 1 350 F.D 20 5 15000H
BF2 1 350 F.D 20 5 20000H
BF3 2 95 F.O 35-45 3 20000H
BF4 1 95 F.O 35-45 10 20000H
BF5 2 95 F.O 35-45 10 20000H
BF6 2 120 F.O 25-30 10 19000H
BF7 1 120 F.O 25-30 10 19000H
BF8 2 120 F.O 35-45 5 20000H
BF9 5 95 F.O 35-45 10 17000H
BF10 2 95 F.O 35-45 10 20000K
BF14 2 34 F.D 25-30 10 19000H
BF15 1 34 F.D 25-30 10 19000H
BF17 2 95 D.D 25-30 10 19000H
BF18 1 34 F.D 25-30 10 19000H
BF19 2 34 F.D 25-30 10 19000H

F.D=perfluorodecalin; F.O=perfluorooctane; H=Heidolph;, K=Kinematic; the
concentration in the oil phase of PMMA or co-polymer is 1.6% w/w and
concentration of all oils are 2.2% w/w. * concentration in the aqueous phase.

In order to study the oil absorption technique,” 150pul of the oils perfluorooctane,
perfluorodecalin, or trimethyl(pentafluoro phenyl)silane was added to 500ul of
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polystyrene latex particles in small sample tubes. The mixtures were ultrasonicated
for typically 1.5 hours at 30°C until all of the oil had been incorporated inside the
polystyrene matrix as judged by no visual appearance of oil in the sample tubes.
These swollen particles were characterized by both NMR and light scattering.

The co-polymer particles were dialyzed (Spectrum Spectra/Por® Biotech, cut-off 300
kD) against an excess of pure water (typically 10 mL suspension and 2 L. H,O during
one week with fresh water each day) to remove the PVA.

Table 2: Formulation and processing conditions for the particles with absorbed oil

Sample Code SF1 SF2 SF3 F.O F.D
Type of Oil F-silane | F-silane | F-silane | F-octane | F-decalin
Sonication time 1.5h 2h 1.5h 1.5h 1.5h

F-Silane=trimethyl(pentafluorophenyl)silane; F.D=perfluorodecalin,
F.O=perfluorooctane;

Several pairs of organic-aqueous phases with two different formulations were sent to
Microfluidics (Microfluidics, U.S) to be processed by a microfluidizer processor
under different conditions chosen by the manufacturer. The formulations differed in
the molecular weight of the PMMA according to Table 3 below and the codes for the
different samples processed are given in Table 4.

In the process 25 g of the oil and the aqueous phases were first mixed and then poured
into the microfluidizer for processing. A processed system was immediately added to
40 g of the aqueous phase while stirring under the same conditions as using a
homogenizer and the organic solvent was evaporated overnight. The interaction
chamber configuration, the pressure, and the number of passes were varied during the
course of the experiments to achieve the goal. The samples tested on the M-110P
microfluidizer processor required a double batch (i.e. 50 g of the aqueous phase and
50 g of the oil phase) because of volume restrictions.

Table 3: Formulations for the samples sent to microfluidics

Formulation | PVA%* | PMMA%* | My, PMMA | DCM | Acetone % | F.D%
1 2 1.6 350000 86.2 10 2.2
2 2 1.6 95000 86.2 10 2.2

F.D=perfluorodecalin; DCM=dichloromethane; * concentration in the aqueous and
in the oil phase.
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Table 4: Processing conditions of different samples prepared by microfluidizer.

Sample Code | Passes | Processor IXC* pressure (Psi)
8B1 10 M-110S F20Y (75 pm) 20,000
8C1 3 M-110S F20Y (75 pm) 10,000
2A1 3 M-110S H30Z (200 pum) 10,000
2B1 3 M-110S H30Z (200 pum) 5,000
3Gl 10 M-110P |F12Y (75 pm), H30Z (200 pm) 30,000
3H1 15 M-110P |F12Y (75 pm), H30Z (200 pm) 30,000
4Q2 10 M-110P |F12Y (75 pm), H30Z (200 pm) 30,000
4R2 5 M-110P |FI12Y (75 um), H30Z (200 pum) 30,000
482 15 M-110P |FI12Y (75 um), H30Z (200 pum) 30,000
9A2 2 M-110P L210Z (250 pum) 2,000
9B2 3 M-110P L210Z (250 pum) 2,000
9C2 5 M-110P L210Z (250 pm) 2,000

30A2 5 M-110P |FI12Y (75 um), H30Z (200 pum) 30,000
30B2 10 M-110P |F12Y (75 pm), H30Z (200 pm) 30,000
30C2 17 M-110P |F12Y (75 pm), H30Z (200 pm) 30,000

* IXC = Interaction chamber: a cylindrical module with a specific orifice and
channel design through which fluid is conducted at high pressures to control shear
rates.

3.3 Characterization Techniques and Sample Preparation

3.3.1 DLS and SLS

Both dynamic and static light scattering (DLS and SLS, respectively) experiments
were carried out with an ALV - goniometer system (ALV-CGS3, ALV-GmbH,
Langen/Germany) which is connected to an ALV-Correlator. The software for
Windows includes full support of the ALV- goniometer system. The angular range of
the goniometer is from 17° to 150° scattering angle with a resolution of 0.025°. The
instrument is equipped with a HeNe laser (22mW output power) operating at 632.8
nm. The laser needs about 1 hour warm up to stabilize before measurements. The
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single photon detector transfers the pulses to the correlator to get the autocorrelation
function. There is a thermal controller which controls the temperature all the time.
The sample holder is thermostated decalin which has quite the same refractive index
as glass. The decalin is kept in a specially made circular glass beaker of high quality
quartz placed with its centre in the section point between the incoming and the
scattered light. To get rid of dust and bubbles in the decalin, it was filtrated in place
during typically 10 min before a measurement.

Laser, correlator, and thermal controller were switched on at the same time to start up
the measurement. Pumping the decalin and positioning the sample into the sample
holder were the second and third steps before starting the measurements. After each
step one hour was required for temperature stabilization. The attenuator of the laser
beam was set to give a counting rate of about 200 kHz. A static light scattering
experiment was carried out at either 52 or 26 angles from 20° to 150° with different
angular steps by changing the position of the goniometer after each measurement. For
each angle 3 runs (measurements), each 30 seconds, were carried out. All these
measurements were controlled by the software. DLS measurements were carried out
for 5 different angles (30°, 60°, 90°, 120°, and 150°) with one run of 100 seconds at
each angle. All measurements were carried out at 296 (£0.05) °K.

In this work the Contin procedure was the first choice to determine size and size
distribution from the correlation function. Though, for very narrow size distributions
or in some other cases when Contin showed weird results and did not work properly,
the other methods (cumulants or Schultz) were used. The data from DLS were
analyzed and reported as size and size distribution. The data from SLS were analyzed
using two different SigmaPlot programs, one correcting for backscattering in the SLS
data and the other to find the radius of gyration (R,) and to investigate what the data
said about the type of the particle (hard sphere, core-shell, or microgel particle) that
was studied, as described earlier.

Sample preparation is a very crucial part of light scattering experiments. The sample
should be very clean, free of dust and bubbles. Therefore, all the glasswares were
cleaned carefully in four steps; first they were rinsed with a lot of tap water, then they
were washed with 2% Hellmanex solution in Milli-Q water carefully, rinsed again
with a lot of Milli-Q water, and finally rinsed with very clean ethanol 99%. At the end
they were blown with nitrogen gas and kept into a dust free place at 25°C. The water,
that the sample was supposed to be dissolved in, was degassed under reduced pressure
for several times (typically 5 times) to get rid of the air and bubbles inside the water.
Degassed water was filtrated through a 100 nm filter. A small volume of the particle
dispersion was dispersed in the degassed filtrated water to give a weight fraction of
particles typically around 10™ - 10 w/w to avoid multiple scattering. The system was
mixed for 90 sec, (a reference system also ultrasonicated during typically 30 sec) and
filtrated again directly into the cyvette with different filters depending on the particle
size. During all procedures dust and dirt were tried to be avoided.

3.3.2 NMR Diffusometry

F NMR and NMRd experiments were carried out at 298 (+0.1) K with a Bruker
600MHz spectrometer equipped with a diffusion probe with a maximum gradient of
12 Tm™". The parameters such as length of the gradient pulses, J, the observation time
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(sometimes so-called diffusion time, i.e. the time between the gradients), 4, and the
number of gradient steps were varied for different samples. The attenuated NMR
signals, also called echo-decays, were normalized and evaluated using Matlab. The
Stejskal-Tanner equation (Eq. 18) was finally fitted to the data.

In this work NMRd was carried out on one sample (BF10) diluted with D,O to 9
different particle concentrations (0.05, 0.1, 0.185, 0.375, 0.625, 1.25, 2.5, 3.75, and 5
%w/w). In order to prepare the particles at these different concentrations, the particle
dispersion BF10 was first concentrated by stirring the suspension in a fume hood for 3
days and after that diluted with D,O to different percentages from the suspension with
the highest concentration directly in the NMR tubes. The concentration of the
concentrated BF10 dispersion was calculated from the loss of the weight, knowing the
initial concentration according to the formulation protocol.

3.3.3 Quartz Crystal Microbalance with Dissipation (QCM-D)

The QCM-D experiments were carried out with a D300 machine (Q-Sense AB) with
the static solution chamber at 23 °C, using a AT/cut piezoelectric quartz crystals
covered with gold. Its fundamental frequency was 5 MHz. Measurements were carried
out by applying an electrical field over the piezoelectric quartz crystal to cause
oscillation of the crystal at its own frequency. Adsorption of polymer (PMMA) on the
surface of the crystal caused a change in the oscillation frequency of the crystal. By
monitoring the changes in frequency the mass uptake was calculated from the
Sauerbrey equation (Eq. 19).

The Sauerbrey equation is valid for a PMMA film, which is a rigid thin film (or
adsorbed layer) and the dissipation should then be constant. However, if the adsorbing
polymer (PVA) forms a flexible layer on the surface (PMMA), the dissipation will
change during the adsorption, and the Sauerbrey equation will not be valid. Other
mathematical models must then be used, such as the Voigt model as described before,
in order to interpret the data and calculate the mass uptake and consequently the
thickness of the absorbed layer.

The crystals were cleaned carefully based on a crystal cleaning protocol accordingly;
first the crystals were put in a UV/ ozone chamber for 10 min, after that they were
immersed in a 1:1:5 mixture of H,O, (Merck, 25%), NH3; (Merck, 25%), and Milli-Q
water for 5 min at 78°C. They were then rinsed with Milli-Q water and dried with
nitrogen gas and put in the UV/ozone chamber for 10 more minutes. An 1% w/w
PMMA solution in chloroform was used to coat the crystal using a spin coater at 2000
rpm for 60 sec. The coated crystals were kept at room temperature overnight in order
to get complete evaporation of the chloroform. The adsorption of PVA was measured
from solutions with 10 different concentrations (0.0001, 0.001, 0.003, 0.009, 0.027,
0.081, 0.243, 0.729, 1, and 1.2% w/w) onto the PMMA coated crystals. At the end the
results were analysed using the one-layer visco-elastic model based on Voigt's
spring/dashpot theory included in Q-tools software (QTools) provided by Q-Sense
AB.

Desorption of the PVA was also studied by using a crystal with adsorbed PVA
(adsorbed from a 0.729 %w/w solution). Pure water was used to wash the crystal
several times until only small or no further changes in dissipation or frequency could
be detected.
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3.3.4 Scanning Electron Microscopy

A LEO Ultra 55 FEG SEM was used to prepare the SEM images. As already
mentioned samples should be dry when using the SEM-technique. Therefore the
microcapsule suspension was spin coated on a microscopy glass slide, and kept at
room temperature overnight to dry. The glass was attached on the SEM stub carbon
stick. In order to make the sample conductive the sample was coated with a thin layer
of gold in a JFC/1100E sputter coater. The chamber was evacuated to a pressure of 10
Pa, and a sputtering current of 10mA was applied for 1.8 minutes to get a layer with a
thickness of about 120 A.
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4 RESULTS AND DISCUSSION

In this chapter results from four different characterization methods are presented,
namely light scattering, NMRd, QCM, and SEM for some different samples which
each are representative of a group of the samples.

4.1 Light Scattering

Dynamic light scattering measurements were carried out on all the samples both
prepared by homogenizer and microfluidizer as well as the samples prepared by oil
absorption into the particles. Sizes and size distributions are shown in the following
tables.

Table 5: Results from measurements and calculation of sizes and size distributions of
microcapsules prepared by rotor/stator homogenizer. The sample codes can be found
in Table 1. Reported sizes are the estimated hydrodynamic diameters.*

Sample code | BF1 | BF2 | BF3 | BF4 | BF5 | BF6 | BF7 | BF§ | BF9 | BF10 | BF14 | BF17

Size(nm) 4000|2500 | 432 | 650 | 480 | 740 | 800 | 580 | 308 | 300 | 800 | 980

Size
distribution(CV) 0391036 0.3 1038[0.3{028]0.34{0.34|0.23]0.23| 0.3 |0.16

* The CV is the coefficient of variation. The result for the co-polymer particle BF 14 was obtained
immediately after dialysis.

The results in Table 5 show the influence from different processing parameters. It is
obvious that a decreased the PMMA molecular weight in the oil phase led to both a
reduction of sizes and more narrow size distributions. Since the viscosity of a polymer

solution7 o< M **, a reduction in molecular weight was expected to result in a

decreased viscosity. Lower viscosity of the oil phase could have resulted in an easier

1,13 1. . . .
droplet break up, ~ which could have given a decrease in size and more narrow size
distributions.

As reported above in Table 1 different shear rates had been applied to prepare the
microcapsules. The results reported in Table 5 clearly show that higher shear rates
resulted in smaller particles, which probably were due to the fact that more intense
turbulence caused by higher shear rates might have facilitated the droplet break up,11
and consequently could have resulted in smaller particles.

Further, according to Tables 1 and 5 increased temperatures seemed to have caused
smaller particles. This could have been the result of a reduction of viscosity by
increasing temperature.

Finally, the results showed that the type and concentration of the emulsifier affected
the size and size distribution. The results showed that by increasing the PVA
concentration, the size and size distributions decreased. However, further increase in
the PVA concentration resulted in an increase in size and size distribution. The first
reduction trend could have been due to two facts. First, by increasing the PVA
concentration, the viscosity of the aqueous phase will increase, and the viscous forces
generated by the continuous phase, would help the droplet disruption. Consequently
the particles will get smaller. It will also affect the ratio in viscosity between the oil
and the aqueous phase. Interestingly, by using 0.5% PV A solution emulsification was
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not successful (no formed particles). Second, increasing the PVA concentration there
would be enough emulsifier in the emulsion to migrate readily to the newly created
surface and prevent coalescence of droplets. But the increase in particle size at high
concentration was probably due to the fact that high concentration polymer
emulsifiers might have depressed the turbulence, which then could have resulted in a
less efficient disruption of the emulsion droplets."’

Table 6: Results from measurement and calculation of size and size distribution of
microcapsules prepared by microfluidizer. The sample codes can be found in Table 4.
Reported sizes are the estimated hydrodynamic diameters.

Sample code 8B1 | 8C1 |2A1 | 2B1 | 3Gl |3HI | 4Q2 | 4R2 | 452 | 9A2 | 9B2 | 9C2 | 0A2 | 0B2

0Cc2

Size(nm) 280 | 424 [480 | 571 | 308 [251 [377 |292 | 261 |648 |428 |375 |253 | 139

119

Size distribution(PDI) | 0.21 |0.27 |0.25]0.21 | 0.1 [0.12]0.18 [0.11]0.11 0.2 |0.1 ]0.18]0.25]0.11

0.1

Size distribution(CV)* | 0.46 | 0.52 [0.5 |0.46]0.310.34]0.42 |0.33]0.33]0.44|0.31{042|0.5 [0.33

0.31

* The CV is the coefficient of variation

In Table 6 are the DLS results shown for the samples prepared by the microfluidizer
technique. Two different formulation protocols were used; six samples according to
formulation protocol 1, and nine samples according to formulation protocol 2 (see
Table 3). The difference between these two formulation protocols was the molecular
weight of PMMA. In formulation type 1 PMMA molecular weight was 350 kD and in
formulation type 2 it was 95 kD. It is seen from the results in Table 6 that
formulations with the higher molecular weight resulted in bigger particle size and
higher polydispersity index, when compared to the ones processed under the same
conditions. The explanation for this could probably be based on the same arguments
as was discussed for samples prepared by homogenizer.

The results also showed that the samples prepared by microfluidizer compared to
samples prepared by homogenizer had smaller particle sizes but quite the same
polydispersity index (CV =+/ PDI ). Thus, using a microfluidizer for this type of
systems did not help to get a narrower polydispersity.

DLS experiments were also carried out on the latex particles with absorbed oil. The
appearance of these particles is summarized in Table 7.

Table 7: Properties of particles prepared by the absorption technique.

Samples Code SF1 SF2 SF3 OF DF
Type of Oil F-silane F-silane F-silane F-octane F-decalin
Sonication 1.5h 2h 1.5h 1.5h 1.5h
time
Appearance Complete Particle Particle No or little Particle
Absorption aggregation aggregation absorption aggregation
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The DLS result for the SF1 showed that the hydrodynamic diameter of the particles
one day after preparation was 129 nm with CV=0.136. However, after one week the
hydrodynamic diameter had decreased to 109 nm (close to the size of the "naked"
latex particles), while the CV was essentially the same (CV=0.129). This reduction in
size could have been due to the evaporation of the trimethyl(pentafluoro
phenyl)silane. The same result was found in the NMRd experiment. Also, it seemed
that the absorption technique was quite sensitive to the processing conditions. For
example, an increased sonication time from 1.5 h to 2 h resulted in an aggregation of
the particles SF2 as compared to SF1. Also, aggregation of particles was found to
occur even though the sonication was the same (SF3 compared to SF1). Temperature
would in this respect be very important.

Static light scattering measurement was carried out on some of the samples. For
comparison, experiments were also carried out with a commercial hollow sphere
(water in the core and as medium) with size = 404 nm and CV = 0.32. The result is
reported in Figure 12 where the plots of P(6) vs. g are shown for the experimental
data and simulations of different types of particles. Although the CV was relatively
high (CV=0.32 corresponds to a polydispersity index of 0.1), it is seen in Figure 14
that the only model that could be used to get coincidence with the experimental data
was indeed the polydisperse hollow sphere. This hollow sphere is a special case for
the more general core-shell particle. In the hollow sphere the refractive index of the
core is the same as for the medium, i.e. water, while the refractive index of the shell is
that for the polymer. The result clearly showed the possibilities to discriminate
between different models for the analysis, i.e. between a hard sphere and a hollow
sphere with different degrees of polydispersities. Further, the theory for the form-
factor for the core-shell particle allows the calculation of several interesting
parameters, which however not will be discussed here.
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Figure 14: Plot of P(6) vs. q for different systems. Black dots: experimental; Black
curve: monodisperse hard sphere (radius = 202 nm); Green curve: monodisperse
hollow sphere (outer radius 202 nm, shell thickness = 43 nm); Red curve:
polydisperse hard sphere (radius = 202 nm, CV=0.32); Blue curve: polydisperse
hollow sphere (radius 202 nm, shell thickness = 43 nm; CV = 0.32)
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In Figure 15 the results from studies of the particle BF10 (homogenizer; size = 300
nm; CV=0.23) are shown. It was not possible to get any coincidence what so ever
between the experimental data and any of the models for a hard sphere or a core-shell.
The size of the particles (300 nm) would indeed have given a minimum in the
experimental curve provided any of the core-shell models had been right. Instead it is
seen that the experimental data were far above what they should have been. Thus,
these particles could not be considered as core-shell particles.

1e+1

1e+0 1
1e1 A N
1e-2 - ™~
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Figure 15: Plot of P(6) vs. q for the sample BF10. Black dots: experimental; Black
curve: monodisperse hard sphere (radius = 150 nm); Green curve: monodisperse
hollow sphere (outer radius 150 nm,); Red curve: polydisperse hard sphere (radius =
150 nm, CV=0.23); Blue curve: polydisperse hollow sphere (radius 150 nm; CV =
0.23)

On the other hand, the much bigger particle BF17 (homogenizer; size = 980 nm;
CV=0.16) clearly gave an oscillating P(8) as expected for such big particles. This is
shown in Figure 16. However, the agreement between the experimental and
theoretical curves was again not satisfying. Increasing or decreasing the molecular
weight, the size, and/or the shell thickness did not result in any better agreement.
Tentatively one reason for the disagreement could have been that the more
complicated Mie-theory to predict the static light scattering results was not used,
simply because the difficulties to include effects from polydispersity in such
calculations. The major reason, however, was probably that the core-shell model used
was not adequate.
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Figure 16: Plot of P(6) vs. q for the sample BF17. . Black dots: experimental; Black
curve: monodisperse hard sphere (radius = 490 nm); Green curve: monodisperse
hollow sphere (outer radius 490nm,); Red curve: polydisperse hard sphere (radius =
490 nm, CV=0.16); Blue curve: polydisperse hollow sphere (radius 490 nm; CV =
0.16)

The results for one of the particles made with microfluidizer, 3G1 (size=308 nm;
CV=0.31) are shown in Figure 17. Due to the size and the CV of this particle an
obvious minimum should have been detectable. However, as for the BF10 particle
(Figure 13) the experimental data again was much higher than any of the theoretical
models used and no minimum could be seen.
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Figure 17: Plot of P(6) vs. q for the sample for 3G 1. Black dots: experimental; Black
curve: monodisperse hard sphere (radius = 154 nm); Green curve: monodisperse
hollow sphere (outer radius 154nm,); Red curve: polydisperse hard sphere (radius =
154 nm, CV=0.31); Blue curve: polydisperse hollow sphere (radius 154 nm; CV =
0.31)
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The results presented for the BF10, BF17, and 3G1 particles thus clearly showed that
these particles could not be regarded as (classical) core-shell systems, i.e. as particles
with a well defined core surrounded by a well defined shell. An alternative would
perhaps be to visualize them as "microgel particles". Such particles have been
discussed in papers in connection with light scattering experiments. Unfortunately no
closed equations for P(6) have been presented for polydisperse microgel particles, but
only the monodisperse case with some assumptions regarding the distribution of the
core material in the particles. Thus, in the paper by Fernandez-Nieves et al.” the
particle form factor is simplified to cover only the region Rq<<1, where R is an
apparent radius and q is the g-vector. The particle is composed of a core with
continuously changing refractive index towards the shell. In order to apply the
thoughts forwarded in other papers, it is necessary to carry out a complicated
numerical integration, which not was possible for the present Thesis work.

Nevertheless, the approach taken by Fernandez-Nieves et al.?’ is presented in Figure
18 together with the experimental studies of system BF10. It is seen that the
agreement between the experimental and simulated P(6) was better than when using a
classical core-shell particle model. The disagreement at higher g-values was expected
and was inherent in the theoretical model used. However, the results gave some
indications that the present particles probably more should be discussed assuming a
concentration gradient of the oil from the centre of an apparent core out to, and
perhaps even into, the shell. An even more realistic model for the present particles
would perhaps be to view them as particles with a thick layer hydrated PV A chains
around. This will be discussed in more detail in section 4.2.

10
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Figure 18: Plot of P(6) vs. q for the sample for 3BF10. Black dots: experimental,
Blue curve: simulated P(6@)based on relation 1 discussed by Fernandez et al.”® Red
curve : simulated P(0)based on relation 2 discussed by Fernandez et al.

Finally, no reliable results could be obtained with DLS and SLS for the particles made
by the co-polymer approach. These particles contained a low amount of charge on
their surface to avoid the presence of extra stabilizer like PVA. However, it was found
that the particle stock suspension aggregated after some days, probably due to poor
charge stabilization.
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All these results showed that it was not possible to describe the particles as classical
core-shell systems with the proposed form factor of Eq. 11. Some support for this
conclusion is found in the literature. Thus, similar systems have been studied with
scanning and transmission electron microscopy by Moinard-Chécot et al.,"”* who
emphasize that it is not easy to obtain direct experimental evidence of the core-shell
morphology. In that paper it is said that due to the small size of particle the shell
thickness is also very thin, and the particles can then not stand the sampling process
for electron microscopy techniques. Moreover, they argue that the magnitude of the

adsorbed PV A layer on the surface of the particle is quite the same as the thickness of
the shell so it is very difficult to distinguish between the shell and the PV A layer. The

thickness of the PVA layer will be discussed more in detail in connection with the
QCM-D results below.

4.2  Quartz Crystal Microbalance with Dissipation
Monitoring (QCM-D)

The QCM-D measurements were carried out in order to investigate the amount of
PVA adsorbed on the PMMA spin coated surfaces as described in 3.3.3. Figure 19

shows the changes in frequency and in dissipation at three different overtones (3", 5,

7™ upon the addition of PVA with increasing concentration (from 0.0001% to

1.2%w/w.). In order to interpret the data, the graphs AF &AD vs. time (where AF and
AD stand for changes in frequency and dissipation, respectively) have been divided in

three regions which are depicted in Figure 17. In region I, the addition of the first
concentration gave overlapping signals for both frequency and dissipation. It also
shows a slight increase in dissipation. It could be concluded that the first region
corresponded to a solid or rigid film adsorption.
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Figure 19: Blue curves= frequency vs time. Red curves= dissipation vs. time. Black
curves = the Voigt model fit for both frequency and dissipation.
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The second region in the AF &AD vs. time graph resulted from the addition of the six
next concentrations of the PVA solution. As is clear in the graph, the responses in
normalized frequency and in dissipation at the different overtones were different.
Moreover, the steady state was not reached rapidly, indicating a slow kinetics of
adsorption. The third region corresponds to the three last additions of the PVA
solution. It can be seen that the variation of frequency and dissipation corresponding
to the different overtones did not overlap. Furthermore, by addition of the 8th
concentration (0.729% w/w) at 125 min, a jump in AD was observed while the AF did
not change much. This could be due to either a bulk effect or reorganization of the
polymer on the surface. The bulk effect could be expected due to the viscosity of the
bulk solution close to the surface.

In Figure 20 the AD vs. AF plots are shown for the three overtones. It is seen that in
region I the linear change in D was small when decreasing the frequency. This was in
agreement with the discussion in connection with Figure 19. The data in region II
showed the typical behavior expected if a soft surface was building up, with no or
small differences between the different overtones. Again this was in agreement with
the discussion concerning the results in Figure 19. Finally, at the start of region III
(addition of the 8th concentration) the overtone curves were split and the slopes
changed. These results could have been due to either the bulk effect or reorganization
of the polymer on the surface. It was again in a good agreement with the results from
the previous graph.
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Figure 20: AD vs. AF for the three overtones

The graph AD vs. AF clearly showed that the adsorbed layer on the PMMA surface
was a viscoelastic layer. Thus the Sauerbrey equation (Eq. 19) was not valid here to
calculate the adsorbed mass as described in section 2.6. Therefore, above a certain
concentration, in order to obtain the thickness and correspondingly the mass of the
adsorbed layer, the Voigt model (Eq. 21) was applied. Figure 19 also shows that the
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Voigt model fitted the experimental data very well. The thickness calculated with the
Voigt model at different concentrations is shown in Figure 21 as a function of time.
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Figure 21: a) Thickness of the adsorbed layer (m) vs. time (min). b) Schematic
illustration of polymer conformation in the three regions (I to Ill from top to bottom)

The increase of the concentration led to a growth of the thickness of the film. In
region I the increase of the thickness was very small (about one nm), which could
have been due to so-called solid adsorption as mentioned before. Thus, for these low
concentrations added, the adsorbed polymer chains would have a flat conformation on
the surface as depicted in Figure 21bl. The second region of the graph showed that by
increasing the concentration, the thickness was increased and the first jump in the
thickness was most likely due to the fact that the concentration was ten times more
than in the previously added solution. One could then imagine that the polymer chains
adsorbed to the surface in this region as exhibited in Figure21bll. Finally, the sudden
increase in the thickness in region III was either due to the bulk effect or to the
reorganization of the polymer chains on the surface. One result could be that the
chains were packed closely and were standing on the surface as depicted in the Figure
21bIIl.
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Figure 22: The plot of viscosity of the adsorbed layer vs. time

This interpretation was correlated to the values of the viscosity estimated in the
modelling. The viscosity (kg m™'s™) vs. time (min) extracted from the Voigt model is
shown in Figure 22. The changes in viscosity during time (by changing concentration)
agreed with the interpretation of the changes in thickness. In the first region of this
graph the viscosity was very high which could be due to the solid adsorption and the
noise was due to the fact that the Voigt model was not very suitable to describe rigid
films. Furthermore, the other two regions were in agreement with the other results.
Finally, the thickness of the adsorbed PVA was also plotted versus concentration on a
logarithmic scale and is shown in Figure 23.
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Figure 23: Thickness of adsorbed layer of PVA vs. concentration of PVA

It is seen that after the 8th addition (c = 0.729% w/w) a sudden increase in the
thickness could be noticed. However, after this increase, the thickness reached almost
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a plateau value of about 32 nm. This could then be considered to occur at the highest
amount of PVA that could adsorb on the PMMA surface. An approximate amount of
adsorbed PV A could then be calculated to 3840 ng/cm2 from the density of 1200
kg/m3 accordingly:

1200kg X -8 -2 -2
_m _ x=3840x10 S ke m™2 = 3840 ng cm
P 4 Im*  Im?-3.2-10°%m 8 §

where p, m, and v are the density, mass and the volume, respectively.

If we assume that all the PMMA and all the oil in the formulation make one big core-
shell particle, its density, volume (V,,,), and surface area (A) can be calculated as

follows:
[Y) PMMAZI .188 g.cm'3 011:1 766 g.CIIl-3
mpyvma=1.28 gr mei=1.79 g
Protal = OPMMA ¥ P PMMAT ©0i™ Poil  ——— > Proal = 1.525 g.cm’

3

where ®pyma is the weight fraction of the PMMA and og; is the weight fraction of the
oil.

p="/——1525=307/ v, =20lem”
V=4Lm —r=078m
The surface area of the assumed particle is:

A=4m? ——> A=7.6cm*

Considering now, the BF10 particles, with diameter = 300 nm and assuming a
monodisperse particle size distribution, the total area available for adsorption can be
calculated to 601938 cm? accordingly:

Volume of the monodisperse BF10:

V=4 —V,, =14.13x10 o’

‘/ap 201 15 . . .
= — =0.142x10 Number of Particles in the suspension
V s 14.13%10
A=4m’ ——A=4239%x10"cm’ Surface area of one particle
A, =142%x42.39%10* = 601938cm’ Surface area of all particles
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From the adsorbed amount and the total surface area one could calculate the amount
of PV A that adsorbed on the PMMA surface as follows:

lem? B 601938cm’
3840ng X

x=2311442000 ng =2.31 g

Therefore, 2.31 g of PVA was needed for the suspension with the formulation used in
this work (4g PVA) which means that around 57.5% of the PVA adsorbed on the
surface of the particles in the stock suspension.

A second type of QCM-D experiment was also carried out. A PMMA coated crystal
with adsorbed PV A was washed with pure water to follow the desorption of the PVA
from the surface. The results are presented in Figures 24a and b.
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Figure 24: a) Blue curves= frequency vs time. Red curves= dissipation vs. time. Black
curves = the Voigt model fit for both frequency and dissipation. b) Estimated
thickness (m) of adsorbed layer according to the Voigt model.

It is seen that, surprisingly, only minor changes in the dissipation, frequency and
thickness could be found even after three consecutive washings with water. The
results indicated that the PV A might have been more or less irreversibly adsorbed to
the PMMA surface, which then had consequences for how the LS results had to be
interpreted.

Thus, if the amount (57.5%) of adsorbed PV A onto the PMMA surface of the
particles had adsorbed irreversibly, the dilution of the particle suspension for the light
scattering experiments would have given a system with particles with a thick layer of
PVA on the surface. Indeed, irreversible binding of PVA to PMMA has been
proposed to be possible by Zhang et al.,> but no explanation was given in that paper
for the mechanism. For such a system the particle form factor P(6) should then have
been simulated with a more complicated model, containing the oil core with refractive
index nc, a shell with refractive index ng, and an adsorbed PV A layer with refractive
index np in a medium with refractive index n,,. Moreover, the thickness of the
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adsorbed layer in such a model has perhaps to be of similar thickness as the shell itself
or thicker. So far no such model for P(6) has been presented in literature.

On the other hand, it can be argued that the PVA can not be bound irreversibly on the
surface due to an established equilibrium between the adsorbed PVA and PV A in the
bulk. Thus, when such a particle stock suspension is diluted to make light scattering
experiments possible with no multiple scattering in the data, the adsorbed amount of
the PVA would decrease, leaving only a thin layer of adsorbed PV A on the surface
and very low concentrations in the bulk. Neither the thin adsorbed PV A layer, nor the
PVA in the bulk, would then be detectable in the light scattering experiments. For
such a situation the form factor used would have been correct and the conclusion is
that the system studied was not a classical core-shell system. In light of the QCM-D
desorption results, it is nevertheless tempting to believe that the PVA was bound
irreversibly to the particle PMMA surface, a phenomenon which, however, requires a
more detailed understanding to be fully acceptable.

4.3 Nuclear Magnetic Resonance Diffusometry

The '"FNMR clearly gave peaks that showed that the fluorinated oils were in their
liquid state. F NMR spectra for pure perfluorooctane and the encapsulated
perfluorooctane are shown in Figure 25.
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Figure 25: F NMR spectra for (a) pure perfluorooctane and (b) the encapsulated
perfluorooctane.

NMRd measurements were then carried out on both fluorinated oil particles and F-
silane absorbed particles. The measurements on the F-silane absorbed particles
showed that the signals from the oil disappeared after one week, which could have
been due to evaporation of the oil during standing. This result was in agreement with
the LS results. Experiments with the sample BF10, as prepared at 9 different particle
concentrations as described in section 3.3.2, gave strange results The diffusion
coefficients of the particles for different concentrations were determined from the
slopes of the plots of intensity vs. k factor (Eq. 18). Figure 26 shows the normalized
signal intensity vs k factor for the sample with the concentration 0.375 %w/w
particles. Similar results were obtained for the other particle concentrations except for
two of the experiments. For these, the normalized intensity (on a log scale) was
neither acceptably linear nor smoothly curved, but disturbances were clearly visible.
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Figure 26: Normalized intensity vs k factor for the sample with the concentration
0.375 % w/w particles.

Finally, in Figure 27 the estimated diffusion coefficients of the particles are plotted vs
particle concentration. The diffusion coefficients that probably were wrong, as
discussed above, have been marked with an X.

It is seen that there was a slight trend in the data with decreasing diffusion coefficient
upon increasing particle concentration. However, the diffusion coefficient (6.2%10™"
m’ sec'l) at the lowest concentration was a factor 2.7 lower than the one found in the
LS experiments (R, = 150 nm, D=1.6* 10?2 m? sec'l) when corrected for different
experimental temperatures and viscosities. The expected ratio (from differences in
viscosities) should have been 1.3. From each diffusion coefficient a hydrodynamic
radius was calculated according to Eq. 2. The viscosity needed for the medium was
calculated from published data of the specific viscosity for PVA in water,”? and
assuming that around 60% of the PV A adsorbed irreversibly on the surface of the
particles for all the systems obtained from the concentrated BF10 suspension by
dilution with D,0O. The results are summarized in Table 8. The results are presently

not understood.
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Figure 27: Diffusion coefficient vs. concentration for the sample BF10 from NMRd
experiments.
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Table 8: Diffusion coefficients (D) and hydrodynamic radii (Ry,) obtained from NMRd
experiments. The results marked X were obtained from the probably wrong diffusion
coefficients discussed above.

C (%w/w) | 0.05 | 0.1 ]0.185%|0.375|0.625|1.25 |25 |3.75%|5

n*lO3 1.023 | 1.045 | 1.085 | 1.180 | 1.315 | 1.705 | 2.708 | 4.01 | 5.61
(Pas)

D*lg13 6.199 | 3.228 | 8.264 |5.45 |3 299 [1.33 [4.02 |6.635
(ms™)

Rj (nm) 344 | 646 | 244 339 | 553 428 |606 |135 |5865

4.4  Scanning Electron Microscopy

The morphology of the microcapsules was observed by scanning electron microscopy.
The SEM images from three samples BF10, BF14, and BF17 are shown in Figure 25.

EHT = 5.01 kv Signal A = InLens Date :6 Aug 2010 ZEISS| Aum EHT = 5.01kV Signal A = InLens Date :6 Aug 2010 ZEISS
WD= 3mm Mag = 56.18 KX Time 16:26:43 WD= 3mm Mag = 11.69 KX Time 15:22:30

b)

um EHT = 501 kV Signal A= InLens Date :6 Aug 2010
WD= 4mm Mag= 11.10 KX Time :15:10:21

c)

Figure 27: SEM micrographs from different suspensions; a) BF10, b) BF14 and c)
BF17. The scale bars can be seen at the bottom of the images; a) 300 nm; b) and c) 1

um.
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The microcapsules were spherical and the particle size, determined from SEM
micrographs, was in a good agreement with the DLS results. However, this cannot be
clearly seen in Figure 25 a) due to focus problem during imaging. From the SEM
micrographs it was clear that the particles were polydisperse, but practically it was not
possible to determine the polydispersity since thousands of images would have been
needed.

Some of the capsules in Figure 25 c) were deformed while in the other two images
they were intact. This could have been due to using different types of oil in preparing
the particles.
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5 CONCLUSION AND FUTURE WORK

The idea behind this work was to achieve a kind of probe particles that could be
detected by both NMR and light scattering. Core-shell particles with fluorinated oil as
the core were chosen.

Fluorinated oil particles in different sizes from about 300 nm to 1 um in diameter
were prepared using two different techniques for emulsification (homogenizer and
microfluidizer). For easily interpretable results it was intended to get particles with a
rather narrow size distribution.

Both SLS and DLS were used to characterize the obtained particles. The lowest
polydispersity obtained gave a relative standard deviation (CV) of the size distribution
of CV=0.16, which was acceptable. However, the SLS experiments could not verify
the formed particles as classical core-shell particles. The theoretical and experimental
form factors did not agree.

On the other hand, QCM-D results showed that approximately 60% of the PVA
adsorbed on the surface of the particles (PMMA), creating an extra layer or shell on
(around) the particles. It is conceivable that if such a PVA layer is irreversibly
adsorbed, the particles should best be described as core-shell particles with a thick
adsorbed layer of PVA. Unfortunately no theoretical form exists for the particle form
factor that could be used to interpret the SLS data. The use of scattering techniques
based on X-rays or neutrons might be helpful to see the different layers and the core
in such particles. An interesting future work valuable for LS applications would
perhaps be to formulate a theoretical particle form factor for the present systems.

FNMR and NMRd experiments were carried out on a particle system at different
particle concentrations. Despite some uncertainties concerning the NMRd
experiments, a trend could be seen in the results: with higher particle concentration
the diffusion coefficient decreased (and the hydrodynamic radius increased).
However, the obtained diffusion coefficient at the lowest concentration was lower
with a factor of 2.1 than the one found in the LS experiments. This result was not
understood, since LS should in principle be more sensitive to bigger species than
NMRd. However, the spectra from the ENMR experiments clearly showed that the
fluorinated oils were in their liquid state, and then most probably associated with the
particles in the core.

The SEM results verified that the obtained particles indeed were in the same size
range as determined with DLS.

For future work with similar particle systems it is proposed that the formulation
protocols are carefully investigated. Thus, higher speed of the homogenizer, better
temperature control during processing, other types of shell polymers, other
compositions, etc. might help to produce smaller particles with lower polydispersity in
size. Also, interactions between the core oils and the shell polymers should be
investigated in more detail. An interesting approach would be to try to produce core-
shell particles with a charged surface to eliminate the need for an extra stabilizer.
Although this approach was tried in the present work, the particles were not stable but
aggregated upon standing. However, another choice of charged polymer might give
better results.
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