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Abstract

The polymerization and drying of monodisperse water-in-styrene/divinylbenzene (DVB) high
internal phase emulsions (HIPEs) leads to monodisperse macroporous polystyrene
(PS)/polydivinylbenzene (polyDVB). When the monomer-soluble azobisisobutyronitrile
(AIBN) is used as initiator, spherical and interconnected pores and porous pore walls are
obtained. In contrast, when the water-soluble potassium peroxodisulfate (KPS) is used,
polyhedral and closed pores are obtained and the pore walls are comprised of two similar
looking outer layers and one different inner layer. The aim of this work was to identify the
mechanism (1) that transforms spherical droplets into polyhedral pores and (2) that creates a
three-layered pore wall when the polymerization is initiated from the water/monomer interface
with KPS.

The styrene/DVB mass ratio and the KPS mass fraction were varied to test the existing
hypothesis, i.e. an osmotic transport of DVB. Scanning electron microscopy (SEM) pictures
revealed that the morphology of the samples does not change in the way it is expected if osmotic
transport of DVB was the acting mechanism. Therefore, the existing hypothesis was rejected
and a new explanation had to be found. Experiments in which the surfactant mass fraction
Bsurfactant Was Vvaried revealed that the relative size of the inner layer increases and the relative
size of the outer layers decreases when Bsurfactant IS increased. Moreover, it was found that the
outer layers are non-porous and that the inner layer is porous. With the help of a model ternary
phase diagram consisting of styrene, surfactant, and PS, it was shown that the surfactant is not
soluble in partially polymerized styrene/PS mixtures. The experimental results allow suggesting
a mechanism that is based on surfactant diffusion. Since the polymerization starts at the
water/monomer interface with KPS, a partially polymerized layer forms close to the interface.
From this layer, surfactant molecules that are dissolved in the continuous phase diffuse either
(1) to the water/monomer interface or (2) to the interior of the continuous phase. (1) Surfactant
diffusion to the interface induces an overpopulation of surfactant. This enables the interface to
increase its area, which, in turn, transforms the spherical droplets to polyhedral pores. (2)
Surfactant diffusion to the interior of the continuous phase leads to an accumulation of
surfactant, while the regions close to the interface become surfactant-free. When the surfactant

is washed out during purification, a porous inner and two non-porous outer layers are obtained.

Additionally, the mechanical properties of monodisperse macroporous PS/polyDVB were
investigated. It was found that the samples are only elastomeric when the amount of DVB is

low, while they are elastic-brittle for all other monomer compositions.
IX



Kurzzusammenfassung

Durch Polymerisation und Trocknen wird aus monodispersen Wasser-in-Styrol/Divinylbenzol
(DVB) Emulsionen monodisperses, makroporoses Polystyrol (PS)/Polydivinylbenzol. Mit
monomerldslichem Azobis(isobutyronitril) (AIBN) als Initiator werden spharische und offene
Poren sowie porése Porenwande erhalten. Dagegen entstehen mit wasserléslichem
Kaliumperoxodisulfat (KPS) polyedrische und geschlossene Poren und die Porenwéande
bestehen aus zwei ahnlich aussehenden auBeren Schichten und einer inneren Schicht. Das Ziel
dieser Arbeit war es, den Mechanismus zu identifizieren, (1) der spharische Tropfen in
polyedrische Poren verwandelt und (2) der eine dreilagige Porenwand erzeugt, wenn die

Polymerisation durch KPS an der Wasser/Monomer Grenzflache beginnt.

Das Styrol/DVB Massenverhaltnis und der KPS Massenbruch wurden variiert, um die
bestehende Hypothese zu Uberpriifen, die auf osmotischen Transport von DVB basiert.
Rasterelektronenmikroskopie (REM) Aufnahmen zeigten, dass sich die Morphologie der
Proben nicht in der Art verandert, wie sie es tun sollte, wenn osmotischer Transport von DVB
der wirkende Mechanismus ist. Somit wurde die bestehende Hypothese verworfen und eine
neue Erklarung musste gefunden werden. In Experimenten, in denen der Tensidmassenbruch
Brensia erhoht wurde, nahm die relative GroRe der inneren Schicht zu und die relative GroRe der
auflleren Schichten ab. Zudem wurde herausgefunden, dass die duReren Schichten nicht poros
sind, sehr wohl aber die innere Schicht. Mithilfe eines ternéren Phasendiagrams bestehend aus
Styrol, Tensid und PS wurde gezeigt, dass das Tensid nicht in partiell polymerisiertem
Styrol/PS 16slich ist. Der anhand der experimentellen Ergebnisse vorgeschlagene Mechanismus
basiert auf Tensiddiffusion. Da die Polymerisation durch KPS an der Wasser/Monomer
Grenzflache beginnt, entsteht in deren Nahe eine partiell polymerisierte Schicht. In der
kontinuierlichen Phase geloste Tensidmolekule diffundieren aus dieser Schicht entweder (1)
zur Grenzflache oder (2) ins Innere der kontinuierlichen Phase. (1) Tensiddiffusion zur
Grenzflache verursacht dort eine Ubersattigung, wodurch sich die Grenzflache vergroRern kann
und aus sphéarischen Tropfen polyedrische Poren werden. (2) Tensid Diffusion ins Innere der
kontinuierlichen Phase verursacht dort eine Anreicherung mit Tensid, wahrend nahe der
Grenzflache kein Tensid mehr vorhanden ist. Wenn das Tensid wahrend der Reinigung

ausgewaschen wird, entstehen eine pordse innere und zwei nicht-porése dulRere Schichten.

Zusétzlich wurden die mechanischen Eigenschaften von monodispersen, makroporésem
PS/polyDVB untersucht. Dieses ist nur dann elastomerisch, wenn der DVB Anteil niedrig ist,

wéhrend es bei allen anderen Monomerzusammensetzungen elastisch-briichig ist.
X



1 Introduction

1.1 Motivation

Polymers have been used by humans indirectly or directly for a long time in the form of bio-
polymers like proteins, polysaccharides, and deoxyribonucleic acid (DNA). The discovery of
synthetic polymers in the 19" century has fundamentally changed modern society. Since 1909,
when the first industrially produced plastic, Bakelite [Bae09], was introduced, a wide range of
products has been made from synthetic polymers. Among these products are, for example,
porous polymers where the dispersed phase is a gas and the continuous phase is a polymer.
They are employed in a broad variety of areas ranging from construction (insulation material)
and vehicles (dashboard) to sports (protective gear) and hygiene (polyurethane sponges), to
mention just a few. Compared with their bulk counterparts, one big advantage of porous
polymers is the fact that the density p can be adjusted by changing the amount of the dispersed
gas. The gamut of densities includes not only the dense bulk polymer itself where the volume
percentage of gas is very small (pporous polymer ~ 10° kg m™3), but also materials that consist almost
entirely of gas (pporous polymer ~ 10° kg m) [Lan95]. As the mechanical properties of porous
polymers strongly depend on their density, this opens up the possibility of producing a large
number of distinct materials using only one type of polymer [Lee07].

The volume fraction of the dispersed phase is only one parameter that affects the morphology.
By changing other parameters like the average pore size, the pore size distribution, the pore
wall thickness, or the interconnectivity of the pores, the properties of porous polymers can be
modified even further. For instance, in buoyancy products like floatation aids, closed-pore
porous polymers are required since penetration of water into the material has to be avoided
[Mil07]. Open-pore porous polymers, on the other hand, are used as acoustic damping materials
for example [Banl11]. However, the interconnectivity, the average pore size, and the pore size
distribution are difficult to control when the porous polymer is produced industrially. One
method for solving this problem is the use of templates. These consist of a dispersed phase that
acts as placeholder for the pores and a continuous phase which is a precursor to the polymer.
Since the templates are liquid, their structure is easier to control and manipulate compared to
the solid porous polymer. By preserving the generated structure during solidification, the

structure of the porous polymer is controlled as well.

If emulsion droplets are used as placeholders in a template, the term “emulsion templating” is

used. The continuous phase consists of the monomer(s), the surfactant, and in some cases a
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solvent, while a liquid that is immiscible with the continuous phase serves as the dispersed
phase. By monitoring the volume fraction ®gisp 0f the dispersed phase, the density of the porous
polymer is adjustable: the higher the amount of the dispersed phase is, the lower is the density.
If Ogisp IS at least 74 vol%, the emulsion is called a high internal phase emulsion (HIPE)
[Cam96]. HIPEs were first used to produce porous polymers by Bartl et al. in 1962 [Bar62].
They formulated “reverse emulsions” where water was the dispersed phase, styrene or methyl
methacrylate were the two investigated monomers, and a graft copolymer of styrene and
polyethylene oxide was used as surfactant. It took another 20 years before a patent was filed for
this specific kind of synthesis [Bar85] and the terms HIPE and polyHIPE (polymerized high
internal phase emulsion) were introduced although, strictly speaking, the final porous polymer
IS not an emulsion anymore. Since then, numerous research groups have used this method to
prepare porous polymers where the final morphology can be controlled to a certain point
[Wil88a, Wil88b, Wil89, Wil90a, Wil90b, Hai91, Cam96, Cam97, Bar00, Cam00, TaiOla,
Tai0lb, Cam05, Sil05, Kim11, Sil14].

Talha Gokmen et al. first combined HIPEs with microfluidics, which enables the formation of
droplets with a uniform size. However, they used this concept to produce monodisperse
polymer beads by polymerizing the monomeric droplets in an oil-in-water (o/w) emulsion
[Tal09]. In contrast, Costantini et al. synthesized porous polymers with uniform sized pores by
polymerizing the hydrophilic continuous phase of an o/w emulsion formed with microfluidics
[Cos14]. Quell et al. used the same method with the hydrophobic monomers styrene and

divinylbenzene (DVB) as continuous phase and water as dispersed phase. The polymerization

= styrene, DVB,

surfactant ’ .
Bpolyme-{ 1
rization| 4 4
00000 — —rl
water-in-styrene/ macroporous
DVB HIPE PS/polyDVB

Figure 1.1: Schematic depiction of the synthesis of monodisperse macroporous PS/polyDVB
(right) from a monodisperse water-in-styrene/DVB HIPE template (middle) which itself was
synthesized with microfluidics (left).
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of this water-in-styrene/DVB HIPE and subsequent drying led to porous polystyrene (PS)/poly-
divinylbenzene (polyDVB) with a monodisperse pore size [Quel5, Quel6a, Quel6b, Els17,
Quel7a, Quel7b]. The schematic process of producing monodisperse porous PS/polyDVB with
monodisperse water-in-styrene/DVB HIPEs is shown in Figure 1.1. By varying the flow rates
of both phases in the microfluidic chip, the synthesis of porous PS/polyDVB with pore sizes
ranging from 55 pm to 80 um was possible. Due to the pore size being larger than 50 nm, the
material is classified as macroporous PS/PDVB [Eve72, Bur76]. Furthermore, by changing the
type of initiator, both open-pore and closed-pore macroporous PS/polyDVB were obtained.
With water-soluble potassium peroxydisulfate (KPS) as initiator, polyhedral and closed pores
with granular pore surfaces and layered pore walls are formed (see Figure 1.2 (top)). Note that
in the 2D pore cross-sections of Figure 1.2, the polyhedral pores appear as hexagons, while the

pores are shaped like rhombic dodecahedrons in 3D.

Figure 1.2: Scanning electron microscope (SEM) pictures of macroporous PS/polyDVB
obtained from monodisperse water-in-styrene/DVB HIPEs and initiated with (top) KPS and
(bottom) AIBN. This Figure was copied from [Quel7b]. Reprinted with permission from Quell,
A.; Sottmann, T.; Stubenrauch, C.; Diving into the Finestructure of Macroporous Polymer
Foams Synthesized via Emulsion Templating: A Phase Diagram Study, Langmuir 2017, 33,
537-542. Copyright (2021) American Chemical Society.

With oil-soluble azobisisobutyronitrile (AIBN) as initiator, on the other hand, spherical and
interconnected pores with smooth pore surfaces and porous pore walls are formed (see Figure
1.2 (bottom)). For the samples seen in Figure 1.2, the styrene/DVB mass ratio is 50/50, the
surfactant mass fraction 10 wt.%, and the initiator molar concentration 1.28 mol%. Since the

emulsion templates are spherical droplets, the difference observed for the two initiators raises
-3-



the question of how and why the spherical droplets become polyhedral pores when KPS is used.
Quell et al. explained this transformation with osmotic transport of DVB [Quel7a]. According
to Schwachula [Sch75], the polymerization of the crosslinker DVB is faster than that of the
monomer styrene, which is why Quell et al. argue that a DVB-rich polymer layer forms at the
interface. Assuming that the major part of the monomer styrene only reacts after DVB has
polymerized, Quell et al. concluded that layered pore walls with two polyDVB-rich outer layers
and a PS-rich inner layer form. Furthermore, a concentration gradient of DVB between the
Plateau borders (initial DVB concentration) and the films (DVB depleted) is believed to be the
reason for the change from a spherical to a polyhedral pore shape. This gradient causes osmotic
transport of DVB molecules from the Plateau borders into the films. As a result, the size of the
Plateau borders is reduced and the thickness of the films is increased. Thus, the shape of the
interface changes from spherical to polyhedral. Furthermore, Quell et al. showed that quite
uniform pore wall thicknesses are built. Note that the osmotic transport has to work against the
desire of the droplets to minimize their surface since the surface area of a rhombic dodecahedron
is ~10% larger than the surface area of a sphere [Quel6b, Quel7a].

1.2 Task Description
Although the experimental results obtained by Quell et al. [Quel7a] support the idea of an
osmotic transport of DVB as the reason for the transformation from spherical droplets to
polyhedral pores, resounding proof for this hypothesis is still lacking. Thus, the main focus of
this PhD thesis is put on either proving or disproving this hypothesis. To achieve this, logical
deductions are drawn about what ought to happen to the morphology of monodisperse
macroporous PS/polyDVB when the concentration of a component is changed systematically.
(1) When the styrene/DVB mass ratio is changed from 50/50 towards pure styrene, the extent
of osmotic transport of DVB is expected to decrease. Thus, the shape of the pores ought to
become more spherical. Additionally, since less DVB is present in the continuous phase, the
thickness of the supposedly polyDVB-rich outer layers is expected to decrease. (2) When the
KPS concentration is increased, the polymerization rate ought to increase as well. Thus, osmotic
transport of DVB has less time to occur and the pores ought to become more spherical as well.
In both cases, analogous experiments are conducted with AIBN as initiator for the sake of

comparison.

If the hypothesis of osmotic transport of DVB is confirmed, the large number of new

experimental results may allow a quantitative description of the mechanism. On the other hand,
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if the experiments reveal that osmotic transport of DVB is not responsible for the transformation
of spherical droplets to polyhedral pores, this hypothesis was to be dismissed. Consequently, a
new hypothesis would have to be developed by conducting further experiments. The new

hypothesis would have to comply with both old and new experimental results.

Finally, the mechanical properties of monodisperse macroporous PS/polyDVB are examined.
Focus is put on how the type and amount of initiator, the styrene/DVB mass ratio, and the
amount of surfactant influence the mechanical properties. The goal is to obtain structure-
property-relationships. Moreover, both monodisperse and polydisperse macroporous

PS/polyDVB are investigated to see if their mechanical properties are different.






2 Theoretical Background

2.1 Emulsions

If two pure liquids are brought in contact, there are three possibilities for what can happen: a
chemical reaction, mixing, and separation. In the latter case, the mixtures are typically
composed of a hydrophilic liquid, in most cases water, and a hydrophobic liquid which is often
called “oil”. To enable the mixing of immiscible liquids, a third component is required which
is at least partially soluble in either liquid. Such molecules typically consist of a hydrophilic
and a hydrophobic part. In a ternary mixture, this causes an accumulation of this molecule at
the interface between water and oil, thereby reducing the interfacial tension between them. The
same is true when the hydrophobic liquid is substituted by a gas which transforms the interface
into a surface. This type of molecule is therefore called “surfactant” (surface active agent) or
“amphiphile”. Mixtures of water and oil stabilized with surfactants are called “emulsions”,
while the surfactant is called “emulsifier”. Emulsions have found their way into modern life via
cosmetics like creams, shampoos, make-up, or perfume as well as into industrial processes.
Typical emulsions either consist of water droplets dispersed in a continuous oil phase (w/o-
emulsions, see Figure 2.1 (left)) or of oil droplets dispersed in a continuous water phase (o/w-
emulsions see Figure 2.1 (right)).

Figure 2.1: Schematic structure of (left) a water-in-oil emulsion and (right) an oil-in-water
emulsion.



More complex systems like o/w/o- or w/o/w-emulsions also exist but less common. The type
of emulsion depends on the type of surfactant, the temperature, the concentration of electrolytes
in the water phase, the volume fractions, and the concentration of the surfactant. To test which
type of emulsion has formed, two easy experiments can be conducted. One the one hand, if low
amounts of salt are added and the conductivity is measured, o/w-emulsions show a high
conductivity while the value is close to zero in the case of w/o-emulsions. On the other hand, a
dye which is only soluble in one phase can be added. The color can only be seen if the dye is
dissolved in the continuous phase [Bin98, Eva99, Lyk05, Ros12].

In general, most emulsions appear white since the droplets of the dispersed phase have a
diameter between 200 nm and 100 um, thus scattering visible light. However, emulsions can
also be transparent, namely if the dispersed droplets are diluted enough or the if their diameter
is smaller than 200 nm. In this case, the Tyndall effect [Whi20] can be observed. When a ray
of light is shone through a sample, light scattering in the liquid is visible if particles with a
diameter in the micrometer range are present which of course is true for emulsions. In

homogeneous liquids, in contrast, no ray of light is observable [Sch05].

Influence of Interfacial Tension on Emulsions

The surfactant molecules between the dispersed and the continuous phase form a skin-like layer
around the dispersed droplets which enables a kinetic stabilization of the interface. No matter
how well an emulsion might be stabilized kinetically, its ultimate fate is always phase
separation. The reason behind this lays in the change of the Gibbs free energy G which in the

case of emulsions holds

G=H-T:- Std +v- Ainterface- (2-1)

In equation (2.1), H represents the enthalpy, T the temperature, Stq the thermodynamic entropy,
v the interfacial tension, and Ainterface the interfacial area. Note that thermodynamic systems
always try to minimize G [Eva99]. Since the difference in enthalpy is zero between an emulsion
and two separated phases, only the second and third term are important for the stability of
emulsions. On the one hand, by emulsifying two originally separated phases, S increases which
leads to a decrease of G. However, now Ainerface has been increased as well which, in turn,
increases G. Thus, the deciding factor is how far the surfactant can reduce the value of y. This

decrease is by far not enough in the case of emulsions (typically y ~ 30 mN m™), thus making
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them overall thermodynamically unstable [Lyk05]. In microemulsions, in contrast, the
interfacial tension is reduced to y = 1 mN m™ or lower. For example, the system H20 — linear
alkylbenzene sulphonate (LAS) — decane with 0.1 g L™* LAS has an interfacial tension of y =
0.5 mN m? [Stu09]. In this case, the increase in S matters and the system becomes
thermodynamically stable. Furthermore, microemulsions appear transparent because droplets
with typical diameters between 10 nm and 100 nm form and are thus not able to scatter light
[Stu09].

Another point where y matters is the shape of emulsion droplets. For a given volume, a sphere
has the lowest surface area and since a minimized surface area is required energetically, the
droplets in emulsions are spherical. The diameter of the droplets is determined by the interfacial
tension and the pressure difference between the inner and the outer liquid. This pressure
difference tries to increase the diameter of the droplets, while the surface tension works against
this effort. The two counteracting forces lead to an equilibrium droplet diameter which can be
described with the Young-Laplace equation. It holds

Ap = 2 -y - k (2.2)

where Ap represents the pressure difference between the inner and the outer liquid and « the

mean curvature of the droplets. It holds

ENINEL) .

rnn
where ry and r are the two radii of an ellipsoidal body. In the case of spheres, the two radii are
equal (rsphere) Which simplifies the curvature to the reciprocal radius and transforms equation
(2.2) to [Sch05]

2y

rsphere

Ap = (2.4)

Disintegrating Mechanisms

Since emulsions are only kinetically stabilized but not thermodynamically stable, they will
eventually disintegrate. There are three different routes for how that can occur, namely
sedimentation (or creaming), coalescence, and Ostwald ripening (see Figure 2.2).



0’0
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&

Figure 2.2: Schematic depictions of the three disintegrating mechanisms (top) sedimentation,
(middle) coalescence, and (bottom) Ostwald-ripening for a o/w emulsion. Note that in o/w
emulsions, sedimentation is usually replaced by creaming.

One way how emulsions can decompose is by an accumulation of droplets. If the dispersed
phase has a higher density than the continuous phase, which is typically the case for
w/o-emulsions, the droplets sediment towards the bottom due to gravity (see Figure 2.2 (top)).
On the other hand, if the dispersed phase is less dense than the continuous phase, which usually
applies for o/w-emulsions, the opposite happens. The droplets than cream towards the top of
the emulsion. Eventually, these processes lead to a phase separation if the sedimented or
creamed droplets merge. An approach to at least slow down sedimentation or creaming is the
use of two liquids with similar densities or to artificially modify the densities via additives
[Bin98, Eva99].

Another route of decomposing is the coalescence of droplets. This can happen when they are

brought close enough together through Brownian motion or flocculation. Note that flocculation

can serve as its own disintegrating route if the droplets aggregate irreversible. Due to gravity,

this would cause sedimentation or creaming at some point. Coalescence, on the other hand, is
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a process where two droplets fuse together to form one bigger droplet (see Figure 2.2 (middle)).
This can only occur if the surfactant film is not stable enough to prevent this, i.e. if the surfactant
concentration is not high enough. The merging of two droplets is energetically favored since
the Laplace pressure of the larger droplet is smaller (see equation (2.4)). The coalescence of
more and more droplets eventually leads to phase separation. A way to avert coalescence is
using a sufficient concentration of surfactant. The steric repulsion of non-ionic surfactants or
the electrostatic repulsion of ionic surfactants, respectively, pushes the droplets apart if they
come to close together [Bin98, Eva99, Sch05].

Finally, an emulsion can decompose via Ostwald ripening. Named after its discoverer W.
Ostwald [Ost00], this effect describes a process where bigger droplets increase their size at the
expense of smaller ones (see Figure 2.2 (bottom)). Note that Ostwald ripening is not exclusive
to emulsions but also occurs in foams. The underlying principle is the Young-Laplace equation
(see equation (2.4)). For smaller droplets, the pressure difference between inner and outer phase
is higher than for bigger droplets because « is larger for smaller droplets. Since the dispersed
liquid has a finite solubility in the continuous one, single molecules can inter-diffuse between
droplets. Additionally, their concentration close to a droplet is dependent on the diameter of the
droplet, being higher in the case of smaller droplets. As a result, a concentration gradient
between the outside of small droplets — where the concentration of solubilized molecules is high
—and the outside of large droplets — where the concentration of solubilized molecules is low —
forms. Therefore, molecules of the dispersed phase will net-diffuse from the small droplets
through the continuous phase into large droplets. Eventually, this leads to a disappearance of
smaller droplets, while the bigger droplets grow larger and larger, finally also resulting in phase
separation. The easiest way to avoid Ostwald ripening is creating a monodisperse emulsion, i.e.
creating droplets that all have the same Laplace pressure. The droplets then retain the same size
for a long time. This can be achieved by preparing the emulsion via microfluidics (see Chapter
2.2) or by preparing a solution already assembled from all three components (water, oil, and
amphiphile) and rapidly adding more oil or water. Once the system crosses into the two-phase
region, uniform sized droplets form via nucleation. The ouzo effect observed in many alcoholic
beverages derived from plants containing essential oils is a famous practical example for this
method [Vit03]. Another route to prevent Ostwald ripening is to dissolve an additive in the
dispersed phase which is completely insoluble in the continuous phase, e.g. for w/o emulsions
a salt like sodium chloride NaCl. In the beginning, the concentration of NaCl is equal in all
droplets. However, if a net diffusion of molecules of the dispersed phase into the bigger droplets

occurs, a reverse chemical potential arises as well. Therefore, an osmotic transport forces a
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back-diffusion into the smaller droplets, thus counterbalancing Ostwald ripening. In the case of
o/w-emulsions, the same effect can be achieved if long hydrocarbons like hexadecane are used
[Bin98, Sch05].

Polydispersity, Volume Fraction, Packing, and Ordering in Emulsions

The polydispersity and the volume fractions of the dispersed and the continuous phase,
respectively, also have an influence on the structure and stability of emulsions. The
polydispersity index (PDI) describes how large the droplet size distribution in an emulsion is.
With dsq as the standard deviation of the measured droplet diameters and daverage as the average
droplet diameter, it holds [Clal6]

d
PDI = 100% - —4

2.5

daverage ( )
Typical emulsions have a PDI of around 50% and are therefore polydisperse. Ideal
monodisperse emulsions, on the other hand, would have an PDI of 0. However, because “true”
monodispersity is virtually impossible, the term monodispersity is typically used when the PDI

is equal to or smaller than 5% [Mael3].

Furthermore, the volume fraction of the dispersed phase (®uisp) i used to classify different types

of emulsions. It holds

Vdisp Vdisp
D uisy = = , (2.6)
disp Vdisp + Vcont Vtotal

with Visp denoting the volume of the dispersed phase, Vcont denoting the volume of the
continuous phase, and Viota denoting the total volume. If ®gisp = 25%, the emulsion is called
low internal phase emulsion (LIPE, see Figure 2.3 (first column)). For 30% < ®gisp < 70% and
for ®gisp > 74%, the terms medium internal phase emulsion (MIPE see Figure 2.3 (second

column)) and high internal phase emulsion (HIPE, see Figure 2.3 (third column)) are used.
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Figure 2.3: Schematic depiction of (top) monodisperse and (bottom) polydisperse emulsions
with increasing volume fractions of the dispersed phase (from left to right).

In HIPEs, due to gravity and the high volume fraction of the dispersed phase, the droplets are
in contact. A further distinction can be made concerning their packing fraction and their
ordering. The first parameter describes how “well” the droplets are or can be packed, i.e. how
much continuous phase can be removed between the droplets without deforming them. Packing
problems are very common in Mathematics and solving them is far from trivial. Monodisperse
droplets have a maximum packing fraction of 74% which is the maximum packing fraction of
any set of spheres with a uniform diameter. This phenomenon has been known since 1611 when
it was described by J. Kepler and is called the Kepler conjecture. However, it took about another

400 years before it was finally proven mathematically [Hal06].

If the emulsion is polydisperse, different packing fractions are possible. If the PDI was high
and the droplets were packed manually, the packing fraction could exceed 95%. The reason for
this is that smaller droplets can be packed into the free spaces between the bigger droplets (see
Figure 2.3 (bottom, third column)). However, this process does not occur automatically which
means that extra force needs to be applied. In contrast, if the PDI was rather small, the packing

fraction can be approximated to 64%, which correlates to the close packing limit of randomly
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packed monodisperse spheres [Ber60]. Another term that can be used instead of ‘randomly
packed’ is disordered. If the droplets are ordered, however, they reach their maximum packing
fraction at 74%. Since the dispersed phase is not composed of hard spheres but liquid droplets,
the packing fraction can exceed 64 % or 74%, respectively. In that case, the droplets need to be

deformed and start to become polyhedral (see Figure 2.3 (fourth column)).

2.2 Microfluidics

Describing “[t]he science and technology of systems that process or manipulate small (107 —
108 liters) amounts of fluids, using channels with dimensions of tens to hundreds of
micrometers” [Whi06], systematic studies of microfluidics date back as far as the 1970s. At
that time, microfluidic devices were fabricated with micromechanics technology and were
employed in research on gas chromatography and ink jet printing [Gra93, Tab05]. However, it
was not until the early 1990s that progress in the field of microfluidics really picked up [Jon06,
Whi06]. In essence, the applications of microfluidics can be divided into (a) the synthesis of
chemicals and materials and (b) the analysis of mostly biological samples. All types of
applications avail themselves of the numerous advantages of this technique. Among these are
the low consumption of chemicals and samples, the enhanced separation and detection of
samples with remaining high resolution and sensitivity, the low cost, the short time for analysis,
and the small footprint on analytical devices [Man92, Bee02, Whi06, Zhall, Zhal6]. Another
advantage of microfluidic devices is the fact that the fluids show laminar (“sheet-like*) flow,
which can be exploited for specific applications and will be discussed to a greater extent later.
Laminar flow means that the hypothetical sheets inside a fluid flow parallelly and do not
automatically mix with each other.

Commonly, polydimethylsiloxane (PDMS) is used as the base material from which the
microfluidic devices are manufactured by means of soft lithography techniques. PDMS has
several advantages, namely it is a moldable elastomeric polymer, it is inexpensive, and it is
optically transparent. Nevertheless, glass, steel, silicone, and thiolene can also be used when
more chemical or mechanical resistance is required. These materials do not deform or swell
when they come into contact with strong organic solvents or when they are exposed to higher
temperatures [Whi06, Chr07, Teh08]. Sometimes, it is necessary to change the wettability of
the microfluidic chip, i.e. to render its surface hydrophobic or hydrophilic. In order to transform
a hydrophilic surface into a hydrophobic one, it can be silanized or siliconized. On the other

hand, to transform a hydrophobic surface into a hydrophilic one, it can be exposed to oxygen
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plasma, polyvinyl alcohol (PVA), or polyethylene glycol (PEG). Another way of changing the
surface wettability is the use of surfactants which absorb at the surface, thus rendering the chip
hydrophobic or hydrophilic [Chr07, Teh08].

A particular subtopic of microfluidics is droplet-based microfluidics where two phases are used
instead of one. They are either partially miscible or immiscible [Zhall]. When the two phases
meet at the so-called “junction”, monodisperse emulsion droplets are formed. In general, the
fluids are pushed through the microfluidic device by means of pressure pumps or syringe
pumps. At this point, it is necessary to take a closer look at the way the droplets are generated
inside the microfluidic device. By and large, the droplet generation is determined by (a) the
channel geometry and (b) the forces acting upon the fluids as well as upon the arising interface.
The ratio of two of these forces can be expressed in the form of dimensionless numbers, which,

along with other parameters, help to subdivide the droplet generation into different regimes.

Channel Geometry

Most of the used channel designs can be classified into cross-flow geometry, co-flow geometry,
and flow-focusing geometry, the last of which also being referred to as elongated flow geometry
[ChrO7, Barl0, Zhall, Zhal6]. Further arrangements dealing with step emulsification,
microchannel emulsification, and membrane emulsification are less common [Zhu16] and will
not be discussed here. A visual representation of cross-flow, co-flow, and flow-focusing
geometry is given in Figure 2.4. In cross-flow geometry, the two phases meet at an angle 6 of
between 0° — 180° (see Figure 2.4 (top left)). In most cases, 6 = 90° and this particular
arrangement is called “T-junction” (see Figure 2.4 (top right)). The dispersed phase and the
continuous phase ought to have similar flow rates in order to enable droplet generation. If the
flow rate of the dispersed phase is much lower than that of the continuous phase, the former
will not enter the downstream channel and hence, no droplets will form. If, on the other hand,
the flow rate of the continuous phase is too low compared to that of the dispersed phase, both
of them will stream uninterruptedly into the downstream channel and hence, droplets will not
form either. If the ratio between the two phases is set to an appropriate and constant value,
uniform-sized droplets will form periodically. This was first achieved by Thorsen et al. in 2001
[ThoO1], who generated an w/o emulsion with a PDI as low as 2%. Since then, the cross-flow
geometry and especially the T-junction have been widely used due to their easy handling
[Chr07, Zhul6].
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Figure 2.4: Schematic depiction of the general cross-flow geometry (top left), the T-junction
geometry (top right), the 2D-planar co-flow geometry (middle left), the 3D-coaxial co-flow
geometry (middle right), the 2D-planar flow-focusing geometry (bottom left), and the 3D-
coaxial flow-focusing geometry (bottom right).

As its name already suggests, in the co-flow geometry the two phases flow coexistingly
(parallelly) with the channel of the dispersed phase being surrounded by the larger channel of
the continuous phase (see Figure 2.4 (middle row)). Typically, the size of the generated droplets
is larger than the size of the channel of the dispersed phase. With a co-flow geometry, the first
monodisperse droplets were produced by Umbanhower et al. [Umb00], who were able to
minimize the PDI in their o/w emulsion to 3%. When focusing on the “depth” of the channels,
co-flow geometry can either be two dimensional (2D)-planar or three dimensional (3D)-coaxial
(see Figure 2.4 (middle left and middle right)) [Chr07, Zhul6].

Finally, in flow-focusing / elongated flow geometry both phases are pushed through a narrow
constriction (see Figure 2.4, bottom row). Moreover, the dispersed phase is flanked by two
streams of the continuous phase with a velocity flow field of the continuous phase focusing the
dispersed phase. At the highest point of shear, the result is a consistent breakup of the dispersed
phase into uniform-sized droplets. In general, this geometry offers an even more controlled

droplet break-up than the other two that were discussed previously. As is case for co-flow
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geometry, the channels can either be 2D-planar or 3D-coaxial (see Figure 2.4 (bottom left and
bottom right)). In 2001, Gafan-Calvo et al. [Gan01] were the first to use this geometry for
producing gas-in-water (g/w) bubbles. One year later, Anna et al. [Ann02] employed the same

arrangement for generating monodisperse w/o emulsion droplets [Chr07, Teh08, Zhul6].

Forces, Dimensionless Numbers, and Droplet Break-Up

In essence, there are four forces! that act upon the fluids inside a microfluidic device. They all
depend on the characteristic length scale L of the microfluidic device — most often simply the
channel thickness — and/or the velocity vi of the fluid. The index ‘i’ thereby denotes the type of
phase that is examined with ‘c’ indicating the continuous phase and ‘d’ indicating the dispersed

phase. The first force acting upon a fluid is the inertial force fi which holds
fi=pi- v, (2.7)

with pi being the density of the fluid. This force stems from the pressure/syringe pump that sets
the liquid in motion inside the microfluidic device. At the junction where the two phases meet,
this force squeezes both of them downstream towards the channel outlet. The second force that

has the same orientation is the viscous force fy which holds

T‘l.-v.
fo=—7— 238)

with 1 being the dynamic viscosity. As its name presumes, this force is caused by the viscosity
of the fluid which itself stems from molecular diffusion and intermolecular interactions. The
third force that becomes especially important once the two immiscible phases get into contact

with each other is the capillary pressure fc which holds

~1=

fe=-, (2.9)

with y being the interfacial tension between the two phases. If only one phase is present, y
denotes the surface tension of the fluid. Finally, gravity has an influence on the fluids inside a

microfluidic device as well. Its force fq holds

fe=pi-g-L, (2.10)

! Note that the four forces only nominally carry the name “force”, but are not forces in terms of physics.
-17 -



with g being the gravitational constant of the earth [Zhul16]. In order to determine which type
of flow is present inside a microfluidic channel — laminar or turbulent — the so-called Reynolds
number Re is calculated. This dimensionless number is given by the ratio between the inertial

force fi and the viscous force f, and thus,

fi _ pi - v _Pi-vi-L

Re = (2.11)

[Bee02, Gar05, Zhul6]. If the viscous force fv greatly exceeds the inertial force fi, Re is small
and the flow is laminar. On the other hand, if the inertial force fi greatly exceeds the viscous
force fy, Re is large and the flow is turbulent. The boundary between laminar and turbulent flow
is typically put at Re = 2300 [Bee02, Zhal6]. However, in microfluidic channels Re is usually
between 10° and 10! [Zhul6] and therefore, the flow is always laminar in microfluidic
channels. Fortunately, the famous Navier-Stokes-equation for incompressible fluids can be
solved linearly for laminar flow. For turbulent flows, solving the Navier-Stokes-equation

requires non-linear differential equations [Whi01, Squ05].

When droplets are generated, an interface between the two phases is formed. Thus, the force of
the capillary pressure fc, which contains the interfacial tension y becomes essential. The energy
for developing the interface is provided by the pressure / syringe pumps that set the fluid in
motion. All the other three forces in relation to the force of the capillary pressure fc can be
expressed as dimensionless numbers. The Bond number Bo gives the ratio of the gravitational

force fg to the force of the capillary pressure fc and thus,

é_Ap-g-L_Ap-g-L2

Bo =
feo Y Y

(2.12)

Here, Ap is the difference in density between the two phases. When emulsion droplets are
formed inside a microfluidic device, both L and Ap are small, which, in turn, decreases Bo to
miniscule values. Consequently, the influence of gravity can be neglected for droplet generation
in a microfluidic device [Tab05, Chr07, Zhall, Zhul6]. Note that for bubble generation, Ap
has a higher value since the dispersed phase is a gas, which also increases Bo to some extent.

Here, gravity can have an influence on bubble generation [Chr07].

As already discussed for the Reynolds number Re, the inertial force fi can usually be disregarded
on the microfluidic scale. The ratio of this force to the force of the capillary pressure fc is
expressed by the Weber number We. Therefore, this dimensionless number is given as
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As the Reynolds number Re before, We has small values when droplets are generated in a
microfluidic device and is therefore not of high relevance [Chr07, Zhall, Zhul6].

The most important dimensionless number in microfluidics is the Capillary number Ca which
expresses the ratio between the two dominating forces on the microfluidic scale, fy and fc. It
holds

VA
Ca:&:nl I/L:ni.vi_

(2.14)
fe Y, Y

Consequently, Ca is independent of the length scale L. In microfluidic droplet generation, Ca

typically takes up values between 107 and 10* [Zhu16] and helps to differentiate between three

droplet generation regimes [Squ05, Chr07, Teh08, Zhul6]. These will be discussed thoroughly

in the upcoming paragraphs.

Two further dimensionless numbers that are sometimes used and do not depend on the four

previously introduced forces are the viscosity ratio A and the flow ratio ¢. They hold

Na
A=— 2.15
e (2.15)
and
Qq
=—, 2.16
0 0. (2.16)

with ng and nc representing the viscosities of the dispersed and the continuous phase and Qq and
Q. representing the flow rates of the dispersed and the continuous phase, respectively [Chr07,
Teh08, Zhul6].

Droplet generation in microfluidic devices can be divided into three major regimes. These are
squeezing, dripping, and jetting and are depicted in Figure 2.5. Note that since the geometry of
the microfluidic device in this PhD thesis was flow-focusing geometry, the three regimes
accessible with this particular geometry are described. Nevertheless, the concepts are very
similar in cross-flow and co-flow geometry. Two further, less common regimes are tip-

streaming and tip-multibreaking. These are modifications of the jetting regime and will not be
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Figure 2.5: Schematic depiction of the generation of one droplet in the squeezing regime (top),
in the dripping regime (bottom left), and the jetting regime (bottom right).

discussed here. As already mentioned, the Capillary number Ca can be used to define the
boundaries between the three regimes. In general, the viscous force f, and to smaller extend
also the inertial force fj try to deform the interface in order to continue flowing downstream,
while the capillary pressure tries to minimize the interfacial area. Since fi can be neglected, the
Capillary number Ca is a good indicator for distinguishing between the three regimes and is
therefore conventionally used. When the Capillary number of the continuous phase Cac is smal-
ler than 1072, droplet generation occurs in the squeezing regime. When Cac is between 102 —
10°, droplet generation occurs in the dripping regime. Finally, when Cac is larger than 10°,
droplet generation occurs in the jetting regime [Ann16, Zhul6]. Together, they are all part of
the larger concept of passive droplet generation where droplet break-up is only determined by
the flow rates. In contrast, in active droplet generation auxiliary energy is put into the system.
For instance, electrical, magnetical, or centrifugal fields or optical stimuli assist the
destabilization of the interface which, in turn, facilitates droplet breakup. Another technique of

active droplet generation is altering the intrinsic properties of the fluids. Among these intrinsic
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properties are the velocity, the viscosity, the interfacial tension, the channel wettability, and the
fluid density [Zhul16]. However, in this PhD thesis only the interfacial tension was influenced
by adding a surfactant and hence, only this way of active droplet generation will be discussed

to a greater extend later.

Coming back to the squeezing, dripping, and jetting regimes, the first one is different from the
latter two in that its droplet breakup is not determined by capillary instabilities. In contrast, the
confinement of the channel is dominating here and droplet breakup is governed by a quasi-static
mechanism. In the beginning, the dispersed phase starts to fill up the downstream channel
(cross-flow and co-flow geometry) or the constriction (flow-focusing geometry), respectively
(see Figure 2.5 (top a, b, and c)). Thereby, the available volume for the continuous phase to
continue flowing downstream becomes increasingly limited. This, in turn, creates a pressure
gradient of the continuous phase between the downstream channel (lower pressure) and the
upstream channel (higher pressure). Once the pressure gradient is large enough, the upstream
pressure of the continuous phase surmounts the pressure inside the dispersed phase. Now, the
continuous phase can enter the downstream channel/constriction again and thereby deforms
(“squeezes”) the interface (see Figure 2.5 (top d)). This continues until finally, droplet breakup
occurs (see Figure 2.5 (top e)) and the process starts again (see Figure 2.5 (top a)). Since droplet
breakup is mainly determined by the channel geometry, this regime is sometimes called the
“geometry-controlled” regime. Typically, the droplets are larger than the dimension of the

channel/constriction and are highly monodisperse [Bar10, Zhall, Zhul6].

As already mentioned before, the droplet breakup in the dripping and the jetting regime is
governed by capillary instabilities. This means that instead of a pressure gradient, the viscous
force of the continuous phase that streams alongside the droplet deforms the interface.
Moreover, droplet breakup already occurs before the channel/constriction is filled completely
with the dispersed phase (see Figure 2.5 (bottom left a, b, and ¢ and bottom right a, b, and c)).
However, like the pressure gradient before, the viscous force increases when the dispersed
phase more and more fills the downstream channel/constriction. The droplet breakup of the
dripping and jetting regime is also similar to that of the squeezing regime in that the droplets
are formed when the continuous phase starts to deform the interface (see Figure 2.5 (bottom
left d and bottom right d)). In the dripping regime, breakup occurs close to the nozzle of the
dispersed phase (cross-flow and co-flow geometry) or close to the constriction (flow-focusing
geometry) (see Figure 2.5 (bottom left €)). In the jetting regime, on the other hand, there is an

extended stream of the dispersed phase into the downstream channel (see Figure 2.5 (bottom
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right e)). The droplet breakup is then caused by Rayleigh-Plateau instabilities. However, this
severely limits the monodispersity so that the droplets are less monodisperse. In contrast, the
droplets are monodisperse when they are formed in the dripping regime. In both the dripping
and the jetting regime, the droplets are typically smaller than the dimension of the

channel/constriction [Zhu 16].

Apart from the flow rates, the droplet generation regimes can be influenced by adjusting the
interfacial tension. Most commonly, this is done by adding a surfactant to the continuous phase
which lowers the interfacial tension of the interface once droplet generation starts. Thus, it
becomes easier to deform the interface and hence, to generate droplets. By lowering the
interfacial tension, the Capillary number Ca is increased. This means that in order to remain in
the same droplet generation regime, the flow rates have to be decreased accordingly. An
important aspect of surfactant addition is the adsorption-desorption Kinetics towards the
interface which include surfactant mass transfer time. When the time for forming one droplet
is much larger than the time for the surfactant to diffuse to the newly created interface, an
equilibrium surfactant concentration at the interface is obtained. In the inverted case, on the
other hand, the surfactant concentration at the interface remains quite low during droplet
formation as if no surfactant was present at all. For the case of similar time frames, the result is
a dynamic interfacial tension that changes during the droplet formation. Here, it becomes
possible to change the droplet size by small shifts in the flow rates or the surfactant
concentration [Ann16, Zhul6].

Though the geometries, forces, dimensionless numbers, and droplet generation regimes have
been discussed now, what is lacking are advantages and applications of droplet-based
microfluidics compared to microfluidics in general. Since the droplets offer even smaller
volumes than the microfluidic channel themselves, processes can be scaled down even further.
For example, the droplets can act as microreactors that prevent their content from leaving the
reaction site, while also having a high interfacial area-to-volume ratio to accelerate reactions
that require transfer between two droplets. Moreover, the monodisperse droplets can be
produced in high numbers. Various geometries and droplet generation regimes offer a tight
control over a wide range of droplet sizes, which helps to monitor the stoichiometry of a
reaction. Furthermore, as the droplets can adopt the size of organelles and cells, the former ones
can mimic the latter ones for studying biological processes. Two further examples for
applications are the investigation of reaction kinetics, commonly of enzymes, and the synthesis

of molecules with a highly exothermic energy profile where the temperature has to be precisely
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controlled. Most of the applications are difficult to undertake with any other technique if not
even completely impossible. Finally, the droplets can also serve as templates for the synthesis
of microcapsules, microparticles, and microfibers that themselves are used in pharmaceutics,
cosmetics, and food. When the continuous phase is solidified after the droplet generation and
the droplets are removed afterwards, monodisperse porous materials can be produced which
was done in this PhD thesis [Chr07, Bar10, Teh08, Zhul6].

2.3 Polymers and Porous Polymers

2.3.1 Polymers

According to the International Union of Pure and Applied Chemistry (IUPAC), a polymer is
defined as “[a] molecule of high relative molecular mass, the structure of which essentially
comprises the multiple repetition of units derived, actually or conceptually, from molecules of
low molecular mass” [www1]. This ‘high relative molecular mass’ is typically at least above
1000 g mol and often even above 10000 g mol™ [Lec10]. Therefore, adding or removing one
unit does not significantly change the properties of a polymer. In the form of wood, fur, horn,
proteins, or carbohydrates, naturally occurring biopolymers have been known to and used by
mankind for millenia [Tiel4]. In contrast, scientific research on synthetic polymers started only
about 200 years ago and their widespread industrial production began roughly 80 years ago
[Tield]. Today, the most commonly used synthetic polymers are polyethylene (PE),
polystyrene (PS), polyvinylchloride (PVC), poly(methyl methacrylate) (PMMA), polytetra-
fluoroethylene (PTFE), and polyvinyl alcohol (PVA) [Lec10].

Types of Polymers and Polymerizations

If a polymer only consists of one singular repeating unit, it is called a homopolymer, while two
or three repeating units mean that the polymer is a copolymer or terpolymer, respectively
[Tield]. Furthermore, using the example of a copolymer, four different types can be
distinguished by the alternating sequence of the two monomers inside the polymer. These four
types are statistical/random copolymers, alternating copolymers, block copolymers, and graft
copolymers and are all schematically depicted in Figure 2.6 (left) [Tiel4].
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Figure 2.6: Schematical depiction of (left) statistical/random (1a), alternating (1b), block (1c),
graft (1d) copolymers and of (right) linear (2a), branched (2b), crosslinked (2c), star-shaped
(2d) polymers.

Moreover, polymers can be distinguished according to their constitution. Here, four types exist
as well. These are linear polymers, branched polymers, crosslinked polymers, and star-shaped
polymers and are all depicted in Figure 2.6 (right) [Lec10, Tiel4]. Another way to characterize
polymers is by the manner in which they are synthesized. In general, step-polymerization and
chain-polymerization can be distinguished. In step-polymerizations, the link between two
monomers is made through a reaction of their two respective functional groups. These are
typically hydroxy (-OH), carboxyl (-COOH), amine (-NH>), and aldehyde (-CHO) groups
[Lec10] and every monomer has at least two functional groups [Lec10, Sul3]. At first, two
monomers are linked to form a dimer which itself then reacts with another monomer or dimer
to become a trimer or tetramer, respectively. Over time, more and more smaller units are linked
to form oligomers and finally polymers [Lec10, Tiel4]. Step-polymerization can be further sub-
divided into polycondensation and polyaddition [Lec10, Tiel4]. In polycondensations, every
reaction step produces a low-molecular byproduct which is often H2O. Examples for polymers
synthesized via polycondensation are polyesters like polyethylene terephthalate (PET) and
polyamides like Nylon®. In contrast, no byproduct is formed in polyadditions. Here, the most

prominent example are polyurethanes [Lec10].

In chain-polymerizations, the monomers typically contain at least one double or triple bond
whose electrons are used to connect two molecules by forming a new bond [Sul3]. However,
initiators that activate some of the monomers by forming radicals are required to start the
polymerization. The newly formed radical at the monomer then can react with the next

monomer which itself now becomes a radical. Only at these ‘active centers’ other monomers
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can be added to the growing polymer chain. The most common initiators are molecules that
dissociate into radicals when they are exposed to UV-light or heat and are called radical
initiators [Sul3]. In turn, the polymerization is called a radical polymerization. Other initiator
types include anionic initiators, cationic initiators, and coordinative initiators [Tiel4]. Chain-
polymerizations are comprised of three main reaction steps: initiation, propagation, and
termination. For the sake of convenience, the formation of a linear homopolymer with a radical
initiator will be used as an example to explain the three reaction steps. Overall, the three reaction
steps can be distinguished by how the concentration of radicals changes during each step.
During initiation, initiator molecules dissociate into radicals and thus, the concentration of
radicals increases. These radicals then activate the double bonds of the monomers by forming
a new bond with one carbon atom and creating a radical at the other carbon atom. The new
radical, in turn, bonds to the next monomer molecule and thereby continues the process. Figure
2.7 depicts this process for the first few steps with styrene as monomer and

azobisisobutyronitrile (AIBN) as radical initiator.
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Figure 2.7: (top) Dissociation of the radical initiator AIBN by light or heat into two radicals
and nitrogen, (middle) reaction of the monomer styrene with one radical, (bottom) continuing
polymerization with two more styrene monomers.
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These last two steps are still part of the initiation as long as the overall concentration of radicals
still increases. However, the formation of new radicals is always counteracted by radical
recombination where two radicals react and thus eliminate each other. Each of the two radicals
can be located at a large polymer chain, at a smaller oligomer, or still at the original dissociated
initiator. After the polymerization has continued for a certain time, the formation of new
radicals is compensated by radical recombination. Thus, the concentration of radicals remains
constant. This is known as propagation where the overall length of the polymer chains increases.
Once most of the monomer molecules are consumed, radical recombination becomes ever more
likely and thus, the concentration of radicals decreases. This is further supported by the fact that
with ongoing polymerization, the system will run out of initiator molecules at some point. The
final step is known as termination after which the polymerization is finished [Lec10, Sul3,
Tield].

Polymerization Media

Another important factor in any polymerization is the medium in which it takes place.
Polymerizations without a solvent are rarely used because it is virtually impossible to remove
the excess energy created by the exothermic polymerization process. This problem becomes
worse when the viscosity of the solution increases due to the formation of large molecules
during the polymerization. Even for polymerizations that take place in a non-polymerizable
medium, the increase in viscosity during the polymerization can be problematic. The diffusion
of large molecules becomes slower with increasing size. This, in turn, decreases the likelihood
of radical recombination because two large and active polymer chains do not come into contact
with each other anymore. However, since new radicals still form by initiator dissociation and
monomers can still diffuse to the immobile, yet active polymer chains, the exothermic
polymerization gets accelerated. This creates a lot of excess, uncompensated energy that
manifests as a sharp increase in temperature. Overall, this phenomenon is known as the
Trommsdorff/gel effect. To limit the extent of the Trommsdorff/gel effect and to maintain a
comparatively low viscosity during polymerization, the monomer is usually dispersed in H2O
or other media. The two most prominent methods here are emulsion polymerization and
suspension polymerization. In this chapter, they will be explained with styrene as hydrophobic

monomer and H20 as dispersing medium and are depicted schematically in Figure 2.8.
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Figure 2.8: (top) Schematic depiction of emulsion polymerization: The surfactant forms
micelles and stabilizes the styrene droplets. The water-soluble initiator reacts with dissolved
styrene molecules to form oligomers which diffuse into the micelles. More styrene molecules
diffuse into the micelles and thereby continue the polymerization. (bottom) Schematic depiction
of suspension polymerization: Large, suspended styrene droplets also contain the monomer-
soluble initiator. Therefore, the polymerization takes place in the styrene droplets. Note that the
sizes of the droplets, micelles, and surfactant molecules are not to scale.

Other, more special methods such as miniemulsion polymerization, monomolecular plain
polymerization, and interphase polymerization will not be discussed here. For more information
on this subject, the reader is referred to [Lec10]. In emulsion polymerization, the surfactant
plays two roles, i.e. it stabilizes monomer droplets and it forms micelles in H20 (see Figure 2.8
(top left)). As already mentioned, the monomer is hydrophobic, but note that it still has a non-
negligible solubility in H2O. The polymerization is started by a water-soluble initiator and
mainly happens inside the micelles because the number of micelles (~ 108 Lt — 10% L?) is se-
veral orders of magnitude higher than the number of monomer droplets (~ 10%° L™ — 10* L)
[Lecl10, Sul3]. Because of this difference in numbers, it is far more likely that an active polymer
chain and a monomer meet inside a micelle than for an active polymer chain to diffuse into a

monomer droplet. Note that the first reaction steps between the water-soluble initiator and a
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small number of monomer molecules occurs outside the micelles in H,O [Lec10 (page 167)].
When these short molecules grow in size, they become more hydrophobic and diffuse into
close-by micelles (see Figure 2.8 (top left)). Via the surfactant concentration, the number of
micelles can be adjusted which, in turn, controls the size of the resulting polymer globules.
Typically, their size is between 0.05 — 5 um (see Figure 2.8 (top right)). In contrast, the final
globules produced by suspension polymerization are much bigger with sizes between 0.01 —
0.5 cm (see Figure 2.8 (bottom right)). Suspension polymerization does not use surfactants,
though the suspended monomer droplets can be stabilized by protective colloids. Furthermore,
a monomer-soluble initiator is used which means that the polymerization occurs inside the
suspended monomer droplets (see Figure 2.8 (bottom left)). Subsequently, these droplets
solidify over the course of the polymerization and transform into the already mentioned
polymer globules. Because the polymerization takes place in the large monomer droplets, heat
dissipation is more challenging than in emulsion polymerization. This can result in the
emergence of the Trommsdorff/gel effect. To prevent or limit the extent of the Trommsdorff/gel
effect, constant stirring is indispensable [Lec10, Sul3, Tiel4].

Crystallinity of Polymers

Finally, polymers can be differentiated by their mechanical behavior and their response to
temperature. Both factors depend on how the polymer chains are interconnected and if the
polymer is amorphous, crystalline, or a mixture of these two (= semicrystalline). One distinction
is between thermoplastics, thermosets, and elastomers. Before discussing the features of these
three types of polymers, the terms ‘glass transition temperature’ (Tg) and ‘melting temperature’
(Tm) have to be explained. While amorphous polymers show a Tg, crystalline polymers exhibit
a Tm. Semicrystalline polymers show both a Tq and a Tm. When the amorphous part of a
semicrystalline polymer or an amorphous polymer reaches its Ty, it transforms from a glassy
into a rubber-like state. On the other hand, when the crystalline part of a semicrystalline polymer
or a crystalline polymer reaches its Tm, it transforms from a crystalline state into an isotropic
melt. Note that since the size of the amorphous regions or crystals varies, both Tg and Tr, are
not exact temperatures but rather temperature ranges. The temperature ranges at which Tr and
Tm appear, respectively, can be measured by differential scanning calorimetry (DSC) or
differential thermal analysis (DTA). Thermoplastics consist of linear, non-crosslinked polymer
chains and are usually amorphous or semicrystalline. They are frequently soluble in organic
solvents and can be converted into a polymer melt at high enough temperatures. In this state, it
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is possible to re-shape a thermoplastic which will then remain in its new shape once cooled
down again. In contrast, thermosets cannot be re-shaped at all. Even if they are heated up to
several hundred degrees centigrade, they will rather decompose than undergo a Tq or Tm. The
reason for this behavior is that thermosets consist of highly crosslinked polymer networks. This
feature also explains why thermosets cannot be dissolved in any solvent and show no or only
very limited swelling. Both thermoplastics and thermosets respond rigidly when they are
compressed or stretched, while elastomers show — as their name already implies — elastic
behavior. The reason for this is that elastomers have a Tq that lies below room temperature
[Gib97], which means that they are in a rubber-like state. Elastomers consist of amorphous,
lightly crosslinked polymer chains and cannot be molten. Furthermore, they are not soluble in
solvents, but can be swollen by them [Gib97, Lec10, Tiel4].

Polystyrene and Polydivinylbenzene

In this PhD thesis, only styrene and divinylbenzene (DVB) were used as monomers which is
why a closer look is taken at the polymerization of styrene/DVB mixtures. Since DVB has two
vinyl groups, it can be used for crosslinking. Similar to other factors like temperature, initiator
concentration, and type of polymerization, the styrene/DVB ratio affects the kinetics of the
polymerization. Firstly, the rate of polymerization increases linearly by a factor of ~ 2.5 when
one changes from pure styrene to pure DVB [Sto65, Zou90]. Secondly, when both styrene and
DVB are present, it is more likely for DVB to join a growing polymer chain [Sch75]. Thirdly,
in bulk or suspension polymerization, the addition of DVB has an influence on the onset of the
Trommsdorff/gel effect. By crosslinking with DVB, one increases the molecular weight of the
polymers which simultaneously increases the viscosity of the system. Therefore, the gel point
appears at lower conversion rates compared to the polymerization of pure styrene [Sto65]. This
effect is most perceptible below 10 wt.% DVB, while there is essentially no change anymore
above 10 wt.% DVB and the viscosity at a certain conversion rate even slightly decreases above
20 wt.% [Sto65]. The reason for this behavior is the twofold role of DVB during polymerization
which depends on the styrene/DVB ratio. For DVB fractions < 10 wt.%, the chains become
connected chemically and thus, the mechanical stability of the whole polymer system increases
[Hay83, Sun93]. Though, the polymerization is still occurring homogeneously everywhere
[Sto65, Kun68, Wie82]. Above 10 wt.% DVB, on the other hand, the crosslinker becomes a co-
monomer. Now, microgel particles with a net-like structure and a high degree of crosslinking
are formed in the beginning of the polymerization. These structures are separated from each
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other by a pseudo-phase of monomers. Simultaneously, the monomers swell the microgel
particles, thereby continuing the localized, inhomogeneous polymerization. As a rule of thumb,
the extent of swelling decreases with increasing DVB fraction since it becomes increasingly
difficult for molecules to diffuse into the ever more tightly crosslinked structure [Sto65, Kun68,
Wil75, Hil85b]. Only when the polymerization in the microgel particles is finished, they start
to become connected with each other. However, these links between the microgel particles are
mechanically weaker than the interconnections inside them [Wie82] and thus, the copolymer
has a lower mechanical stability than at lower DVB fractions [Sun93]. Summarized, at high
DVB fractions, a sort of phase separation occurs during polymerization [Sto65, Dus67, Kun68,
Wie82, Sun93]. Since the viscosity remains comparatively low during the polymerization of
the microgel particles and only increases significantly once their connection starts, a precise gel
point is observed here [Sto65]. In contrast, a broader gel point exists when the DVB fraction is
lower since the crosslinking and therefore also the increase in viscosity happens more gradually
[Sto65]. The styrene/DVB ratio furthermore determines the probability for intra- versus
interchain polymerization and the fraction of pendant double bonds, i.e. double bonds that
remain unreacted after the polymerization is finished. At low DVB fractions, DVB acts solely
as crosslinker and mainly interchain polymerization occurs. The fraction of pendant double
bonds is very low as nearly all extra vinyl groups are used for crosslinking. At high DVB
fractions, on the other hand, intrachain polymerization inside the microgel particles dominates
over interchain polymerization. Thus, cyclizations occur that prevent a lot of extra vinyl groups
from polymerizing which, in turn, increases the fraction of pendant double bonds [Sto65,
Sop72, Hil85a, Hil85b, Sun93]. Finally, the styrene/DVB ratio influences the glass transition
temperature Tqy. At first, adding DVB to pure styrene increases the Tq. For example, Zou et al.
[Zou90] found that the Tg of crosslinked monodisperse polystyrene beads increases from 104,4
°C to 133 °C when up to 10 wt.% of DVB were added. At higher DVB fractions, no Tq can be
observed anymore since it is impossible to transform a highly crosslinked polymer into a

flowable polymer glass [Wie82].

2.3.2  Porous Polymers

By converting polymers into porous polymers, the spectrum of possible applications broadens
immensely. Porous polymers — or polymer foams as they are often called as well — are part of
the larger group of cellular solids. These colloidal materials consist of a solid continuous phase

and a gaseous dispersed phase. While the gas is typically air, a wide range of solids like metals,
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ceramics, glasses, and polymers can be used to create a cellular solid. Though this chapter
focusses solely on porous polymers, the reader can find information on cellular solids with other
materials in Gibson et al. [Gib97]. The properties of porous polymers are given by (a) the
chemistry of the polymer, (b) the volume fraction of the dispersed phase ®gs, and (c) the
morphology. As for the chemistry of the polymer, the chemical composition of the polymer —
i.e. the type of monomer(s) — is not solely decisive. Factors like the degree of crystallinity, the
degree of crosslinking, and the extent of the chain length distribution of the polymer play their
parts as well. The volume fraction of the dispersed gas ®gss, i.e. how much gas is dissolved in
the polymer matrix, is closely related to the relative density of the porous polymer prel and the

porosity of the porous polymer P. It holds

p 1
Drel = porous polymer (2.17)
ppolymer

With pporous polymer @Nd ppolymer beiNg the density of the porous polymer and the polymer,

respectively. In turn, P is calculated from prel Via

P =1=pre- (2.18)

When neglecting the mass of the dispersed gas mgas, prel and P can easily be expressed with
Dges. It holds,

Pre1t = 1 — (Dgas (2.19)

and

P =g (2.20)

A detailed derivation of how ®gs relates to prer and P is given in the Appendix in Section 6.1
(@). The ‘morphology’ summarizes all characteristic features that are associated with the
structure. These are the average pore size and pore size distribution, the pore shape, the texture
and thickness of the pore walls, and the interconnectivity of the pores. The last term describes
whether the pores are connected by windows or closed off from each other and what size the
windows have. Note that while this PhD thesis uses the terms ‘pores’ and ‘windows’, other
works [Gib97, Lan95, Lee07, Mil07] use the terms ‘cells’ for the larger voids and ‘pores’ for
the interconnections between these voids, respectively. Furthermore, note that the pore size sub-

divides porous polymers into macroporous polymers (pore width > 50 nm), mesoporous
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polymers (2 nm < pore width < 50 nm), and microporous polymers (pore width <2 nm) [Eve72,

Bur76]. In this PhD thesis, only macroporous polymers were synthesized [Gib97, Lan95].

Applications of Porous Polymers

Since porous polymers display a broad range of properties different from their bulk
counterparts, this opens up numerous different applications and explains their widespread use.
The most important benefit of porous polymers is that they are much lighter than the bulk
polymer. However, porous polymers can still exhibit a substantial mechanical stability which
is why they are widely used as packaging materials where they protect commodities from
physical damage by absorbing impact energy. Apart from commodities, it is also possible to
protect body parts with porous polymers which is used in protective sports gear like shin guards
for football players or helmets for cyclists, construction workers, skiers, etc. If a porous polymer
is more elastic than stiff, it can be utilized for applications that involve cushioning like cushions
or the sole of running shoes. Another property of porous polymers is their insulation potential
that depends on the interconnectivity of the pores. Open-pore porous polymers are used for
acoustic insulation. While sound waves can enter the porous polymer, they cannot leave it on
the opposite side and instead get damped by the pore walls. On the other hand, closed-pore
porous polymers are used for thermal insulation. Convection from one side to the other is
suppressed by the porous structure by repeated absorption and reflection at the pore walls.
While the polymer might have a non-neglectable heat conductivity, the volume fraction of the
porous polymer ®poiymer is usually low compared to ®gss. The gas itself has virtually no heat
conductivity. Thermal insulation is employed in buildings to reduce energy costs and for the
refrigeration of food and chemicals. Another type of insulation for which both open-pore and
closed-pore porous polymers can be used is electric insulation. Similar to thermal insulation, it
relies on the virtually non-existing electric conductivity of the gas inside the porous polymer.
Closed-pore porous polymers can also be utilized for their buoyancy since water cannot
penetrate the porous polymer and the density of the porous polymer is lower than the density
of water. Water wings for small children or additional floating support for water vehicles are
areas of application. Another field of application for open-pore porous polymers are filters and
water-repellent membranes. In filters, a liquid or gas flows through the open-pore structure
which causes a retardation or even retention of some of the components. This method is used
for the treatment of tap water or in gas masks. Water-repellent membranes are employed in
breathable fabrics or shoes. While liquid water cannot enter from the outside because of the
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hydrophobicity of the polymer, air can pass through the material freely [Gib97, Lan95, Lee07,
Mil07].

Foaming Techniques

An important aspect of porous polymers is the manner in which the gas is introduced into the
polymer, i.e. how they are foamed. Here, three basic methods can be distinguished: mechanical,
physical, and chemical foaming. In general, the continuous phase has to be a liquid in order to
allow gas to be inserted and dispersed. Therefore, the gas is either introduced before the
polymerization, i.e. into a monomeric solution, or the polymer is molten. Once the gas bubbles
have formed and stabilized, a solid porous polymer is obtained by polymerization or cooling
down, respectively. A straightforward foaming technique is mechanical foaming where the
continuous phase is simply stirred or frothed intensively to submerse air into it and to break up
this air into bubbles. As for physical foaming, both inert gases and liquids with a low boiling
point can be used. Inert gases like N2 or CO are solubilized in a polymer melt at high
temperatures and high pressures. By releasing the pressure and cooling down, the inert gas
forms bubbles which are simultaneously immobilized by the solidifying polymer. Foaming with
liquids with a low boiling point works similarly. The polymer melt is mixed with the liquid
blowing agent which remains liquid even at high temperatures because of high pressure. When
the pressure is released, the blowing agent vaporizes and thus forms gaseous bubbles. Finally,
the melt is cooled down again to solidify the polymer. Initially, chlorofluorocarbons (CFCs)
were used as blowing agents. After their ban, hydrocarbons like butane and pentane were
chosen as replacement. However, the drawback of these compounds is that they are flammable
and explosive. In chemical foaming, the blowing agent is formed either (a) during the heating
of the reaction mixture or (b) during polymerization. In the first case, additives are mixed into
the monomer solution or polymer melt which decompose and release a gas at higher
temperatures. In the second case, a byproduct is formed during polymerization which can act
as a blowing agent. For example, if the temperature and pressure are adjusted to appropriate
levels, i.e. to above 100 °C and atmospheric pressure, the byproduct of most polycondensations,

H>0, can act as blowing agent [Lan95, Mil07].
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Mechanical Properties of Porous Polymers

As already mentioned, the mechanical properties of porous polymers play a crucial role for their
applications. In applications such as packaging/protection, insulation, or floatation, the
mechanical properties are important since the material will always have to resist some kind of
stress. The mechanical behavior is primarily determined by the relative density prel f the porous
polymer, secondarily by the chemistry of the polymer, and marginally by other factors that
include the temperature, the type of gas, the strain rate, and anisotropy. Anisotropy can here
describe morphological anisotropy like pore size and shape, structural anisotropy like the
existence of pore size gradients, or material anisotropy [Gib97]. The two most important
mechanical characteristics of porous polymers are the Young’s Modulus E and the yield
strength oys. To determine these parameters, stress-strain-curves of porous polymers are
measured, where the mechanical response of a porous polymer is recorded by a load cell (&
force censor) while being compressed via a hydraulic press. Depending on the progression of

the stress-strain-curve, three general types can be distinguished: elastomeric, elastic-plastic, and

elastomeric elastic-plastic
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Figure 2.9: Schematic stress-strain-curves of (top left) an elastomeric porous polymer, (top
right) an elastic-plastic porous polymer, and (bottom left) an elastic-brittle porous polymer.
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elastic-brittle. Their stress-strain-curves are drawn schematically in Figure 2.9. All three types
of stress-strain-curves run through (a) a linear elastic region, (b) a plateau region, and (c) a
densification region with increasing strain. The linear elastic region and the densification region
look alike for all three types (see Figure 2.9 (top left a and c, top right a and c, and bottom left
a and c)), while the main difference lies in the shape of the plateau region (see Figure 2.9 (top
left b, top right b, and bottom left b)). In the linear elastic region, the stress o increases
proportionally with the strain €. This region is dominated by the bending of pore walls (open-
pore) / stretching of pore faces (closed-pore) and the performed compression is usually
recoverable, i.e. the porous polymer will return to its original shape once the compression is
stopped. Here, the Young’s Modulus E is determined via the slope of the stress-strain-curve
(see Figure 2.9 (top left E, top right E, and bottom left E)). It holds for the stress

F
= — 2.21
o= (2.21)

with F being the force acting upon the porous polymer and A being the area upon which the

compression is put. It holds for the strain

AR

=0 (2.22)

€

with Ah being the difference in height and ho being the initial height of the porous polymer.
Thus, it holds

o F/A_Fho

E=—= =
Ah .
€ /ho A-Ah

(2.23)

The higher the value of E is, the more rigid is the porous polymer. Note that in order to obtain
accurate results, the initial height ho of the porous polymers ought to be neither to large nor to
small compared to the diameter or width/length of the examined sample. Furthermore, the
sample ought to have dimensions at least 20 times greater than the average pore size to avoid
size effects [Mil07]. For porous polymers, Eporous polymer 1S typically in the order of ~ 1 MPa,
though Eporous polymer Can be as low as ~ 10~ MPa for elastomeric porous polymers. For example,
porous polystyrene with p =50 kg m™ has a Eporous polystyrene = 2.8 MPa and porous polystyrene
with p =100 kg m™ has a Eporous polystyrene = 4.8 MPa [Rin71]. In contrast, the Young’s Modulus
of the bulk polymer Epolymer usually is ~ 10 MPa. For non-porous polystyrene with p = 1050
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kg M3, Epolystyrene = {1400-3000} MPa [Gib97, page 57]. For open-pore porous polymers, the
ratio between Eporous polymer aNd Epolymer 1S proportional to the squared relative density prer. It holds

2

E p

porous polymer 2 porous polymer

E = Cc - prei” = Cc - (2.24)
polymer Ppolymer

with Cc being the proportionality constant which is typically = 1. For closed-cell porous
polymers, an equation similar to equation (2.24) exists, although it is more complex. While
equation (2.24) only takes into account pore edge bending, for closed-cell porous polymers pore
face stretching and gas compression inside the pores also contribute to the mechanical behavior.
It holds

Eporous polymer

, po(1 —2v™)
= Clq)zprelz + C; 1- q))prel + -

. 2.25
Epolymer Epolymer(l - prel) ( )

Similar to equation (2.24), C1 and C:  are proportionality constants which are both = 1. ® is the
fraction of the polymer that comprises the pore edges and thus (1 — @) represents the fraction
of the polymer residing in the pore faces. po is the initial gas pressure and v* is the Poisson’s
ratio which is a measure for the “negative ratio of lateral to axial stress” [Gib97, page 187], in
other words how much the pores get stretched perpendicular to and get compressed parallel to
the direction of loading. For more information on the derivation of equation (2.25), the reader
is referred to Gibson et al. [Gib97, pages 192-197]. At the end of the linear elastic region which
is typically at a maximum strain of € = 5%, the stress-strain-curve crosses over into the plateau
region. At this transition, the yield strength oys is determined (see Figure 2.9 (top left oys, top
right oys, and bottom left oys)). oys ranges between 102 MPa and 10"t MPa for porous polymers
and between 10* MPa and 102 MPa for bulk polymers. For example, porous polystyrene with p
=50 kg m™ has a oys = 0.027 MPa and porous polystyrene with p = 100 kg m= has a oys = 0.062
MPa [Rin71]. For non-porous polystyrene with p = 1050 kg m=, oys = {30-35} MPa [Gib97,
page 57]. oys is @ measure for the maximum stress to which the porous polymer can be
compressed elastically. In the plateau region, though ¢ is successively increased, ¢ remains
more or less constant because pore collapse circumvents an increase of . For elastomeric
porous polymers, pore collapse occurs via elastic buckling of the pore walls and is recoverable.
In contrast, pore collapse for elastic-plastic and elastic-brittle porous polymers is irreversible.
For elastic-plastic porous polymers, pore collapse occurs via plastic hinges that eventually give
way to strain, while for elastic-brittle porous polymers, brittle crushing of the pore walls takes

place. Eventually, the stress-strain-curve reaches the densification region once all pore walls
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have collapsed. Now, a compression of the solid polymer starts which leads to an abrupt and
steep increase in o. Other, more specialized mechanical properties like shear modulus,
compressive stiffness, bending stiffness, or torsional stiffness to name but a few exist as well,
but are not discussed here. Commonly, porous polymers are only used for their properties in

compression, while stretching of porous polymers is rare. [Gib97, Mil07]

Porous Polystyrene

Like in Chapter 2.3.1, a closer look will be taken at porous polymers consisting of the monomers
styrene and DVB. Typically, the fraction of DVB is very low (< 1 %) or even zero as too much
DVB would make foaming of the molten polymer impossible. Porous polystyrene (PS) is a
light-weight material with closed pores, a low thermal conductivity, and a high water resistance.
This is why it is used in packaging, thermal insulation, and buoyancy products [Lan95, Lee07,
Mil07]. The two commercially most prominent types of porous PS are expanded polystyrene
(EPS) and extruded polystyrene (XPS). EPS is manufactured via suspension polymerization of
styrene that contains ~ 5 — 7 wt.% of pentane as chemical blowing agent. Pentane decreases the
Ty of PS from ~ 100 °C to ~ 60 °C, thus enabling the expansion of the PS beads by the
volatilization of pentane when the mixture is heated above the boiling temperature of pentane
[Lan95, Mil07, Tiel4d]. XPS is produced by first melting PS, secondly adding a blowing agent,
and thirdly putting the mixture under elevated temperature and pressure. Extruding the mixture
leads to a decrease in pressure which volatilizes the blowing agent and a decrease in temperature

which solidifies polystyrene [Lan95].

2.4 Templating Routes

A more specialized and indirect way of producing macroporous polystyrene in particular and
of macroporous polymers in general is the use of templates. The reason for this detour is that it
is easier to control and manipulate the structure of the template than to induce the desired
structure/morphology by direct foaming. Obviously, the structure of the template has to be
retained in the final macroporous polymer in order for this technique to be effective. At first,
an emulsion or a liquid foam is formed which acts as the template for the macroporous polymer.
The continuous phase is or contains the precursor for the solid polymer, i.e. the liquid monomer
or the dissolved polymer. In turn, the droplets or bubbles of the dispersed phase act as

placeholders for the future pores. After the formation of the template, it is solidified to fixate
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its structure. Solidification is achieved by polymerization (monomers) or gelation (polymers).
Note that when emulsion templates are used, an additional drying step which removes the
dispersed droplets is necessary. Figure 2.10 schematically depicts the synthesis of a porous

(hydrophobic) polymer via a water-in-monomer template.
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Figure 2.10: Schematic depiction of the synthesis of a porous (hydrophobic) polymer via a
water-in-monomer emulsion template.

In both foam and emulsion templating, the gas/liquid or liquid/liquid interface has to be
stabilized by a surfactant for at least as long as it takes to solidify the template. Therefore, no
hydrophobic monomers/polymers can be used in foam templating since no surfactants that can
stabilize gas-in-oil (g/0) interfaces exist. In contrast, surfactants that stabilize g/w, o/w, or w/o
interfaces are well-known. In order to be able to produce highly porous materials, the volume
fraction of the dispersed phase ®gisp is much higher than the volume fraction of the continuous
phase ®cont. As was already described in Section 2.1 (Figure 2.3), polydisperse (or
monodisperse and disordered) droplets/bubbles become close-packed at ®gisp = 64 vol%
[Drel5]. For monodisperse and ordered droplets/bubbles, the packing limit is ®gisp = 74 vol%.
When Dyisp > 64 vol% or Dgisp > 74 vol%, respectively, the droplets/bubbles lose their spherical
shape and get deformed. In this PhD thesis, monodisperse water-in-styrene/DVB HIPEs were
produced via microfluidics and consequently polymerized and dried to end up with
monodisperse macroporous polystyrene/poly-DVB. Therefore, the next paragraph is about the
development of (1) emulsion templating with polydisperse water-in-styrene/DVB emulsions

and of (2) monodisperse foam/emulsion templating.

Though Bartl et al. published their study on what they called “umgekehrte Emulsionen”
(German, in English “reversed emulsions™) as early as 1962 [Bar62], it took until 1985 for
Barby et al. to file for a patent on the preparation of “low density porous crosslinked polymeric
materials” [Bar85]. In the following decades, the research groups of Williams [Wil88a, Wil88b,

Wil89, Wil90a, Wil90b], Sherrington and Cameron [Hai91, Cam96, Cam97, Bar00, Cam00,
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Camo05, Kim11], and Silverstein [TaiOla, TaiOlb, Sil05, Sill14] advanced the science of
emulsion templating with styrene and DVB as the main monomers enormously. They
investigated the influence of the surfactant, of the monomer/crosslinker ratio, and of ®gisp ON
emulsion stability, morphology, and pore size. Moreover, they investigated the effect of
additives like additional porogens or other co-monomers on the morphology of macroporous
polystyrene and measured their mechanical behavior. Figure 2.11 shows a scanning electron
microscope (SEM) picture of macroporous polystyrene synthesized with emulsion templating
by Barbetta et al. [Bar00].

l-'

Figure 2.11: Scanning electron microscope (SEM) picture of macroporous polystyrene that
was synthesized via emulsion templating by Barbetta et al. This Figure was copied from
[Bar00]. Order License ID: 1096628-1.

Parallel to the development of emulsion templating, advances in microfluidics enabled
researchers to produce monodisperse emulsions or foams. Talha Gokmen et al. used a
monodisperse HIPE where the dispersed phase was polymerized to end up with monodisperse
particles [Tal09]. In contrast, by solidifying the continuous phase and — if necessary — removing
the dispersed phase, monodisperse porous materials were achieved from monodisperse foam
templates [Cho09, Chu09, Linll, Wanll, Sunl2] or from a monodisperse oil-in-water
emulsion template [Cos14]. Combining water-in-styrene/DVB emulsion templating with
microfluidics, Quell et al. produced monodisperse macroporous polystyrene [Quel5, Quel6a,
Quel6b, Elsl7, Quel7a, Quel7b]. A schematic depiction of the synthesis route was already

displayed in Figure 1.1. The most striking result was that the type of initiator — monomer-
-39 -



soluble or water-soluble — has an immense impact of the morphology. With monomer-soluble
azobisisobutyronitrile (AIBN), (a) spherical pores, (b) an open-pore structure, and (c) porous
pore walls with (d) smooth pore surfaces were obtained (see Figure 2.12 (bottom)). In contrast,
with water-soluble potassium peroxodisulfate (KPS), (a) polyhedral pores, (b) a closed-pore
structure, and (c) a three-layered pore wall with (d) small globules on the pore surfaces were
obtained (see Figure 2.12 (top)). In Figure 2.12, the styrene/DVB mass ratio in the water-in-
styrene/DVB HIPE was 50/50, the surfactant mass fraction was 10 wt.%, and the initiator molar

fraction was 1.28 mol%. This composition was used in all works of Quell et al.

Figure 2.12: SEM pictures of macroporous PS/polyDVB obtained from monodisperse water-
in-styrene/DVB HIPEs where the initiator was either (top row) water-soluble KPS or (bottom
row) monomer-soluble AIBN. This Figure was copied from [Quel7b]. Reprinted with
permission from Quell, A.; Sottmann, T.; Stubenrauch, C.; Diving into the Finestructure of
Macroporous Polymer Foams Synthesized via Emulsion Templating: A Phase Diagram Study,
Langmuir 2017, 33, 537-542. Copyright (2021) American Chemical Society.

Note that the polyhedral pores appear as hexagons in two-dimensional (2D) scanning electron
microscopy (SEM) pictures, while they more or less resemble rhombic dodecahedrons in three
dimensions (3D). Further note that with both types of initiator, the pores remain close-packed.
For monomer-soluble AIBN, the pore openings can be explained by the shrinkage of the
continuous phase when styrene/DVB (p ~ 0.94 g cm™®) polymerizes to polystyrene/poly-DVB
(p ~ 1.05 g cm™) and consequently ruptures at its thinnest points, the films [Cam96]. Except for
the pore openings, the template structure is essentially retained with monomer-soluble AIBN.
With water-soluble KPS, however, two main questions arise: (1) why do the spherical droplets

transform into polyhedral pores when the continuous phase is polymerized. Note that for a given
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volume, the surface area of a rhombic dodecahedron is ~ 10.5% larger than that of a sphere (see
Appendix Section 6.1 (b)). Therefore, a mechanism/force exists that increases the interfacial
area and thereby counteracts the capillary pressure. The second main question is (2) why the
pore walls are made up of three layers where the two outer layers appear dark and the inner
layer appears lighter in SEM pictures. Quell et al. answered both questions with one
explanation, namely osmotic transport of DVB from the Plateau borders into the films [Quel6b,
Quel7a, Quel7b]. According to Schwachula, it is more likely for DVB to be built into the
polymer than for styrene. This means that in the beginning of the polymerization, the decrease
of the DVB concentration is greater than the decrease of the styrene concentration [Sch75].
Additionally, since the polymerization starts at the water/monomer interface when water-
soluble KPS is used, the decrease of the DVB concentration occurs more extensively in the
films compared to the Plateau borders. Therefore, a DVB concentration gradient between the
films and the Plateau borders arises because of which DVB molecules diffuse from the Plateau
borders into the films. As a consequence, the size of the Plateau borders decreases, while the
size of the films increases resulting in the hexagonal shape of the pore cross-sections. The three-
layered pore walls were explained by Quell et al. with two outer, poly-DVB-rich layers and an
inner, polystyrene-rich layer. Experiments conducted by Quell et al. [Quel6b, Quel7a] were in
line with their hypothesis, though a quantitative way to describe the osmotic transport was
missing. This is where this PhD thesis starts.
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3 Results and Discussion

3.1 Disproof of Osmotic Transport

Assuming that osmotic transport of DVB as described previously at the end of Section 2.4 is
indeed responsible for the transformation of spherical droplets into polyhedral pores, one can
draw the following two conclusions: (1) If the styrene/DVB mass ratio was systematically
changed from 50/50 towards pure styrene, the extent of osmotic transport of DVB would
decrease because the concentration gradient of DVB between the Plateau borders and the films
would be lower. If the extent of osmotic transport of DVB decreases, (1a) the shape of the 2D
pore cross-sections ought to change from hexagonal to more circular (polyhedral to more
spherical for 3D pores). Simultaneously, (1b) the diameters of the layers inside the pore walls
ought to change as well. When the styrene/DVB mass ratio is varied towards pure styrene, the
diameter of the outer layers touter 1ayer (SUppOSed to be polyDVB-rich) ought to decrease, while
the diameter of the inner layer tinner 1ayer (SUpPOSed to be PS-rich) ought to increase. In Section
3.1.1, the styrene/DVB mass ratio was varied in steps of 10 wt.% from 50 wt.% styrene
(styrene/DVB mass ratio = 50/50) to 90 wt.% styrene (styrene/DVB mass ratio = 90/10). From
now on, the styrene mass fraction Pstyrene / Wt.% will be used instead of styrene/DVB mass ratio
to avoid confusion. Note that it is not possible to polymerize a water-in-(pure) styrene HIPE as
it disintegrates into two separate phases during the early stages of solidification. Further note
that when Bstyrene 1S decreased towards 10 wt.% instead of increasing it towards 90 wt.%,
analogous results are expected. Here, the shape of the 2D pore cross-sections ought to become
more circular as well since the continuous phase mainly consists of DVB, i.e. the extent of
osmotic transport of DVB ought to decrease, too. Simultaneously, the thickness of the outer
layer touter 1ayer OUght to increase and the thickness of the inner layer tinner layer OUght to decrease.
In Section 3.1.1, only the change from 50 wt.% styrene to 90 wt.% styrene will be discussed in
detail, while the change from 50 wt.% styrene to 10 wt.% styrene will be presented via selected
samples in the Appendix in Section 6.2 (a).

The second conclusion that can be drawn if one believes in the existence of osmotic transport
of DVB is connected to the KPS mass fraction Bkps. (2) When Bkps is increased from its initial
2.98 wt.%, the polymerization is sped up. Therefore, there ought to be less time for the
comparatively slow diffusion process (osmotic transport of DVB). Thus, (2a) the shape of the
2D pore cross-sections should be more circular and (2b) the apparent visual difference between
outer and inner layer should be less pronounced. When Bkps is decreased from its initial 2.98

wt.%, it is not immediately clear what should happen, i.e. if the 2D pore cross-sections remain
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hexagons or if they are transformed into some other shape. The corresponding experiments will
be discussed in Section 3.1.2. Note that Quell et al. [Quel5, Quel6a, Quel6b, Els17, Quel7a,
Quel7b] used initiator molar fractions Yinitiator 2, While in this PhD thesis initiator mass fractions
Binitiator > Were used. Thus, the values of Quell et al. were converted to Binitiator (€.2. yxps = 1.28
mol% corresponds to Brps = 2.98 Wt.% * and yaisn = 1.28 mol% corresponds to Bain = 1.82
wt.%) as described in the Appendix in Section 6.1 (c). Overall, the intention behind the variation
of both Bstyrene and Pkps Was two-fold. The first purpose was to test the hypothesis of osmotic
transport of DVB. The second purpose was to collect more data about the morphology of the
polymerized monodisperse water-in-styrene/DVB HIPEs and to ideally develop a more
quantitative description of the osmotic transport of DVB. The results of Section 3.1 were also
published in a paper in Colloid and Polymer Science [Koc20].

3.1.1  Variation of Styrene Mass Fraction PBstyrene

In this Section, Pstyrene OF the water-in-styrene/DVB HIPEs was varied from 50 wt.% to 90 wt.%
in steps of 10 wt.%. Prps was set to a constant value of 2.98 wt.% and Psurfactant (Mass surfactant
divided by combined mass of monomers styrene and DVB) was set to a constant value of 10
wt.%. For a better overview, the corresponding mass fractions are listed in Table 3.1.

Table 3.1: Type of initiator, Bstyrene, Binitiator, and BsUrfactant of the samples. Bstyrene was Varied,
while Binitiator and Psurfactant Were kept constant.

Type of Initiator Bstyrene / Wt.% Binitiator / Wt.%0 Bsurfactant / Wt.%
water-soluble KPS 50 2.98 10
water-soluble KPS 60 2.98 10
water-soluble KPS 70 2.98 10
water-soluble KPS 80 2.98 10
water-soluble KPS 90 2.98 10
monomer-soluble AIBN 50 1.82 10
monomer-soluble AIBN 70 1.82 10
monomer-soluble AIBN 90 1.82 10

For the sake of comparison, some samples were synthesized with the monomer-soluble AIBN

as initiator. The corresponding mass fractions are also listed in Table 3.1. The way in which the

2 yinitiator 1S Calculated by dividing the molar amount of the initiator by the combined molar amount of the monomers
styrene and DVB.

3 Binitiator is calculated by dividing the mass of the initiator by the mass of the solvent.

4 The conversion was calculated with m(styrene) + m(DVB) = m(H20). Quell et al. always used this mass ratio for
their samples as well [Quel5, Quel6a, Quel6b, Els17, Quel7a, Quel7h].
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Figure 3.1: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bkps = 2.98 wt.%, Psurfactant = 10 wt.%, and
Bstyrene = 50 Wt.%, = 60 wt.%, = 70 wt.%, = 80 wt.%, and = 90 wt.%. The magnifications are

100-fold (left column), 500-fold (middle column), and 1000-fold (right column).
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samples were synthesized, polymerized, and processed is described in the Experimental
Section. In Figure 3.1, the SEM pictures of the KPS samples from Table 3.1 are presented with
a 100-fold (left column), a 500-fold (middle column), and a 1000-fold magnification (right
column). Looking at Figure 3.1, one instantly sees — contrary to the expectations — that the
shape of the 2D pore cross-sections is not becoming more circular when Bstyrene IS increased
from 50 wt.% to 90 wt.%. Instead, the shape of the 2D pore cross-sections appears to be even
more “angular”, i.e. it deviates even more from a circular shape. The left column of Figure 3.1
indicates that this observation is not due to a failure of the templating method since the pores

are still close-packed and fairly monodisperse.

For the templating method to be fully successful, the size of the pores has to be same as the size
of the preceding droplets. For both the water droplets and the pores, the diameter d was

calculated via the area A of the 2D cross-sections. For circles, it holds

A
d=2-r=2-\/:, (3.1)
Tt

with r being the radius. Equation (3.1) was used to calculate ddroplet and dpore. This means that
although the shape of the pore cross-sections is not circular, dpore Was calculated as if the pore
cross-sections were circular. Thus, the calculation of dpore cONntains a systematic error. However,
the “correct” diameter of the hexagonal 2D pore cross-sections is not clear. The distance edge-
to-edge, the distance corner-to-corner, or an average of the first two can all be viewed as viable
definitions for the diameter of a hexagon. In any case, the relative differences between these
three values and the calculation via equation (3.1) are comparatively small as can be seen in the
exemplary calculations in Appendix Section 6.1 (d). If the shape of the 2D pore cross-sections
is modified from a hexagon, the determination of dpore Via the edges and/or the corners becomes
impossible. Therefore, the calculation of dyore that was used in this PhD thesis is a reasonable
compromise because the occurring error is not significant. In Figure 3.2, the average diameter
of the water droplets daropler (black circles) in the water-in-styrene/DVB HIPEs before
polymerization and the average diameter of the pores dpore (White squares) in the macroporous

PS/polyDVB samples after polymerization are plotted as function of Bstyrene.
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Figure 3.2: Average emulsion droplet diameter daropiet (black circles) and average pore diameter
dpore (pink squares) as function of Bstyrene for macroporous PS/poly-DVB at Pkes = 2.98 wt.%
and PBsurfactant = 10 Wt.%.

Figure 3.2 shows that the polymerization slightly changes the average diameter and decreases
the monodispersity. Before polymerization, daropiet is always ~ 72 pm and the water droplets are
very monodisperse since the standard deviation (black error bars in Figure 3.2) isonly 1 — 2
pm. In contrast, after polymerization the standard deviation of dpore has increased to values
between 8 — 12 um. Though this means that the polydispersity increases during polymerization,
the pores are still far from being actually polydisperse. Concerning the change in average
diameter from daroplet t0 dpore, no continuous trend could be found. For Bstyrene = 60 Wt.%, dpore IS
smaller than daropiet. For all four other Bstyrene, NOWeVer, dpore IS larger than daropiet. The extent of
the increase is very small for Bstyrene = 70 wt.%, a little larger for Bstyrene = 50 wt.% and PBstyrene =
80 wt.%, and largest for Bstyrene = 90 Wt.%. For all five samples, dyore is nevertheless always still
in the range of daropiet. Figure 6.1 in the Appendix Section 6.2 (a) shows the development of the
morphology of macroporous PS/polyDVB where Bstyrene Was lower than 50 wt.%. At first
glance, the 2D pore cross-sections remain hexagons independent of Pstyrene. Overall, the results
from Figure 3.1 and Figure 6.1 are contrary to what should have happened if osmotic transport
of DVB was the reason for the transformation from spherical droplets to polyhedral pores.
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When instead of KPS the monomer-soluble initiator AIBN is used, the 2D pore cross-sections
are always circular. This can be seen in Figure 3.3 where the SEM pictures of macroporous
PS/polyDVB samples that were polymerized from monodisperse water-in-styrene/DVB HIPEs
with AIBN as initiator are displayed. Baien was set to a constant value of 1.82 wt.%, Bsurfactant
was set to a constant value of 10 wt.%, and Bstyrene Was 50 wt.%, 70 wt.%, and 90 wt.%. The
magnifications in Figure 3.3 are 100-fold (left column), 500-fold (middle column), and 1000-
fold (right column).

“f: 50 wt.% styrene t‘(\

Ko \,«\ o ~ R
i

90 wt.% styrene & :

™\
— = A
<
3 / }

Figure 3.3: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Baisn = 1.82 wt.%, Bsurfactant = 10 wt.%, and
Bstyrene = 50 wt.%, = 70 wt.%, and = 90 wt.%. The magnifications are 100-fold (left column),
500-fold (middle column), and 1000-fold (right column).

In all cases, the pores are close-packed, fairly monodisperse, and interconnected in Figure 3.3.
Figure 3.4 depicts daropier (black circles) before polymerization and dpore (pink squares) after

polymerization of these samples as function of Bstyrene.
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Figure 3.4: Average emulsion droplet diameter daropiet (black circles) and average pore diameter
dpore (pink squares) as function of Bstyrene fOr macroporous PS/poly-DVB at Bstyrene = 1.82 wt.%
and Bstyrene =10 wt.%.

As was already the case in Figure 3.2, ddropiet ~ 72 um for all samples and the droplets are very
monodisperse with standard deviations of only 2 um. After polymerization, the standard
deviation increases to values between 6 — 8 pm, meaning that the pores are still fairly
monodisperse, and dpore has also increased compared to daropiet. The reason for this increase
might be that the water droplets are more susceptible to Ostwald ripening compared to water
droplets that contain a water-soluble salt, namely KPS (see Section 2.1). Overall, it is evident
that changing PBstyrene has little to no effect on the morphology when AIBN is used as initiator,
while the morphology changes considerably as function of Bstyrene When KPS is used as initiator
(see Figure 3.1).

Shape of Pore Cross-Sections: Shape Factor S

Although it is obvious from Figure 3.1 that the 2D pore cross-sections are not becoming more

circular when Bstyrene is increased, it would be helpful to have a quantitative value to express

how “circular” or “angular” the 2D pore cross-sections are. To achieve this, the ratio between

the circumference C and the area A of a pore cross-section are taken into account. Since a circle
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has the lowest circumference-to-area ratio, this value is lowest for a circle and then increases
when the shape gets more angular. The idea for such a quantitative value stems from foam
science where something analogous is done in 3D with the surface area and volume of foam
bubbles [Kra04, Hil04, Kra05, Kra06, Drel5]. Though only the 2D circumference C and area
A of the pore cross-sections are used in this PhD thesis, the result can be taken as a
representative for the 3D pores. An exemplary picture on how C and A were determined in one
sample via the image processing software ImageJ is presented in Appendix Section 6.2 (b),
Figure 6.2 (left)). However, the ratio between C and A is not taken directly, but two alterations
are undertaken. Firstly, since C scales linearly and A quadratically with size, the ratio between
them depends on the size of the pore cross-sections. To avoid this, the square root of A is used
instead of A. For a geometric circle, it holds

C. 2mr 4m?r?
circle _ — — = Vit =2 -/t ~ 3.545. (3.2)
\/Acircle \/T[rz e

Next, the result of equation (3.2) is inverted to serve as a normalizing factor. This constitutes
the second alteration and yields the final form to describe the shape of the 2D pore cross-

sections. In this PhD thesis, this value is denominated “shape factor S”. It holds

= 1 C
2w VA

3.3)

For a circle, S =1 (see Figure 3.5 (bottom left)). For a geometric hexagon, S can be calculated

from its circumference Chexagon and its area Anexagon. It holds

Chexagon =6-a (3.4)
and
3.3
Apexagon = 5 a? (3.5)

with a being the length of one edge of the hexagon. Thus,

36a? -2

1 6a 6
S — . = = ~ 1.050.
hexagon = 57— T \/41_[ 3v3 . g2 \/ 3 (3.6)
N
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Consequently, S ought to be ~ 1.05 (see Figure 3.5 (middle left)) for the hexagonal shapes found
in the 2D pore cross-sections in Figure 3.1. For shapes that are distorted from a hexagon, S >

1.05 (see Figure 3.5 (top left)). Figure 3.5 (right) depicts S as function of Bstyrene.

S>1.05 _
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Figure 3.5: (left) Exemplary values of the shape factor S for a sphere (bottom), a hexagon
(middle), and a distorted hexagon (top). (right) S as function of Bstyrene fOr macroporous PS/poly-
DVB at BKPS =298 wt.% and Bsurfactant =10 wt.%.

When Bstyrene IS increased, S increases from ~ 1.09 = 0.04 for Pstyrene = 50 Wt.% to ~ 1.34 £ 0.13
for Pstyrene = 90 Wt.%. Thus, Figure 3.5 (right) quantifies the observations from Figure 3.1, i.e.
that increasing Pstyrene leads to more “angular” pore cross-sections. Note that S is not exactly
1.05 for the apparent hexagons at Pstyrene = 50 Wt.% or Bstyrene = 60 Wt.%. Instead, S ~ 1.10. This
can be explained by looking at the middle and right column of Figure 3.1. The 2D pore cross-
sections are not geometric hexagons with perfectly straight edges, but the edges are somewhat
distorted. Thus, C is larger than that of a hexagon, while A stays more or less constant. As a

consequence, the ratio between C and A is also larger and thus S > 1.05.

Thickness of Pore Wall and Layers

As already mentioned, the development of the shape of the 2D pore cross-sections is
incompatible with the results that should have been obtained when osmotic transport of DVB

was responsible for the transformation from spherical droplets to polyhedral pores. Another
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logical consequence of this hypothesis was that the thickness of the supposedly polyDVB-rich
outer layers touter 1ayer OUght to decrease and the thickness of the supposedly PS-rich inner layer
tinner 1ayer ought to increase when Bsyrene 1S Increased. From Figure 3.1, it is not possible to
determine the development of the thickness of the pore wall tpore wall, touter layer, @Nd tinner layer S
function of Psyyrene. The magnification in the left column of Figure 3.1 is not high enough to
directly measure the thicknesses and the middle and right column of Figure 3.1 only show a
small section of the sample. Therefore, tpore wall, touter layer, aNd tinner 1ayer Were determined using a
SEM picture of the whole sample and consequently zooming in at various locations. An
example of this method is presented in Appendix Section 6.2 (b), Figure 6.2 (right). By
determining the desired length perpendicular to the direction the pore wall/layer is running
along, tpore wall, touter layer, aNd tinner 1ayer Were measured. An example for this can be seen in Figure
3.6.

Figure 3.6: Picture of how the thickness of the whole pore wall (black), of the two outer layers
(blue), and of the inner layer (red) were determined.

Figure 3.7 (top) depicts the development of tpore wanl (black circles), touter 1ayer (blue squares), and
tinner layer (red diamonds) as function of Bstyrene. Figure 3.7 (bottom) depicts the fraction of the
outer layer (blue squares) which is the ratio between touter layer and tpore wan @and the fraction of the

inner layer (red diamonds) which is the ratio between tinner layer and tpore wail.
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Figure 3.7: (top) Average thickness of the whole pore wall tpore wan (black circles), of the outer
layers touter 1ayer (DlUe squares), and of the inner layer tinner layer (red diamonds) as function of Pstyrene
for macroporous PS/poly-DVB at Bkes = 2.98 wt.% and Psurfactant = 10 Wt.%. (bottom) Ratio touter
layer to tpore wall (blue SquareS) and ratio tinner layer to tpore wall (red diamonds) as function of Bstyrene.
Since two outer layers exist, the two ratios in the bottom graph do not add up to 1. For the sake
of clarity, the blue squares and the red diamonds are shifted to lower and higher PBstyrene,
respectively.

Again, the results are not in line with what was to be expected if osmotic transport of DVB was

responsible for the transformation from spherical droplets to polyhedral pores. Even though
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touter layer decreases as function of Pstyrene (2S Was expected), the same trend is observable for tinner
layer aNd tpore wall. Thus, the fraction of the outer layer and the fraction of the inner layer remain
more or less constant when PBstyrene IS increased (see Figure 3.7 (bottom)). For osmotic transport
of DVB to be the correct hypothesis, the fraction of the outer layer should have decreased and
the fraction of the inner layer should have increased. Overall, this means that the development
of the layer thicknesses or their fractions, respectively, as function of Bstyrene SEIVES as a second
counterevidence to the hypothesis of osmotic transport of DVB. Note that in Figure 3.7
(bottom), the two fractions do not add up to 1. The reason for this can be explained with the
help of Figure 3.6. Every time tpore wait and tinner layer are determined once, touter layer IS determined
twice. However, in the end only one average touter layer 1S calculated. Thus, touter layer has to be
doubled before adding it to tinner 1ayer in Order to yield tpore wan. The same is true for the addition
of the fraction of the outer layer to the fraction of the inner layer to end up at 1. Strikingly, the
standard deviations of tpore wail and tinner layer are much larger than the standard deviation of touter
layer (S€€ Figure 3.7 (top)). The same can be said about the large standard deviation of the fraction
of the inner layer and the small standard deviation of the fraction of the outer layer. (see Figure
3.7 (bottom)). Again, the reason for this can be found in Figure 3.6 when looking at the
thicknesses close to the struts® (see Figure 3.6 (left)) and at the thicknesses in the films (see
Figure 3.6 (right)). When moving from the struts into the films, tyore wan becomes smaller.
However, toore wail Was determined at several positions that were close to the struts, in the films,
or between these two (see Appendix Section 6.2 (b), Figure 6.2 (right)). Therefore, tpore wan has
a relatively high standard deviation. Looking at the development of touter 1ayer @nd tinner layer
between the struts and the films, it becomes apparent that touter 1ayer remains roughly the same
value independent of the location where it is measured. In contrast, and tinner 1ayer Changes from
larger to smaller values when tyore wan changes from larger (close to struts) to smaller values
(films). Thus, the standard deviation of touter layer is Small and the standard deviation of tinner tayer
is large. These trends continue for the fraction of the outer layer and the fraction of the inner
layer in Figure 3.7 (bottom).

When combining the trends from Figure 3.5 (right) and Figure 3.7 (top), it is noticeable that the
overall surface of the pores increases as function of Bstyrene, While tpore wall, touter layer, @Nd tinner layer
decrease as function of Bstyrene. INdeed, this makes sense: since the amount of available polymer
is finite and the same independent of Bstyrene, tpore wall, touter layer, 8N tinner layer have to decrease in

order for the surface area to be able to increase. In other words, tpore wall, touter layer, @Nd tinner layer

5 A strut corresponds to a former Plateau border which is now solidified.
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are spread out over a larger area. This relation can be expressed via a formula. For this purpose,
both S and tpore wall, touter layer, @Nd tinner 1ayer are Normalized. This is done by dividing them by the
respective values of the initial Bstyrene Which is 50 wt.%. Moreover, the normalized shape factor
S/Sso has to be squared since the key factor, the available volume of polymer, is a product of
tpore wall, Touter layer, OF tinner layer @Nd the surface area of a pores. The latter term is a quadratically
scaling parameter that is determined from 3D. In contrast, S/Sso scales linearly and is determined
from 2D. By squaring S/Sso, this problem is easily solved and the desired relation is achieved.
The product of t/tso and (S/Sso)? as function of Bstyrene is depicted for the pore wall (black circles),

for the outer layer (blue squares), and for the inner layer (red diamonds) in Figure 3.8.
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Figure 3.8: Normalized average thickness of the whole pore wall tpore wail/tpore wall, 50 wt.% styrene
(black circles), of the outer layer touter layer/touter layer, 50 wt.% styrene (DIUe squares), and of the inner
layer tinner layer/tinner layer, 50 wt.% styrene (réd diamonds) multiplied with the squared normalized shape
factor S/Sso wt.% styrene as function of Bstyrene fOr macroporous PS/poly-DVB at Bkes = 2.98 wt.%
and Bsurfactant = 10 Wt.%. For the sake of clarity, the blue squares and the red diamonds are shifted
to lower and higher Bstyrene, respectively.

Summed up, Figure 3.8 indeed shows that when Bstyrene IS increased, the increase in surface area
of the pores is compensated by the decrease in tpore wall, touter layer, @Nd tinner 1ayer. In Other words,
the total volume of the pore wall, of the outer layer, and of the inner layer remain constant, but

they are spread out over a larger surface area.
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3.1.2  Variation of KPS Mass Fraction Pxps

In Section 3.1.2, the KPS mass fraction Bkps of the water-in-styrene/DVB HIPEs was varied
from 0.37 wt.% to 4.96 wt.%. The first (0.37 wt.%), second (0.75 wt.%), and third (1.49 wt.%)
values of Bkps are one eight, one fourth, and one half of the initial Bkps of 2.98 wt.%. The fifth
Bkps represents the maximum solubility of KPS in H2O [www2]. Bstyrene Was kept constant at 50
wt.% and Bsurfactant Was kept constant at 10 wt.%. For a better overview, the corresponding mass
fractions are listed in Table 3.2.

Table 3.2: Type of initiator, Bstyrene, Binitiator, and Bsurfactant of the samples. Binitiator was Varied,
Whlle Bstyrene and Bsurfactant were kept constant.

Type of Initiator PBstyrene / wt.% Binitiator [ wt.% Bsurfactant / wt.%
water-soluble KPS 50 0.37 10
water-soluble KPS 50 0.75 10
water-soluble KPS 50 1.49 10
water-soluble KPS 50 2.98 10
water-soluble KPS 50 4.96 10
monomer-soluble AIBN 50 0.23 10
monomer-soluble AIBN 50 0.45 10
monomer-soluble AIBN 50 0.91 10
monomer-soluble AIBN 50 1.82 10

As in Section 3.1.1, samples were also prepared with the monomer-soluble initiator AIBN.
However, now the AIBN mass fraction Baign Was varied between 0.23 — 1.82 wt.%. Note that
for unknown reasons, it was not possible to produce a monodisperse water-in-styrene/DVB
HIPE at Baisn = 3.02 wt.%. Therefore, only four Baign Values were studied. The way in which
the samples were synthesized, polymerized, and processed can be found in the Experimental
Section. Figure 3.9 depicts the SEM pictures of macroporous PS/polyDVB samples that were
obtained from the polymerization of the monodisperse HIPEs listed in Table 3.2 with KPS as
initiator. The magnifications are 100-fold (left column), 500-fold (middle column), and 1000-
fold (right column). At first glance, the shape of the 2D pore cross-sections is always hexagonal
independent of Pkps. Since Section 3.1.1 already revealed that osmotic transport of DVB cannot
be the reason for the transformation from spherical droplets to polyhedral pores, it is not
surprising that the expectations stated in the introduction of Section 3.1 did not come true. As
a reminder, a higher Bkps was supposed to lead to more circular 2D pore cross-sections since
the polymerization would be sped up and osmotic transport of DVB would have less time to
occur. When taking a closer look at the middle and right column of Figure 3.9, it is observable
that the edges of the hexagons in the 2D pore cross-sections are nearly perfectly straight at low

Bkes and get more distorted at higher Pkps.
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Figure 3.9: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bstyrene = 50 wt.%, Psurfactant = 10 wt.%, and
Bkps=0.37 wt.%, = 0.75 wt.%, = 1.49 wt.%, = 2.98 wt.%, and = 4.96 wt.%. The magnifications
are 100-fold (left column), 500-fold (middle column), and 1000-fold (right column).
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The diameter of the water droplets daroplet (black circles) before polymerization and the diameter
of the pores dpore (pink squares) after polymerization as function of Bkps is depicted in Figure
3.10. Note that logarithmic plotting is used for the abscissa in Figure 3.10. The same will be
true for the abscissae of Figure 3.12, Figure 3.13 (right), Figure 3.14 (top) and (bottom), and
Figure 3.15.
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Figure 3.10: Average emulsion droplet diameter daroplet (black circles) and average pore
diameter dpore (pink squares) as function of Pxes for macroporous PS/poly-DVB at Bstyrene = 50
wt.% and Bsurfactant =10 wt.%.

Even though daropiet Varies a bit more compared to Figure 3.2, the droplets were monodisperse.
As before, polymerization leads to an increase of the error bars, but the pore cross-sections are
still fairly monodisperse. Except for Bkps = 1.49 wt.% where dpore IS ~ 11 pum smaller than daropiet,
the change from daropiet t0 dpore is minimal for the four other values of Pkps. As explained in
Section 3.1.1, dpore Was calculated from the area A of the pore cross-sections (see equation (3.1)).
Unfortunately, Pkps cannot be set to values higher than ~ 5 wt.% since this represents the
maximum solubility of KPS in H.O [www?2]. However, ammonium peroxodisulfate (APS) has
a much higher solubility in H.O [wwwa3] and is chemically very similar to KPS since only the
counter-cation is different. Note that no experiments about were carried out and it was assumed

that KPS and APS have similar reactivities. With APS as initiator, Baps Was set to values
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between 0.32 — 39.44 wt.%. Here, fars = 0.32 wt.%, = 0.63 wt.%, = 1.26 wt.%, = 2.52 wt.%,
and = 4.20 wt.% are molarly equivalent to the five values of Pkps in Figure 3.9. Additionally,
samples with Baps = 9.86 wt.%, = 19.72 wt.%, and = 39.44 wt.% were produced. The SEM
pictures of these eight samples are depicted in Figure 6.3 and Figure 6.4 in Appendix Section
6.2 (c). Without going into too much detail, it is apparent that for molarly equal mass fractions,
the morphology is roughly the same if either KPS or APS is used. Up to Baps = 9.86 wt.%, the
shape of the 2D pore cross-sections can roughly be described as hexagonal. With a further in-
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Figure 3.11: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bstyrene = 50 wt.%, Psurfactant = 10 wt.%, and
Baien = 0.23 wt.%, = 0.45 wt.%, = 0.91 wt.%, and = 1.82 wt.%. The magnifications are 100-
fold (left column), 500-fold (middle column), and 1000-fold (right column).
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crease of Pars, the pores become more and more disordered as well as polydisperse. At the
highest value for Baprs = 39.44 wt.%, the interconnectivity changes from closed-pore to open-
pore. Note that such high initiator mass fractions are far from any reasonable field of application

and were only used to test the limits of the system.

When Baien is varied, the shape of the pore cross-sections is always circular. This is depicted
in Figure 3.11 where the magnifications were 100-fold (left column), 500-fold (middle column),
and 1000-fold (right column). The corresponding mass fractions were listed in Table 3.2. As in
Figure 3.4 where the morphology was largely independent of Pstyrene, it iS also independent of
Baisn. However, looking at the diameters of the pore cross-sections in Figure 3.11, it is obvious
that at Baisn = 0.91 Wt.% dpore is much larger than for the three other values of Baien. This can
also be seen in Figure 3.12 where daropiet (black circles) before polymerization and dpore (pink

squares) after polymerization are depicted as function of faisn.
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Figure 3.12: Average emulsion droplet diameter daroplet (black circles) and average pore
diameter dpore (pink squares) as function of Baign for macroporous PS/poly-DVB at Bstyrene = 50
wt.% and Bsurfactant =10 wt.%.

For Baisn = 0.23 wt.% and Baien = 0.45 wt.%, the high monodispersity of the droplets is largely
conserved in the pores, while dpore is slightly smaller than daroplet. For Baien = 0.91 wt.%, the

high monodispersity is also mostly retained, while dpore increases tremendously compared to
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ddroplet. Finally, for Baien = 1.82 wt.%, the pores did not maintain the high monodispersity of
the droplets, though dpore is closer to daroplet compared to Baien = 0.91 wt.%. Overall, it appears
as if the transition from HIPE to macroporous PS/polyDVB gets more susceptible to changes
when Baen is increased. This is further supported by the fact that it was not possible to produce
a sample with Baien = 3.02 wt.% where the droplets were already polydisperse when they were
generated in the microfluidic chip. Nevertheless, Figure 3.11 shows that Baisn has at least no
influence on the shape of the pore cross-sections and on the interconnectivity of the pores.

Shape of Pore Cross-Sections: Shape Factor S

Looking again at Figure 3.9, one sees that the edges of the hexagons in the 2D pore cross-
sections are nearly perfectly straight for small values of Bkes and get more distorted at higher
values of Pkps.® Therefore, the shape factor S should be very close to 1.05 for small Bkps and
somewhat higher for larger Bkps Which is indeed the case as can be seen in Figure 3.13 (right).

As a reminder, Figure 3.13 (left) shows values of S for a distorted hexagon, for a hexagon, and

for a circle.
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Figure 3.13: (left) Exemplary values of the shape factor S for a sphere (bottom), a hexagon
(middle), and a distorted hexagon (top). (right) S as function of Pxes for macroporous PS/poly-
DVB at Bstyrene =50 wt.% and Bsurfactant =10 wt.%.

6 The same is true for APS as initiator.
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When Bkps = 0.37 wt.% and Pkps = 0.75 wt.%, S is exactly 1.05 as was expected for the
hexagonal shape with nearly perfectly straight edges. In contrast, for fkps = 1.49 wt.%, = 2.98
wt.%, and = 4.96 wt.%, S is around 1.10 as was already the case for the hexagonal pore cross-
sections in Figure 3.1 and Figure 3.5 (right). Again, the reason for this increase is that changing
the edges from straight to distorted results in an increase of C without simultaneously increasing

A which, in turn, increases S from 1.05 to 1.10.

Thickness of Pore Wall and Layers

Next, the development of the thickness of the pore wall tyore wan, OF the thickness of the outer
layer touter 1ayer, @and of the thickness of the inner layer tinner 1ayer as function of Bkps will be
investigated. Again, the development of the fraction of the outer layer (touter layer/tpore wan) and of
the fraction of the inner layer (tinner layer/tpore wail) as function of Pres will be examined as well.
Looking at Figure 3.9, one sees that the three-layered structure of the pore walls is independent
of Bkps. As a reminder, an increase of Pkps — or Baps — Was supposed to diminish the differences
between outer layer and inner layer when assuming an osmotic transport of DVB. Figure 3.14
(top) depicts the development of tpore wan (black circles), touter layer (blue squares), and tinner layer
(red diamonds) as function of PBkps. Figure 3.14 (bottom) depicts the development of the fraction
of the outer layer (blue squares) and of the fraction of the inner layer (red diamonds) as function
of Bkps. Figure 3.14 (top) shows that there is no apparent trend for either diameter when Pkps IS
varied. Except for Bkps = 2.98 wt.% where tpore wall, touter layer, @Nd tinner 1ayer are larger than for the
remaining four values of Pkps, the thicknesses are more or less constant. Therefore, it is no
surprise that in Figure 3.14 (bottom), the fraction of the outer layer and the fraction of the inner
layer are constant and independent of Bkps. As a reminder, the two fractions in Figure 3.14
(bottom) do not add up to 1 because for this to happen, the fraction of the outer layer has to be
doubled (see Section 3.1.1, Figure 3.6). The reason for why the values of the standard deviation
are much smaller for touter 1ayer and for the fraction of the outer layer compared to tpore wall, tO tinner
layer and to the fraction of the inner layer was also already discussed in Section 3.1.1 with the
help of Figure 3.6. Finally, a multiplication of the normalized values of tpore wall, Of touter layer, and
Of tinner 1ayer With the normalized value of S akin to Figure 3.8 was performed here as well. Since
the initial Bkps Was 2.98 Wt.9%, tpore wall, touter layer, tinner layer, 8Nd S of this Bxps were chosen as the
values the other four respective values were normalized to. The product of t/t2.9s and (S/Sz2.98)?
for the pore wall (black circles), for the outer layer (blue squares), and for the inner layer (red
diamonds) is plotted in Figure 3.15 as function of Bkps.
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Figure 3.14: (top) Average thickness of the whole pore wall tpore wan (black circles), of the outer
layers touter 1ayer (DlUe squares), and of the inner layer tinner layer (red diamonds) as function of Bkps
for macroporous PS/poly-DVB at Bstyrene = 50 wt.% and Bsurfactant = 10 wt.%. (bottom) Ratio touter
layer 10 tpore wall (Dlue squares) and ratio tinner rayer 10 tpore wall (red diamonds) as function of Bkps.
Since two outer layers exist, the two ratios in the bottom graph do not add up to 1. For the sake
of clarity, the blue squares and the red diamonds are shifted to lower and higher Pkps,

respectively.

Unfortunately, Since tpore wall, touter layer, and tinner layer are considerably hlgher fOI' BKPS = 298 wt.%

compared to the other values of Pps (see Figure 3.14 (top)), the product of t/tz.9s and (5/S2.08)?
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Figure 3.15: Normalized average diameter of the whole pore wall tpore wail/tpore wall, 2.98 wt.% kps
(black circles), of the outer layer touter layer/touter layer, 2.98 wt.% kps (blue squares), and of the inner
layer tinner layer/tinner layer, 2.98 wt.% kps (red diamonds) multiplied with the squared normalized shape
factor S/Sz.98 wt.% kps as function of Prpes for macroporous PS/poly-DVB at Bstyrene = 50 wt.% and
Bsurfactant = 10 Wt.%. For the sake of clarity, the blue squares and the red diamonds are shifted to
lower and higher Bkps, respectively.

is not close to 1 for these four values of Bkps. Nevertheless, Figure 3.15 shows that overall, the
total volume of the pore wall, of the outer layer, and of the inner layer is constant. The reasons
why the normalized shape factor S/Sz g has to be squared and why the error bars are this large
was discussed in Section 3.1.1.
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3.2 New Mechanism: Surfactant Diffusion

3.21  Experimental Results

While Section 3.1 focused on disproving the osmotic transport of DVB, this Section is about
developing and experimentally proving a new hypothesis. The results of this Section were also
published in a paper in the Journal of Colloid and Interface Science [Koc21]. The influence of
Bstyrene and Pkps on the morphology of macroporous PS/polyDVB was investigated in the
previous Section. Thus, Section 3.2 starts with the variation of a third parameter, namely
Bsurfactant, Which was changed from its initial value of 10 wt.% to Bsurfactant = 5 Wt.%, = 15 wt.%,
and = 20 wt.%. As a reminder, Bsurfactant 1S the surfactant mass divided by the combined mass of
the monomers styrene and DVB. In turn, Bstyrene Was kept constant at 50 wt.% and Bkes was kept
constant at 2.98 wt.%. As before, the corresponding mass fractions are listed in Table 3.3.

Table 33 Type Of initiator, Bstyrene, Binitiator, and Bsurfactant Of the samples. Bsurfactant was Varied,
while Pstyrene and Pinitiator Were kept constant.

Type of Initiator Bstyrene / Wt.% Binitiator / Wt.%0 Bsurfactant / Wt.%
water-soluble KPS 50 2.98 5
water-soluble KPS 50 2.98 10
water-soluble KPS 50 2.98 15
water-soluble KPS 50 2.98 20
monomer-soluble AIBN 50 1.82 5
monomer-soluble AIBN 50 1.82 10
monomer-soluble AIBN 50 1.82 15
monomer-soluble AIBN 50 1.82 20

As in Section 3.1, samples were also prepared with the monomer-soluble initiator AIBN. Table
3.3 gives an overview of the corresponding samples. The way in which the samples in Table
3.3 were synthesized, polymerized, and processed is described in the Experimental Section.
Figure 3.16 depicts the SEM pictures of the KPS samples from Table 3.3 at a 100-fold (left
column), a 500-fold (middle column), and a 1000-fold magnification (right column). Looking
at the left column of Figure 3.16, it is obvious that the pores are close-packed and fairly
monodisperse for all four values of Bsurfactant. Additionally, the shape of the 2D pore cross-
sections is always hexagonal (see Figure 3.16 (middle column and right column)) and the pore
walls are always made up of three layers (see Figure 3.16 (right column)). As a reminder, a
hexagonal shape of the pore cross-sections means that the area of the water/monomer interface

increases during polymerization.
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Figure 3.16: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bstyrene = 50 wt.%, Pkps = 2.98 wt.%, and
Bsurfactant = 5 Wt.%, = 10 wt.%, = 15 wt.%, and = 20 wt.%. The magnifications are 100-fold (left
column), 500-fold (middle column), and 1000-fold (right column).

As in Section 3.1, the average diameter of the water droplets daroplet before polymerization and
the average diameter of the pores dpore after polymerization were determined. In Figure 3.17,
daroptet (black circles) and dpore (pink squares) are plotted as function of PBsurfactant. LOOKING at
daroplet, ONE sees that highly monodisperse droplets with a uniform diameter between 71 — 73
pm and with standard deviations of only 1 — 2 um were generated. After the polymerization,

the polydispersity is slightly higher with a standard deviation for dpore 0f 3 — 4 um. Thus, the
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Figure 3.17: Average emulsion droplet diameter daroplet (black circles) and average pore
diameter dpore (pink squares) as function of Bsurfactant fOr macroporous PS/poly-DVB at Bstyrene =
50 wt.% and Bkps = 2.98 wt.%.

pores can still be regarded as highly monodisperse. The polymerization furthermore influences
the transition from daroplet t0 dpore in that dpore is slightly higher than daroplet for Bsurfactant = 5 Wt.%
and for Bsurfactant = 10 Wt.%. For Psurfactant = 15 Wt.%, dpore IS SOmewhat larger than daropiet and for
Bsurfactant = 20 Wt.%, dpore IS slightly lower than daropiet. AS @ reminder, since dpore is calculated as
if the pore cross-sections were circular, dyore always carries a small, systematic error. This

means that the small differences between daropiet and dpore Can be neglected.

The composition of the samples where KPS was substituted by AIBN are given in Table 3.3.
The SEM npictures that were obtained from polymerizing and processing these samples are
depicted in Figure 3.18. The magnifications were 100-fold (left column), 500-fold (middle
column), and 1000-fold (right column). Looking at the left column of Figure 3.18, one sees that
while the pores are close-packed and ordered for Bsurfactant = 5 Wt.%, the packing density and the
order of the pores decreases when Psurfactant 1S increased. Nevertheless, the shape of the 2D pore
cross-sections is always circular. Moreover, an open-pore morphology is found independent of
Bsurfactant. The development of daroplet (black circles) and dpore (pink squares) are plotted as

function of Bsurfactant iN Figure 3.19. Again, it was possible to generate monodisperse water drop-
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Figure 3.18: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bstyrene = 50 wt.%, Paien = 1.82 wt.%, and
Bsurfactant = 5 Wt.%, = 10 wt.%, = 15 wt.%, and = 20 wt.%. The magnifications are 100-fold (left
column), 500-fold (middle column), and 1000-fold (right column).

lets with microfluidics. The values of daropiet lie between 72 — 77 pum and the droplets were fairly
monodisperse with standard deviations of 2 — 5 um. For Bsurfactant = 15 wt.% and Bsurfactant = 20
wt.%, polymerization changed neither the diameter nor the standard deviation in a significant
way. However, note that very large pores were excluded from the determination of dpore at

surfactant = 20 Wt.%. If these very large pores were to be included, dpore and especially the stan-
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Figure 3.19: Average emulsion droplet diameter daroplet (black circles) and average pore
diameter dpore (pink squares) as function of Bsurfactant fOr macroporous PS/poly-DVB at Bstyrene =
50 wt.% and Baisn = 1.82 wt.%.

dard deviation would increase significantly. For Bsurfactant = 5 Wt.% and Bsurfactant = 10 Wt.%, the
pore cross-sections remain monodisperse after polymerization. Though, polymerization
tremendously increases dpore COMpared to daroplet. The reason for this increase is not known.

Possible explanations are droplet coalescence or Ostwald ripening.

Shape of Pore Cross-Sections: Shape Factor S

As before in Section 3.1.1 and Section 3.1.2, the shape factor S was calculated for the samples
shown in Figure 3.16. Since the shape of the 2D pore cross-sections is always hexagonal, it
could be expected that S would lie between 1.05 (straight edges) and 1.10 (distorted edges).
Figure 3.20 (right) depicts S as function of Bsurfactant and Figure 3.20 (left) again shows S for a
distorted hexagon, for a hexagon, and a circle. Figure 3.20 (right) shows S is indeed between
1.05 and 1.10. The discussion of these results will follow in Section 3.2.2.
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Figure 3.20: (left) Exemplary values of the shape factor S for a sphere (bottom), a hexagon
(middle), and a distorted hexagon (top). (right) S as function of Bsurfactant fOr macroporous
PS/pOIy-DVB at Bstyrene =50 wt.% and BKPS = 2.98 wt.%.

Area of Pore Wall and Layers

In Section 3.1, the thickness of the pore wall (tpore wa) and of the layers (touter layer and tinner tayer)

was determined. In Section 3.2, however, the area of the pore wall Apore wail, the area of the outer

Figure 3.21: Exemplary determination of the area of the outer layer (blue) and of the inner

layer (red) for one strut.
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layer Aouter layer, and the area of the inner layer Ainner layer Were determined instead. Measuring the
area turned out to be a bit more accurate than measuring the thicknesses. Figure 3.21 shows an
exemplary SEM picture for how Aouter 1ayer (Dlue areas) and Ainner 1ayer (red area) were determined

in one strut. Apore wail IS Obtained by adding Aouter layer, aNd Ainner 1ayer. TO determine average values
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Figure 3.22: (top) Average area of the whole pore wall Apore wan (black circles), the outer layers
Aouter layer (DIue squares), and the inner layer Ainner layer (red diamonds) as function of Bsurfactant fOr
macroporous PS/poly-DVB at Bstyrene = 50 wt.% and Bkps = 2.98 wt.%. (bottom) Ratio Aouter layer
to Apore wall (blue Squal’eS) and ratio Ainner layer 10 Apore wall (red diamonds) as function of Bsurfactant.
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Of Apore wall, Aouter layer, aNd Ainner layer, SEVeral struts are examined for each sample. In Figure 3.22
(top), Apore wail (black circles), Aouter layer (Dlue squares), and Ainner layer (red diamonds) are plotted
as function of Bsurfactant. IN Figure 3.22 (bottom), the areal fractions of the outer layer Aouter layer/
Apore wanl @nd of the inner layer Ainner layer/ Apore wail are plotted as function of Bsurfactant. Figure 3.22
(top) shows that Apore wanl @and Aouter 1ayer decrease as function of Bsurfactant. 1N contrast, Ainner layer
remains more or less constant when Bsurfactant 1S Varied. A slight exception to these trends is
found for Bsurfactant = 10 Wt.%. Here, Apore wall, Aouter layer, 3N Ainner layer are smaller than what the
overall trend would suggest. Nevertheless, Figure 3.22 (bottom) shows a clear trend: The
fraction of the outer layer decreases as function of Bsurfactant, While the fraction of the inner layer

increases. Again, the detailed discussion of the results will follow in Section 3.2.2.

Texture of Outer Layer and Inner Layer

So far, it was not possible to investigate the texture of the outer and the inner layers. With a
100-fold, a 500-fold, and a 1000-fold magnification, the two layers could only be distinguished
because of their different colors. While the outer layer appears dark grey, the inner layer appears
in light grey (see Figure 3.1, Figure 3.9, and Figure 3.16). However, the texture of the outer and
the inner layers becomes visible at higher magnifications. In Figure 3.23, the magnifications
are 2500-fold (left column), 5000-fold (middle column), and 10000-fold (right column). The
samples that were used are the KPS samples of Table 3.3 and their SEM pictures were already
shown with lower magnifications in Figure 3.16. Note that for the middle and right column in
Figure 3.23, another SEM had to be used in order to achieve the desired magnifications. The
specifications of both SEMs can be found in the Experimental Section. Looking at the middle
and right column of Figure 3.23, one sees that the outer layer appears non-porous, while the
inner layer appears porous. A porous inner layer implies that material is removed at some point,
while this does not happen in the outer layers. The texture of the outer layer does not change
when Bsurfactant 18 varied. The texture of the inner layer also does not look different for Bsurfactant
=10 wt.%, = 15 wt.%, and = 20 wt.%, while it appears less porous at Bsurfactant = 5 Wt.%. This
observation suggests that the porosity of the inner layer is related to or even caused by the
surfactant which is why the behavior of the surfactant during the polymerization was further

investigated.
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Figure 3.23: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bstyrene = 50 wt.%, Pkps = 2.98 wt.%, and
Bsurfactant = 5 Wt.%, = 10 wt.%, = 15 wt.%, and = 20 wt.%. The samples are the same as in Figure
3.16. The magnifications are 2500-fold (left column), 5000-fold (middle column), and 10000-
fold (right column).

Behavior of Surfactant during Polymerization

Assuming that the porosity of the inner layer is indeed caused by the surfactant, the question
arises: why is only the inner layer porous, while the outer layer is non-porous/compact? Even
for the lowest PBsurfactant O 5 Wt.%, the amount of surfactant is much higher than what is needed

to stabilize the water/monomer interface in the HIPEs. Thus, the remaining amount of surfactant
-73-



is simply dissolved in the continuous phase since the surfactant is insoluble in H20. Using
geometrical considerations, Bsurfactant at interface @S function of daropiet and of the head group area
Anead group Can be calculated (see Appendix Section 6.1 (e) and 6.2 (d)). Anead group describes the
area one surfactant molecule covers at the water/monomer interface. Figure 6.5 in the Appendix
shows PBsurfactant at interface 8S function of Anead group fOr three different droplet diameters, namely
ddroptet = 60 pm (dashed line), ddroplet = 80 pum (continuous line), and ddroplet = 100 um (dotted
line). AS Anead group increases, Psurfactant at interface d€Creases. Anead group Can be assumed to lie between
50 A% and 250 A2 [Wet01, Dom07] which leads to values of Bsurfactant at interface DEtween 0.06 wt.%
and 0.01 wt.%. Therefore, only a small fraction of the surfactant is located at the
water/monomer interface, while the majority of the surfactant is dissolved in the continuous

phase.’

Since the majority of the surfactant molecules are simply dissolved in the continuous phase, the
next question is what happens to them during polymerization. To simulate this process, a model
ternary phase diagram was measured. The three components were the monomer styrene, the

polystyrene

0.6

Polymerization 0.4
A A

/

0.2
1.0 0.0
0.0 0.2 0.4 0.6
styrene Hypermer 2296

Figure 3.24: Model ternary phase diagram of the monomer styrene, the surfactant Hypermer
2296, and the polymer polystyrene at 70 °C. The black dots mark the positions of the measured
phase boundaries between the homogeneous one-phase (1®) and inhomogeneous two-phase
(2®) region. The arrows indicate the direction of the simulated polymerization.

7 Bourfactant Was not decreased to values below 5 wt.% because a t0o low Bsurfactant tampers with the generation of
monodisperse droplets via microfluidics. The reason for this not understood yet.
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(technical, non-ionic) surfactant Hypermer 2296, and the polymer polystyrene (PS). The model
ternary phase diagram was recorded at 70 °C, the temperature of polymerization.
Surfactant/styrene mixtures with varying compositions simulated different Bsurfactant. BY
dissolving purchasable PS in these mixtures, the polymerization was simulated which was much
more practical than actually polymerizing the mixtures, stopping halfway, and then determining
how far the polymerization had progressed. DVB was not included because no purchasable
polyDVB could be found. H>O was also not included because the focus lay on the behavior of
the surfactant during polymerization and not on its emulsification properties. PS was dissolved
in the surfactant/styrene mixtures until phase separation occurred. At this point, the original
surfactant/styrene mixture was added again to get back into the homogeneous one-phase region
which allowed a more accurate determination of the phase boundary. Figure 3.24 shows the
results of these experiments. The black dots represent the phase boundary and the two arrows
indicate the direction of the simulated polymerization. In Figure 3.24, the relation between the
position of the phase boundary and Psurfactant is clearly seen. When Bsurfactant IS low, high amounts
of PS can be dissolved in the surfactant/styrene mixture before phase separation occurs (see
Figure 3.24 (dashed arrow)). In contrast, when PBsurfactant IS high, only low amounts of PS can be
added before phase separation occurs (see Figure 3.24 (dotted arrow)). This implies that the
surfactant and PS are immiscible, i.e. the polymerization leads to an increasingly bad solvent
for the surfactant. The consequences of this observation will be discussed in Section 3.2.2.

Formation of Water Droplets

There was one last thing to be clarified, namely whether the porosity of the inner layer stems
only from the surfactant or from a combination of surfactant and H20. In the latter case, the
surfactant would have to extract H>O from the dispersed phase and form small structures — most
likely droplets — in the continuous monomer phase. During polymerization, these droplets
would then leave the regions close to the water/monomer interface and accumulate in the
continuous phase. Since no additional energy is put into the system, the droplets would have to
form spontaneously. For the KPS samples used in this Section (see Table 3.3), the interfacial
tension y between the dispersed phase and the continuous phase was measured with Spinning
Drop Tensiometry. This was done to assess if spontaneous droplet formation is possible which
is typically only the case for microemulsions for which y can be as low as 102 —10° mN m™.
However, such low values are only reached at the phase inversion temperature, while y can
increase up to 101 — 1 mN m™ at other temperatures [Stu09]. For the four samples studied in
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this Section, y was between 0.5 mN m™ and 1.0 mN m™ for temperatures between 25 — 70 °C.
It was found that y decreases with increasing Bsurfactant and increases with increasing temperature.
Since spontaneous droplet formation is thus theoretically possible, this hypothesis was put to
the test with a simple visual experiment. If spontaneous droplet formation actually occurs, a
monomer phase that is brought into contact with H.O will eventually become turbid if the
droplets become big enough to scatter light. At first, the two phases were prepared separately.
The monomer phase consisted of styrene, DVB, and surfactant with Bsyrene being kept constant

- ;Hg ol 5l

monomer monomer | Mmonomer

Figure 3.25: Visual development of styrene/DVB mixtures with surfactant mass fractions of 0
wt.% (A), 5 wt.% (B), 10 wt.% (C), 15 wt.% (D), and 20 wt.% (E) exposed to H.O. When both
surfactant molecules and H,O are present (B-E), the monomer phases become turbid. When
either surfactant (A) or H20 (F) is missing, the monomer phases remain clear. The surfactant
mass fraction in the sample without H>O (F) was 10 wt.%.
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at 50 wt.% and Psurfactant beING Varied between 0 — 20 wt.%. Next, the monomer phase was
carefully put over H2O to limit mixing of the two phases which would result in unwanted
emulsification. Figure 3.25 (top A — E) depicts the appearance of the samples directly after the
two phases were put together. Figure 3.25 (top F) shows a monomer phase with Bsurfactant = 10
wt.% where no H20 was added. This sample was prepared to serve as a comparison to the other
five samples. Figure 3.25 (bottom) depicts the same samples as in the top row after 24 h. Figure
3.25 (F) shows than when no H>O is made available to the monomer phase, it remains clear
after 24 h. Note that this is also the case for Bsurfactant = 5 Wt.%, 15 wt.%, and 20 wt.%. The
monomer phase also remains clear when Bsurfactant = 0 Wt.% (See Figure 3.25 (A)). In contrast,
the monomer phase becomes turbid and later even white when Bsurfactant 1S between 5 — 20 wt.%
(see Figure 3.25 (B — E)). Thus, both surfactant and H>O need to be present for the turbidity to
develop, i.e. for droplets to form. It was observed that the turbidity and the whiteness of the
monomer phases developed faster for lower Psurfactant. The reason for this observation is

discussed in Section 3.2.2.2

To better understand the droplet formation, small angle neutron scattering (SANS) experiments
were performed. For this purpose, the two monomers styrene and DVB were replaced by
deuterated styrene and H20 was replaced by D20. After preparing a sample with Bsurfactant = 10
wt.%, small fractions of the monomer phase were removed after 8 minutes, 13.5 hours, and 1.5
days and SANS spectra were recorded. Figure 3.26 depicts the I-g-curve (black circles) of the
sample that was removed after 8 minutes. The curve was fitted to determine the shape and size
of the structures which were so far assumed to be droplets. The fit was done with a Gaussian
shell model [Fos08] where 1(q) (blue line) is calculated by combining a form factor P(q) (red
line) and a structure factor S(q) (light green line). Figure 3.26 (inset) depicts the intensity | of
the samples removed after 8 minutes (black circles), after 13.5 hours (orange squares), and after
1.5 days (dark green diamonds) as function of the scattering vector g. The fit of the I1(g)-curve
in Figure 3.26 is in line with vesicles that consist of surfactant bilayers and contain only a very
small amount of water. The diameter of the vesicles was determined to be 11 + 5 nm. However,
the calculated 1(q)-curve (blue line) describes the experimental data only for small g, while it
deviates a bit for higher g. Thus, the structure derived from the fitting procedure should be
handled with care. Looking at Figure 3.26 (inset), one sees that the three measured 1(q)-curves

look similar. This implies that the shape and size of the structures does not change significantly

8 The length scale and volume of the samples shown in Figure 3.25 (cm and cm?) is not comparable to that of the
real samples (um and pum?). Thus, the time frame of Figure 3.25 it not transferable to the real samples.
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Figure 3.26: Measured intensity Imeas after 8 minutes (black circles), form factor P(q) (red line),
structure factor S(q) (light green line), and calculated intensity 1(q) (blue line) as function of the
scattering vector g. (inset) Measured intensities | after 8 minutes (black circles), after 13.5 hours
(orange squares), and after 1.5 days (dark green diamonds) as function of the scattering vector
g. For the sake of clarity, the intensities of the curves measured after 13.5 hours (orange squares)
and after 1.5 days (dark green diamonds) were multiplied by a factor of 10 and 100,
respectively.

even after 13.5 hours or 1.5 days. Since the findings from the SANS measurements are not
completely convincing, the sample was additionally investigated with freeze fracture electron
microscopy (FFEM) and dynamic light scattering (DLS).

For FFEM, the sample shown in Figure 3.25 (C) was prepared again, i.e. Bsurfactant Was set to 10
wt.% and Bstyrene = 50 Wt.%. Small fractions of the monomer phase were removed, frozen, and
coated with carbon. The exact process is described in the Experimental Section. The resulting
samples were investigated with a transmission electron microscope (TEM). Three exemplary
pictures are shown in Figure 3.27. When looking at the FFEM pictures in Figure 3.27, one sees
two structures with different size ranges. Both structures appear circular in the 2D FFEM
pictures and are therefore spherical in 3D. Though the vesicles that were suggested from fitting
the SANS data are spherical as well, their imprint in FFEM would have another, ring like

appearance. The imprints found in Figure 3.27 are more likely caused by droplets. The smaller
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Figure 3.27: FFEM pictures of a 50/50 styrene/DVB mixture with a surfactant mass fraction
of 10 wt.% that was placed over H-O.

structures are ~ 25 nm in diameter and thus roughly match the size already determined by
SANS. The larger structures have a diameter of ~ 100 nm. The top of Figure 3.27 shows that
there is no gradual change between the two sizes, but an abrupt one. The reason for this is not

known.

Finally, the sample containing Bsurfactant = 10 Wt.% at Pstyrene = 50 Wt.% was prepared again.
Immediately after preparing the sample, the monomer phase was placed into the beam path of
a DLS device and scattered light was recorded at a fixed angle of 90°. With the help of a
correlation function, the hydrodynamic radius rnya (White points) as well as its deviation (black

bars) were calculated by the software Z.1 from LS Instruments. The evolution of ruyq was deter-
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Figure 3.28: DLS curve of a 50/50 styrene/DVB mixture with a surfactant mass fraction of 10
wt.% that was put over H>O. The white dots are the measured hydrodynamic radius ruxyq and
the black bars are the measured width.

mined for a duration of 24 h which is depicted in Figure 3.28. Figure 3.28 shows that moments
after the sample was prepared, the detected structures have an average ruyq of 11 nm. As time
passes, ruyd increases rapidly in the beginning and slower towards the end of the measurement.
After 24 h, ruyq has increased to ~ 24 nm. The deviation from the average rnyq also increases
with time. In the beginning, the deviation is ~ 4 nm and increases up to ~ 7 nm after 24 h have
passed. Note that the results strongly depend on the distance between the water/monomer
interface and the height at which the laser beam crosses the monomer phase. When this distance
is larger, the increase of ruyq in Figure 3.28 requires more time to occur. These results as well

as of all other results of Section 3.2.1 will be discussed in Section 3.2.2.
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3.2.2  Discussion of Experimental Results

The results of Section 3.1 disproved the idea of osmotic transport of DVB as the reason for the
transformation from spherical droplets to polyhedral pores when KPS is used as initiator.
Nevertheless, two main questions remained unanswered. The first of these is (1) why the shape
of the pore cross-sections is hexagonal after the polymerization. This requires the area of the
water/monomer interface to increase during the polymerization and thus, a certain mechanism
counteracts capillary pressure. The second question is (2) why the pore walls consist of two
quite similar looking non-porous outer layers and one porous inner layer. To answer these
questions, the experiments in Section 3.2.1 were conducted. The surfactant mass fraction
Bsurfactant Was varied to investigate its influence on the morphology of the macroporous
PS/polyDVB samples. More precisely, the shape of the pore cross-sections and the development
of the layer areas was examined with SEM. Regardless of which Bsurfactant IS Used, the pore cross-
sections are always hexagonal when KPS is used as initiator. Therefore, the mechanism that
increases the area of the water/monomer interface occurs regardless of how large Bsurfactant IS.
However, the area of the pore wall and its layers depend on Bsurfactant. While Apore wan and Aouter
layer decrease as function of Bsurfactant, Ainner layer rfemains constant. Thus, the areal fraction of the
outer layer decreases with Bsurfactant, While the areal fraction of the inner layer increases. When
AIBN is used as initiator, the pore cross-sections are always circular and the pore walls are
porous. To determine the effect of the polymerization on the solubility of the surfactant
molecules in the continuous phase, a ternary phase diagram of surfactant, styrene, and
polystyrene (PS) was measured. It was found that the surfactant is insoluble in PS, which
implies that the polymerization drives the surfactant out of the continuous phase. By and large,
the results and their interpretations allow the construction of a mechanism that illustrates what
is happening during polymerization (see Figure 3.29). The surfactant molecules consist of a
hydrophilic head (dark blue) and a hydrophobic tail (red). The water droplets of the dispersed
phase are depicted in light blue and the continuous phase is shown in orange. The
polymerization is illustrated by the gradual change in color from orange (unpolymerized) via
light brown (partially polymerized) to black (fully polymerized). Note that the sizes of the
surfactant molecules, of the water droplets, and of the space between two droplets are not to

scale.
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Figure 3.29: Schematic drawing of the mechanism that increases the area of the water/mono-
mer interface and that creates non-porous outer layers and a porous inner layer in the pore wall.

Before polymerization starts, the shape of the droplets is spherical (circular in 2D scheme of
Figure 3.29) and the surfactant either stabilizes the water/monomer interface or is evenly
distributed in the continuous phase (see Figure 3.29 (a)). Since the polymerization starts at the
interface with the water-soluble initiator KPS, a small layer of partially polymerized continuous

phase forms close to the water/monomer interface (see Figure 3.29 (b), light brown layer). The
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surfactant is now less soluble here compared to other regions where no polymerization has
taken place so far. Thus, the polymerization close to the water/monomer interface prompts the
surfactant molecules in this region to diffuse away. Here, two options exist, namely diffusion

(1) to the water/monomer interface or (2) to the interior of the monomer phase.

(1) The water/monomer interface is very close to the polymerization zone and diffusion towards
it is possible at the beginning since the continuous phase is only partially polymerized (see
Figure 3.29 (b) arrow upwards). At the interface, surfactant molecules create an oversaturation
which, in turn, increases the interfacial area [Jia99, Pat12, Giul7]. Note that the surfactant will
remain at the interface because it is insoluble in H>O. By increasing its area, the shape of the
interface changes from spherical to polyhedral. In Figure 3.29, this is illustrated by the change
of the droplet cross-sections from circular (see Figure 3.29 (a)) via an intermediary state (see
Figure 3.29 (b)) to hexagonal (see Figure 3.29 (c)). Note that the ongoing polymerization
prevents further surfactant diffusion towards the water/monomer interface since the continuous

phase becomes too polymerized for diffusion to happen (see Figure 3.29 (c), brown layers).

(2) The second option for the surfactant molecules is to diffuse in the opposite direction, i.e. to
the unpolymerized continuous phase (see Figure 3.29 (b) arrow downwards). In contrast to
diffusion towards the interface, this process continues with the ongoing polymerization. In the
course of the polymerization, the region close to the water/monomer interface becomes more
polymerized (see Figure 3.29 (b), light brown layers — (c), dark brown layers — (d), black
layers)) and the polymerization proceeds further into the continuous phase (see Figure 3.29 (b),
light brown layers — (c), light brown layers — (d), light brown layers)). Thus, two surfactant-
free layers adjacent to the water droplets of the dispersed phase and one surfactant-rich inner
layer in the interior of the continuous phase form (see Figure 3.29 (d)). Once the surfactant
molecules are trapped inside the continuous phase, they remain there until eventually
polymerization catches up (see Figure 3.29 (d — e — f)). When the samples are later purified
by Soxhlet extraction, the surfactant is washed out. This causes the porosity of the inner layer,
while the outer layer remains non-porous. When Bsurfactant increases, more surfactant molecules
can accumulate in the interior of the continuous phase. Thus, the thickness of the inner layer
increases with increasing Psurfactant 85 0bserved in the experiments in Section 3.2.1. Note that the
overall size of the pore wall decreases as a function of Bsurfactant because less polymerizable

material is available at higher Bsurfactant.

In conclusion, surfactant diffusion towards the water/monomer interface is responsible for the
polyhedral shape of the pores, while surfactant diffusion towards the interior of the continuous
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phase is responsible for the layered structure of the pore walls. Complementary experiments
were conducted to examine whether the surfactant is solely responsible for the porosity of the
inner layer. It was found that small droplets form in the continuous phase which grow in size
over time. Initially, the radius of the droplets is ~ 10 nm and they consist only of surfactant.
Over time, the droplets grow in size by taking up water. Thus, the porosity of the inner layer is
not solely caused by the surfactant, but by a combination of surfactant and water. The small

water droplets are not shown in Figure 3.29 for the sake of clarity.
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3.3 Mechanical Behavior
The mechanical properties of macroporous PS/polyDVB obtained from polymerizing
monodisperse water-in-styrene/DVB HIPEs are dealt with in Section 3.3. More precisely, the
focus is put on how (a) the type of initiator, (b) the styrene/DVB mass ratio (Bstyrene), (C) the
amount of initiator (Binitiator), and (d) the amount of surfactant (Bsurfactant) influence the yield
strength oys and the Young’s Modulus Eporous polymer. However, instead of calculating oys, the
stress at which the linear elastic region goes over into the Plateau region Fmax was determined.
Emphasis is also put on the question whether monodisperse macroporous PS/polyDVB has
enhanced mechanical properties compared to polydisperse macroporous PS/polyDVB. The
morphology was determined from investigating one sample with SEM, while the stress-strain-

curves were recorded from four other samples of the same composition.

Though the influence (a) of the type of initiator, (b) of Bstyrene, (C) OF Binitiator, and (d) Of PBsurfactant
were all investigated, only (b) the variation of Bstyrene resulted in a meaningful trend. This is why
only stress-strain-curves where Bstyrene Was varied are shown in this Section. All results will be
summed up in Table 3.9 at the end of this Section. The largest differences were found between
Bstyrene = 90 wt.% and Pstyrene < 70 Wt.%. The most striking difference were not the values of
Fmax Or Eporous polymer, but the development of the stress-strain-curves. Table 3.4 gives an
overview of the compositions whose stress-strain-curves will be shown in Figure 3.30 — Figure
3.33. Bstyrene Was either 50 wt.% or 90 wt.% and the initiator was either KPS or AIBN. Bsurfactant
was kept at a constant value of 10 wt.%.

Table 3.4: Type of initiator, Bstyrene, Binitiator, and Psurfactant OF the samples whose the stress-strain-
curves are shown in Figure 3.30 — Figure 3.33.

Type of Initiator Bstyrene / Wt.% | Binitiator / Wt.9%0 | Bsurfactant / Wt.% Figure

water-soluble KPS 50 2.98 10 Figure 3.30
monomer-soluble AIBN 50 1.82 10 Figure 3.31

water-soluble KPS 90 2.98 10 Figure 3.32
monomer-soluble AIBN 90 1.82 10 Figure 3.33

Each Figure shows both the complete development of the measured stress-strain-curves (top
left) and the stress-strain-curves at low strains (top right) since this is the range where Fmax and
Eporous polymer are determined. Note that measurements of the stress-strain-curves were either
stopped automatically by the software when the stress dropped to 80% of its maximum value
or manually by the experimenter. In Figure 3.30 and Figure 3.31, measurements were manually
stopped at some point in the plateau region once several pieces of each sample had broken off

from the sample. Most often, these pieces originated from the top of the sample which was in
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contact with the load cell and broke off at the rim of the sample. In Figure 3.32 and Figure 3.33,
measurements were manually stopped once the densification region of the stress-strain-curves
had been reached. In addition to the stress-strain-curves, each Figure also shows the SEM
pictures of a sample with the same composition. The magnifications of the SEM pictures were
100-fold (bottom left), 500-fold (bottom middle), and 1000-fold (bottom right). Figure 3.30
shows the stress-strain-curves and SEM pictures for Bstyrene = 50 Wt.% and Pkpes = 2.98 wt.%.
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Figure 3.30: (top) Stress-strain-curves and (bottom) SEM pictures of macroporous PS/poly-
DVB obtained via polymerization of monodisperse water-in-styrene/DVB HIPEs with Bstyrene =
50 wt.%, Prps = 2.98 wt.%, and Bsurfactant = 10 Wt.%. The stress-strain-curves on the top right
are magnifications of the stress-strain-curves on the top left at lower strain. The magnifications
of the SEM pictures are 100-fold (bottom left), 500-fold (bottom middle), and 1000-fold
(bottom right).

The SEM pictures in Figure 3.30 (bottom) show that the pores are close-packed and fairly
monodisperse (dpore = 77 = 4 pm)®. Furthermore, the 2D pore cross-sections are hexagonal (S =
1.10 + 0.03) and the pore walls consist of three layers. Ideally, the porosity P is 74% since this

® dpore Was calculated as if the pore cross-section were circular with equation (3.1).
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is the volume fraction of the dispersed phase in the monodisperse HIPEs. If P < 74%, the pores
are not close-packed in the whole sample. If P > 74%, an additional porosity like the one found
in the inner layer of the pore walls must be taken into account. In Section 2.3.2 it was explained
that for open-pore porous polymers, Eporous polymer/Epolymer OUght to be directly proportional to
(Pporous polymer/ Ppolymer)? (Se€ equation (2.24)) and that the proportionality constant Cc ought to be
= 1. For closed-pore porous polymers, the relation between the relative Young’s Modulus and
prel is more difficult (see equation (2.25)). Since the necessary parameters ® and v" are not
known, equation (2.24) is used also for the closed-pore polymer. Non-porous samples that were
polymerized from pure styrene/DVB mixtures were used to determine ppolymer aNd Epolymer. The
determined values for P, Eporous polymer, Fmax, and Cc as well as their average values are summed
up in Table 3.5.

Table 3.5: Porosity P, Eporous polymer, Fmax, and Cc of the samples shown in Figure 3.30 where
Bstyrene = 50 wt.% and Bkps = 2.98 wt.%.

Porosity P/% Eporous polymer / MPa | Fmax/ N Cc
black stress-strain-curve 761 39 8 1.76 + 0.36
red stress-strain-curve 71+1 27 36 0.91+0.18
green stress-strain-curve 70+1 87 43 2.56 +0.52
average 73+4 51 + 36 29+21 19+1.2

Since the average porosity is P = 70 = 3 %, the samples were obviously not fully sedimented.
The average mechanical values one obtains from the stress-strain-curves are Eporous polymer = 51
+ 36 MPa and Fmax = 29 £ 21 N. However, for both Eporous polymer aNd Fmax, the individual values
deviate largely from each other. An explanation for this cannot be given. The same is true for
Ccsince Cc = 1.9 £ 1.2. Figure 3.30 (top) shows that the stress-strain-curves are elastic-brittle.
This is also true when KPS is substituted by AIBN (see Figure 3.31). Here, Baisn = 1.82 wt.%

and Pstyrene remains at 50 wt.%.
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Figure 3.31: (top) Stress-strain-curves and (bottom) SEM pictures of macroporous PS/poly-
DVB obtained via polymerization of monodisperse water-in-styrene/DVB HIPEs with Bstyrene =
50 wt.%, Baien = 1.82 wt.%, and PBsurfactant = 10 Wt.%. The stress-strain-curves on the top right
are magnifications of the stress-strain-curves on the top left at lower strain. The magnifications
of the SEM pictures are 100-fold (bottom left), 500-fold (bottom middle), and 1000-fold
(bottom right).

Compared to the samples were KPS was used as initiator (see Figure 3.30), the individual values
Of Fmax, Eporous polymer @and P are closer together when AIBN is used as initiator. All results as
well as the average values are summed up in Table 3.6.

Table 3.6: Porosity P, Eporous polymer, Fmax, and Cc of the samples shown in Figure 3.31 where
Bstyrene = 50 wt.% and Baien = 1.82 wt.%.

Porosity P/ % | Eporous polymer / MPa | Fmax/ N Cc
black stress-strain-curve 77+1 89 30 455 +0.92
red stress-strain-curve 78+1 97 25 5,53+1.12
green stress-strain-curve 771 102 32 5.07 £1.02
blue stress-strain-curve 77+1 114 35 5.85+1.18
average 78+ 2 102 + 13 30+5 53+1.7
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In Figure 3.31 (top right), one can see that the red, green, and blue stress-strain-curves closely
resemble each other in the linear region. In contrast, the black stress-strain-curve deviates from
the other three. The porosity P = 78 + 2 % and therefore slightly higher than the ideal P = 74%.
This can be explained when looking at Figure 3.31 (bottom right) where it is apparent that the
struts of the pore walls have an additional porosity. Moreover, the pores are fairly monodisperse
(dpore = 78 £ 2 um), close-packed, and spherical. The values of Eporous polymer = 102 £ 13 MPa
and of Fmax = 30 = 5 N are much higher compared to the values of the KPS initiated porous
polymers (see Figure 3.30). The calculated average value of Cc is Cc = 5.3 £ 1.7 which is much
larger than the expected Cc = 1. The reason for this enormous deviation lies in the values of
Eporous potymer that are too high for the found porosities. The reason why such high values were
found for Eporous polymer 1S N0t known. In Figure 3.32, the initiator is changed back to KPS, Bkps
=2.98 wt.%, and Pstyrene IS increased to 90 wt.%.

60_""|""|""|""|"" 40 ——
i —— P=79+1%] I
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Figure 3.32: (top) Stress-strain-curves and (bottom) SEM pictures of macroporous PS/poly-
DVB obtained via polymerization of monodisperse water-in-styrene/DVB HIPEs with Bstyrene =
90 wt.%, Prps = 2.98 wt.%, and Bsurfactant = 10 Wt.%. The stress-strain-curves on the top right
are magnifications of the stress-strain-curves on the top left at lower strain. The magnifications
of the SEM pictures are 100-fold (bottom left), 500-fold (bottom middle), and 1000-fold
(bottom right).

- 89 -



Most strikingly, the stress-strain-curves are elastomeric for Bstyrene = 90 Wt.% and Pkps = 2.98
wt.%, while they are elastic-brittle independent of the type of initiator for Bstyrene = 50 Wt.% (see
Figure 3.30 (top) and Figure 3.31 (top)). This can be explained by the change in crosslinking
density when Bpve is decreased from 50 wt.% to 10 wt.% (Bstyrene increased from 50 wt.% to 90
wt.%). A high crosslinking density as is the case for Bpvs = 50 Wt.% (Bstyrene = 50 Wt.%) creates
a more rigid continuous polymer phase [Wie82]. Therefore, it ruptures at higher strains. At low
crosslinking densities, the polymer is more elastic and is thus able to deform at higher strains.
Figure 3.32 (bottom) shows that the pores are close-packed and fairly monodisperse (dpore = 79
+ 7 um)*. The shape of the 2D pore cross-sections is strongly deformed from the initially
circular shape (S = 1.24 £ 0.09). All determined values and the calculated average values are
summed up in Table 3.7.

Table 3.7: Porosity P, Eporous polymer, Fmax, and Cc of the samples shown in Figure 3.32 where
Bstyrene =90 wt.% and Pkps = 2.98 wt.%.

Porosity P/ % | Eporous polymer / MPa | Fmax / N Cc
black stress-strain-curve 79+1 36 20 0.90 £ 0.27
red stress-strain-curve 80+1 36 20 1.01 +0.30
green stress-strain-curve 83+1 21 14 0.80 £ 0.24
blue stress-strain-curve 80+1 31 15 0.90 £ 0.27
average 81+3 298 17 +3 09+04

The calculated average values for Eporous polymer and Fmax Were Eporous polymer = 29 + 8 MPa and
Fmax = 17 £ 3 N. A comparison with the values obtained when Bstyrene = 50 Wt.% is difficult to
do since with Bstyrene = 50 Wt.%, the calculated values came along with a high uncertainty. The
porosity of the inner layer of the pore walls is the reason why P = 81 £+ 3 % and thus higher
than the ideal P = 74%. Even if the pores are closed-pore, Cc was again calculated as if they
were open-pore (see equation (2.24)) because the necessary parameters ® and v* to calculate
Cy and Cz” are not known (see equation (2.25)). The calculated average value was Cc = 0.9 £
0.4 and thus closer to the expected value of Cc = 1. Finally, in Figure 3.33, AIBN was used as
initiator, Baisn = 1.82 wt.%, and at the higher styrene content of Bstyrene = 90 Wt.% was used.

10 doore Was calculated as if the pore cross-section were circular with equation (3.1).
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Figure 3.33: (top) Stress-strain curves and (bottom) SEM pictures of macroporous PS/poly-
DVB obtained via polymerization of monodisperse water-in-styrene/DVB HIPEs with Bstyrene =
90 wt.%, Baien = 1.82 wt.%, and PBsurfactant = 10 Wt.%. The stress-strain-curves on the top right
are magnifications of the stress-strain-curves on the top left at lower strain. The magnifications
of the SEM pictures are 100-fold (bottom left), 500-fold (bottom middle), and 1000-fold
(bottom right).

Similar to when KPS was used as initiator and Bstyrene = 90 Wt.% (see Figure 3.32), the stress-
strain-curves are also elastomeric when AIBN is used as initiator. In the SEM pictures in Figure
3.33 (bottom), the pores appear fairly monodisperse (dpore = 78 £ 5 um), close-packed, and

Table 3.8: Porosity P, Eporous polymer, Fmax, and Cc of the samples shown in Figure 3.33 where
Bstyrene =90 wt.% and BAIBN =1.82 wt.%.

Porosity P Eporous potymer / MPa | Fmax / N Cc
black stress-strain-curve 86+1 25 12 1.30 +0.39
red stress-strain-curve 87+1 27 12 1.68 + 0.50
green stress-strain-curve 87+1 31 10 2.00 + 0.60
blue stress-strain-curve 87+1 12 12 0.77£0.24
average 87+2 22 +10 11+1 16+1.1
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spherical. All determined values and the calculated average values are summed up in Table 3.8.
The measured porosity was P = 87 £ 1 % and thus much higher than the expected P = 74%.
This implies that the continuous polymer phase has a relatively high additional porosity. The
calculated average values for Eporous polymer aNd Fmax Were Eporous polymer = 22 £ 10 MPa and Fmax
=11 £ 1 N. Compared to when Bstyrene = 50 Wt.% (See Figure 3.31), Eporous polymer aNd Fmax are
much lower. On the one hand, this could be expected since the porosity is higher for Bstyrene =
90 wt.% compared to Bstyrene = 50 Wt.%. On the other hand, the crosslinking density is also lower
for Bstyrene = 90 Wt.% (Bove = 10 wt.%) compared to Bstyrene = 50 Wt.% (Bove = 50 wt.%). Thus,
the polymer matrix is less rigid for Bstyrene = 90 Wt.% (Pove = 10 wt.%) and consequently, Eporous
polymer aNd Fmax are smaller. The calculated average value for Cc was Cc = 1.6 £ 1.1 which is
also lower than when Bstyrene = 50 Wt.%, but still higher than the expected Cc = 1. Compared to
when KPS was used as initiator (see Figure 3.32), Eporous polymer and Fmax are slightly smaller
when AIBN was used as initiator. Though, the porosity is higher when AIBN was used as
initiator. When the porosity is included for the calculation of Cc, Cc is higher when AIBN was
used as initiator. This suggests that the close-packed spherical morphology found when AIBN
is used as initiator is stiffer than the disordered, polyhedral morphology found when KPS is

used as initiator.

Summarized, the stress-strain-curves are elastomeric for Bstyrene = 90 Wt.% and elastic-brittle for
Bstyrene = 50 Wt.%. This is independent of the type of initiator. The stress-strain-curves are also
elastic-brittle when PBstyrene = 70 Wt.%, = 30 wt.%, and = 10 wt.%. They are not shown here, but
are similar to the stress-strain-curves obtained for Bstyrene = 50 wt.%. When AIBN is used as
initiator, Eporous polymer 1S much higher for Bstyrene = 50 wt.% compared to Bstyrene = 90 Wt.%. This
is still true when the higher porosities at Bstyrene = 90 Wt.% are considered. For Bstyrene = 50 Wt.%
and AIBN as initiator, the values of Eporous polymer are also much higher compared to the KPS
initiated porous polymers. The reason for this is not known. When KPS is used as initiator, no
such trend could be observed since the values were too far spread for Bstyrene = 50 Wt.%. For
Bstyrene = 90 Wt.%, it appears as if the close-packed spherical morphology obtained with AIBN
as initiator is stiffer than the disordered, polyhedral morphology with KPS as initiator. The

summary of all average values is presented in Table 3.9.
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Table 39 Type Of InltlatOI’, Bstyrene, pOI’OSIty P, Eporous polymer, Fmax, and CC Of the Sample WhOSE
results were shown in Section 3.3.

type of Bstyrene / Porosity P/ Eporous polymer / E /'N C
initiator wt.% % MPa e ©
KPS 50 73+4 51 + 36 29+21 19+1.2
AIBN 50 78+2 102 + 13 305 53+17
KPS 90 81+3 29+8 17+3 09+04
AIBN 90 87+2 22 +10 11+1 16+11

When Binitiator OF Psurfactant Were varied, no significant trends could be found. The stress-strain-
curves and thus also Fmax and Eporous polymer Often differed more greatly between the samples
within one composition than between two compositions. The same is true when one searched
for differences between monodisperse macroporous PS/polyDVB and polydisperse
macroporous PS/polyDVB. While differing porosities were sometimes the explanation for the
differences within one composition, they cannot explain all observations. As above-mentioned,
no direct structure-property-relationships could be determined since the morphology was
determined with SEM from one sample, while the stress-strain-curves were recorded from other
samples with the same composition. Additionally, with SEM only a small part of the whole
sample can be looked at. While the sample height is ~ 7 mm (7000 pum), with SEM the
morphology of only 1-2 layers can be visualized (~ 80 — 160 um). Thus, SEM does not provide
the structure of the whole sample which is why structure-property-relationships are difficult to
draw from the combination of SEM and stress-strain-curves. Overall, it was therefore not
possible to examine how small changes in the morphology affect the mechanical properties.
The potentially existing differences could not be detected with the method used in this PhD
thesis. The solution to this problem would be the use of micro-computed tomography (u-CT)
while compressing the samples. Thus, both the stress-strain-curve and the morphology of the
whole sample could be determined simultaneously. However, this combination requires a lot of
time and was moreover not available for this PhD thesis. Determining the morphology with p-
CT while simultaneously measuring the mechanical properties could be the focus of future

research.
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4 Conclusions and Outlook
4.1 Conclusion
Starting Situation

Using microfluidics, it is possible to generate monodisperse water-in-styrene/divinylbenzene
(DVB) emulsions. Because the water droplets have a uniform size and a higher density than the
surrounding monomer phase, their sedimentation results in a high internal phase emulsion
(HIPE) with a water volume fraction of @gisp = 74 v0l%. By polymerizing and drying the HIPE,
its structure is retained and monodisperse porous polystyrene (PS)/polydivinylbenzene
(polyDVB) is produced. Because the average pore diameter is ~ 80 pum and thus much larger
than 50 nm, the material is classified as macroporous [Eve72, Bur76]. The morphology of
monodisperse macroporous PS/polyDVB strongly depends on which type of initiator is used.
With monomer-soluble azobisisobutyronitrile (AIBN), the pores are spherical and
interconnected and the pore walls exhibit an additional porosity (see Figure 4.1 (left)). With
water-soluble potassium peroxydisulfate (KPS), on the other hand, the pores are polyhedral and
not interconnected and the pores walls are comprised of two similar looking outer layers and
one inner layer (see Figure 4.1 (right)). Thus, two questions arise: (1) Firstly, why are spherical
droplets transforming into polyhedral pores during the polymerization? This requires a certain
mechanism to increase the area of the water/monomer interface and thus counteract capillary

pressure. (2) Secondly, why are the pore walls made up of three layer?

Hypothesis 1: Osmotic Transport of DVB

In previous works, Quell et al. [Quel6b, Quel7a] answered both questions with a mechanism
that revolves around osmotic transport of DVB (see Figure 4.2 (right)). When the
polymerization starts at the interface because a water-soluble initiator is used, a polyDVB-rich
layer forms close to the interface since DVB polymerizes faster than styrene [Sch75] (see Figure
4.2 (right), purple layer). This induces a concentration gradient of DVB between the films
where DVB has been depleted and the Plateau borders where the DVB concentration is still at
its initial value. As a consequence, osmotic transport of DVB from the Plateau borders into the
films thins out the Plateau borders and increases the thickness of the films (see Figure 4.2
(right), red arrows). Overall, this leads to a change of the shape of the interface from spherical

to polyhedral. The three layers of the pore walls were explained in that the two outer layers are
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Figure 4.1: Polymerization and drying of a (top) monodisperse water-in-styrene/DVB HIPE
leads to (left) open-pore monodisperse macroporous PS/polyDVB with spherical pores and
porous pore walls when monomer-soluble AIBN is used and (right) closed-pore monodisperse
macroporous PS/polyDVB with polyhedral pores and three-layered pore walls when water-
soluble KPS is used. This Figure was copied from [Quel7a]. License number 5004850663340.

polyDVB-rich, while the inner layer is PS-rich because of the slower polymerization of styrene
(see Figure 4.2 (right), yellow layer). Though Quell et al. found experimental support of this
hypothesis [Quel7a], a satisfying and quantitative proof was still missing. Thus, this PhD
thesis’ goal was to either prove or disprove the above-explained hypothesis. This was tackled
by drawing up logical deductions about what ought to happen to the morphology of
monodisperse macroporous PS/polyDVB when the concentration of a component is varied
systematically (see Section 3.1). If the experimental results support the existing hypothesis, a
quantitative description of it might become feasible from the large number of new findings. If,
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Figure 4.2: Explanation of the morphologies depicted in Figure 4.1 as described by [Quel7a].
(Left) With monomer-soluble AIBN, the polymerization is occurring homogeneously
throughout the continuous phase and the droplet shape is retained. The shrinkage of the
continuous phase during polymerization causes mechanic stress and a consequent film rupture.
(Right) With water-soluble KPS, the polymerization startes locally at the water/monomer
interface and a polyDVB-rich layer is formed. The depletion of DVB in the films is balanced
by osmotic-driven flow of DVB from the Plateau borders into the films. This induces a
deformation of the droplet shape from spherical to polyhedral. The shrinkage of the continuous
phase during polymerization causes internal mechanic stress which wrinkles the polyDVB-rich
outer layer. This Figure was copied from [Quel7a]. License number 5004850663340.

on the other hand, the experimental results contradict the existing hypothesis, it has to be
rejected and a new explanation has to be worked out. (1) Firstly, the styrene mass fraction Pstyrene
was varied between the initial 50 wt.% (styrene/DVB mass ratio 50/50) and 90 wt.%
(styrene/DVB mass ratio 90/10) in steps of 10 wt.% (see Section 3.1.1). When the monomer
composition is increased towards pure styrene, (1a) the extent of osmotic transport of DVB
ought to decrease. As a consequence, the mechanism that transforms the shape of the pores
ceases and thus, the pores ought to remain spherical. However, when Bsyrene Was varied,

scanning electron microscopy (SEM) pictures did not support the expectations. In fact, the pores
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became even more distorted from the spherical shape when Bstyrene Was increased from 50 wt.%
to 90 wt.%. To quantify this observation, a so-called shape factor S was introduced where the
circumference C of a 2D pore cross-section is divided by the square root of its area A. Thus, S
is lowest for a circular shape and increases with increasing distortion from the circular shape.
In the samples, S increased from values found for hexagons at Bstyrene = 50 Wt.% to much higher
values at Bstyrene = 90 wt.%, thus indeed quantifying the SEM observations. When Bstyrene Was
decreased from 50 wt.% to 10 wt.%, the shape of the 2D pore cross-sections ought to become
circular as well if one assumes osmotic transport of DVB. However, the shape of the pore cross-
sections remained hexagonal. Therefore, the development of the pore shape as function of
Bstyrene 1S the first counterargument to osmotic transport of DVB. Apart from the shape of the
pores, changing Bstyrene alS0 ought to have an influence on the thickness of the layers in the pore
walls. When Pstyrene IS increased from 50 wt.% to 90 wt.%, (1b) the thickness of the supposedly
polyDVB-rich outer layers ought to decrease and the thickness of the supposedly PS-rich inner
layer ought to increase. However, the expectations were not supported here either. The pore
wall thickness tpore wail, the outer layer thickness touter layer, and the inner layer thickness tinner layer
all decreased when Psyrene Was increased from 50 wt.% to 90 wt.%. Thus, the relative
thicknesses of the outer and inner layer remained constant as function of Bstyrene Which serves as
the second counterargument to osmotic transport of DVB. When AIBN was used as initiator

for the sake of comparison, the morphology did not change when PBstyrene Was varied.

(2) Secondly, the KPS mass fraction Pxps Was changed (see Section 3.1.2). The reasoning
behind was that an increase of the amount of KPS increases the polymerization rate. Thus, the
comparatively slow diffusion process of DVB from the Plateau borders into the films has less
time to occur. Consequently, the pores ought to remain more spherical. However, when Bkps
was increased, the hexagonal shape of the 2D pore cross-sections became slightly more
distorted. This observation was quantified by the shape factor S. Therefore, the development of
the pore shape as function of Pkps is the third counterargument against osmotic transport of
DVB. The measurement of tpore wall, touter layer, 8Nd tinner 1ayer 8 function of Pkps revealed that the
thicknesses are independent of Bkps. When KPS was substituted by AIBN for the sake of
comparison, the morphology did not change when Baisn Was varied. The results of Section 3.1

were published in a paper in Colloid and Polymer Science [Koc20].
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Hypothesis 2: Surfactant Diffusion

Overall, the variation of Pstyrene and Pxps demonstrated that osmotic transport of DVB does not
exist. Thus, the new goal of this PhD thesis was to find the real mechanism that answers (1)
why spherical droplets become polyhedral pores and (2) why the pore walls are comprised of
three layers (see Section 3.2.1). As a first step, the surfactant mass fraction Bsurfactant Was varied
between 5 — 20 wt.% in steps of 5 wt.%. In the 2D pore cross-sections of the SEM pictures, the
shape was always hexagonal. This means that the mechanism that increases the interfacial area
during polymerization is independent of Bsurfactant. TO determine if and how the size of the layers
in the pore walls change when Bsurfactant IS varied, their areas Aouter layer aNd Ainner layer 85 Well as
the total area of the pore wall Apore wan Were measured. It was found that Apore wait and Aouter layer
decrease as function of Bsurfactant, While Ainner layer remains constant. To determine how Aouter layer
and Ainner layer develop independent of Apore wai, the relative area of the outer layer Aouter layer/Apore
wall and the relative area of the inner layer Ainner layer/ Apore wait Were calculated. Here, a clear trend
was observed: The relative area of the outer layer decreases as function of Bsurfactant, While the
relative area of the inner layer increases. This finding indicates that the formation of the layers
is linked to the surfactant. SEM pictures at higher magnifications revealed that the outer layers
are non-porous, while the inner layer is porous. This implies that the porosity of the inner layer
is caused by the surfactant since the relative area of the porous inner layer increases with

increasing Bsurfactant-

The intended use of the surfactant is to stabilize the water/monomer interface. However, with
the help of an educated guess for the head group area Anead group OF the surfactant [Wet01,
DomQ7], the amount of surfactant actually necessary to cover the interface Psurfactant at interface Was
calculated. This value is below 0.1 wt.% which means that the majority of the surfactant is dis-
solved in the continuous phase. Thus, the surfactant can cause a porosity in the pore walls when
it is removed after the polymerization. However, this opens up the question why there is only a
porous inner layer and not a porous pore wall. To investigate what happens to the surfactant
during the polymerization, a model ternary phase diagram consisting of styrene, surfactant, and
PS was used to simulate the polymerization. Here, surfactant/styrene mixtures simulated
different Bsurfactant and the styrene/PS ratio simulated the polymerization. When PS was added
and dissolved in the surfactant/styrene mixtures, the initially clear mixtures eventually
separated into two phases. When Psurfactant Was low, high amounts of PS could be dissolved,
while phase separation occurred much earlier when PBsurfactant Was high. This means that the

surfactant is neither soluble in PS nor in partially polymerized styrene/PS mixtures. Finally, it
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was investigated whether the porosity of the inner layer is solely caused by the surfactant or if
the surfactant forms small water droplets that add to the porosity. In experiments where
monomer phases were placed over water, the initially clear monomer phases became turbid and
white over time. Thus, small water droplets surrounded by surfactant formed and grew in size
over time. Small angle neutron scattering, freeze fracture electron microscopy, and dynamic
light scattering experiments showed that the surfactant already forms structures (inverse
micelles) in the low nanometer range without water. However, to be able to grow in size, these
structures require water and thus turn into small water droplets by incorporating water.

Therefore, the porosity of the inner layer stems from both surfactant and small water droplets.
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Figure 4.3: Schematic drawing of the mechanism that increases the area of the water/mono-
mer interface and that creates non-porous outer layers and a porous inner layer in the pore wall.
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From all results, a mechanism that answers (1) why spherical droplets become polyhedral pores
and (2) why the pore walls are comprised of three layers was concluded (see Section 3.2.2).
When the polymerization starts at the water/monomer interface because water-soluble KPS is
used, a small and partially polymerized layer forms close to the interface (see Figure 4.3 (b)).
Since the surfactant is not soluble in this layer, it diffuses away from there. One option is to
diffuse to the nearby water/monomer interface, where the surfactant overpopulates the interface
which causes an increase of the interface [Jia99, Pas12, Giul7]. This increase changes the shape
of the interface from spherical to polyhedral (see Figure 4.3 (a — b — c¢)). Another option for
the surfactant is to diffuse into the interior of the continuous phase. Thus, the surfactant
accumulates in the interior of the continuous phase, while the regions close to the interface
become surfactant-free (see Figure 4.3 (b — ¢ — d)). When the macroporous material is
purified after the polymerization, the surfactant is washed out, which creates the porosity of the
inner layer. In turn, the outer layers remain non-porous. Since the small water droplets are
surrounded by surfactant, they diffuse along with the surfactant. Thus, they either diffuse back
into the dispersed phase or remain in the interior of the continuous phase. There, they add to
the porosity of the inner layer when they are washed and dried out. The results of Section 3.2

were published in a paper in the Journal of Colloid and Interface Science [Koc21].

Another focus of this PhD thesis was the investigation of the mechanical properties of
monodisperse macroporous PS/polyDVB (see Section 3.3). The influence of the type and
amount of initiator, of the styrene/DVB mass ratio, of the amount of surfactant, and of the
change between mono- and polydispersity were investigated. It was found that for Bstyrene = 90
wt.% the samples were elastomeric, while they were elastic-brittle for Bstyrene < 70 Wt.%. NO
further significant trends could be found because it was not possible to determine the
morphology of a whole sample and to also record the mechanical properties of that sample. As

a consequence, it was impossible to obtain structure-property-relationships.

4.2 Outlook
To solve the just-mentioned problem for the determination of structure-property-relationships,
a combination of methods that simultaneously investigate the morphology of a whole sample
and determine the mechanical properties has to be used. Instead of only examining 1-2 layers
of a sample with SEM, with micro-computed tomography (u-CT) the morphology of a whole
sample can be determined. Therefore, if u-CT is coupled to a universal testing machine, the

determination of structure-property-relationships becomes possible. Thierry Roland and the
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work group of Wiebke Drenckhan have such a piece of equipment at their disposal at the Institut
Charles Sadron (ICS) in Strasbourg. Thus, by cooperating with them, the mechanical properties
of monodisperse and polydisperse macroporous PS/polyDVB can be recorded and
differentiated. The only drawback of p-CT is that it takes quite a long time to record one sample

which is why only selected samples can be investigated.

The use of u-CT could also help with two smaller issues concerning the transformation of
spherical droplets into polyhedral pores. Firstly, the mechanism shown in Figure 4.3 suggests
that the transformation of the shape happens in the early stages of the polymerization. At this
point, the interface is already overpopulated with surfactant, but the continuous phase is only
partially polymerized and can thus still comply with the change of the shape. By monitoring
the polymerization with pu-CT, this assumption can be tested. Secondly, it has not been clarified
yet why the pore walls between two pores are much thicker than they were initially between
two droplets. This means that during the polymerization, material diffuses into the films.
Monitoring the polymerization with u-CT could help investigating this question.

Another aspect that has to be improved is the output rate at which monodisperse macroporous
PS/polyDVB can be produced. For this, two options exist: On the one hand, an upscaling of the
microfluidic process would result in higher amounts of monodisperse HIPEs while maintaining
a very high monodispersity. An example of how the output of microfluidics can be increased
was shown by Nisisako et al. [Nis12] who developed a microfluidic parallelization chip. In this
device, an output rate of 180 mL ht is enabled by having parallel droplet generation in up to
144 constrictions. The workgroup of Wiebke Drenckhan at the ICS in Strasbourg built such a
parallelization device where preliminary tests have already been undertaken. On the other hand,
the output rate can be drastically increased to several mL min™ with membrane emulsification.
However, this is accompanied by a loss in monodispersity. Nevertheless, the generated droplets
are still far from being polydisperse with PDIs between 10 — 26% [Kos05, Egi08, Gas08,
Hol10] and the average droplet size can also still be controlled. Thus, if it turns out that the
mechanical properties of monodisperse macroporous PS/polyDVB are not better compared to

those of polydisperse ones, membrane emulsification offers a promising alternative.
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5 Experimental

5.1 Materials

Styrene (99%), divinylbenzene (DVB, technical grade 80%, residual 20% is mostly
ethylstyrene), potassium peroxydisulfate (KPS, 99%), ammonium peroxydisulfate (APS, 99%),
azobisisobutyronitrile (AIBN, 99%), and polystyrene (PS, average Mw = 35 000 g mol™) were
purchased from Sigma-Aldrich. For the SANS measurements, deuterated Styrene (98%) was
purchased from Cambridge Isotopes and D,O (>99%) was purchased from Eurisotop. Double
distilled water was produced with a Bi 18E distillery from QCS. The technical, non-ionic
surfactant Hypermer 2296 was kindly supplied by Croda. The surfactant primarily consists of
polyisobutylene succinic anhydride sorbitan esters [Gral3]. All chemicals were used without

further purification.

5.2 Synthesis of Macroporous PS/polyDVB
The continuous monomer phases consisted of styrene, DVB, and surfactant. The styrene mass

fraction Pstyrene Was calculated by dividing the styrene mass by the combined monomer mass. It
holds

B m(styrene) 100% 5.1)
Bstyrene = m(styrene) + m(DVB) o '

The surfactant mass fraction Bsurfactant Was calculated by dividing the surfactant mass by the

combined monomer mass. It holds

m(surfactant)

= -100% . 5.2
Bsurfactant m(styrene) + m(DVB) & (5.2)

If AIBN was added to the continuous phase, the AIBN mass fraction Baisn Was calculated by

dividing the AIBN mass by the combined monomer mass. It holds

- m(AIBN) 100% (5.3)
Baten = m(styrene) + m(DVB) o '

The combined monomer mass was kept constant at 10 g. In the dispersed phase, the H,O mass
was likewise kept constant at 10 g. This was done to have similar conditions in the microfluidic
chip for droplet generation. If KPS was added to the dispersed phase, the KPS mass fraction
Bkps was calculated by dividing the KPS mass by the H.O mass. It holds
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m(KPS)

) 100% .
KPS = 1 OH0) 00%

(5.4)
To better illustrate how the weighed in masses relate to the above-mentioned mass fractions,
two exemplary samples are shown in Table 5.1. These are the standard samples with either KPS
or AIBN as initiator from which PBstyrene, Binitiator, O Psurfactant Was Varied. For KPS as initiator, the
initial values are Pstyrene = 50 Wt.%, Prprs = 2.98 wt.%, and Psurfactant = 10 Wt.%. For AIBN as
initiator, Baien = 1.82 wt.%, while Bstyrene and Bsurfactant are kept constant.

Table 5.1: Type of initiator, m(styrene), m(DVB), Bstyrene, M(initiator), Pinitiator, M(surfactant),
Bsurfactant, and m(H20) for the standard sample with KPS and the standard sample with AIBN.

standard sample with KPS | standard sample with AIBN
type of initiator KPS AIBN
m(styrene) 59 5¢
m(DVB) 59 59
Bstyrene 50 wt.% 50 wt.%
m(initiator) 0.298 g 0.182¢g
Binitiator 2.98 wt.% 1.82 wt.%
m(surfactant) 19 1lg
Bsurfactant 10 wt.% 10 wt.%
m(Hz0) 10g 109

Both the dispersed and the continuous phase were prepared by weighing in all components with
a high precision scale (accuracy 0.0001 g) into 100 mL screw top DURAN® borosilicate
containers from Schott. By carefully shaking the containers, a homogeneous mixture was
obtained. The dispersed and the continuous phase were then connected with the pressure
controller OB | MKII (maximum pressure 2 bar, software control ESI) from Elveflow with
DURAN® multipart connector caps and Tygon tubes. The two phases were furthermore
connected with the microfluidic chip with FEP (fluorinated ethylene propylene) tubing (inner
diameter 0.5 mm). The continuous phase was additionally split into two channels with a T-
connector (ethylene tetrafluoroethylene (ETFE), 0.5 mm). The microfluidic chip consisted of
quartz glass and was purchased from Dolomite. It had a hydrophobic coating, a constriction
size of 100 x 105 um, and flow-focussing geometry. The microfluidic chip was embedded into
a H-interface from Dolomite and connected to the sample vial with FEP tubing (inner diameter
0.5 mm). Monodisperse droplet generation was achieved by adjusting the pressures of both
phases such that the droplets formed in the dripping regime. For monodisperse droplet
generation, the two pressures were kept constant, while for polydisperse droplet generation, a
sinusoidal pressure profile was used for the dispersed phase [And18, Dab20]. The droplet

-104 -



generation was monitored with a Nikon SMZ — 800 N optical microscope from Nikon coupled

to an Optronis CL600X2 high speed camera from Stemmer Imaging.

Before collecting the emulsion in the sample vial, the average droplet diameter daropiet Was
determined. If necessary, the pressures were adjusted such that the desired daropiet Was obtained.
The emulsion was poured onto a glass disk and examined with the optical microscope. A picture
of the emulsion was taken and processed with the free of charge image processing software
ImageJ from National Institutes of Health (NIH, USA). The picture was converted into a binary
picture which allowed ImageJ to automatically determine the area Adroplet Of each droplet cross-
section. From this value, daropiet and its standard deviation was calculated. Next, the emulsion
was collected in a vial until the desired amount was reached. Depending on vial size, this took
roughly between 30 — 90 min. During collection, the droplets already sedimented in the vial
and thus formed a high internal phase emulsion (HIPE) with ®gisp = 74 vol% at the bottom of
the vial. After the collection was finished, complete sedimentation of all droplets was achieved
by waiting ~ 30 min. The excess continuous monomer phase was removed with a syringe. The
vial was sealed with a cap, though air holes were pierced into the caps to allow pressure equali-
zation. Then, the vial was placed into an oil bath at 70 °C. The HIPE was polymerized for 48 h
(KPS as initiator) or 24 h (AIBN as initiator). After polymerization, the samples were removed
from the vial with a bench vise and then purified with Soxhlet extraction for at least 12 h with

ethanol as solvent. Finally, the samples were dried in a drying oven at 60 °C for 72 h.

5.3 Analysis of Macroporous PS/polyDVB
5.3.1  Analysis of Morphology

The morphology of the samples was examined with scanning electron microscopy (SEM). The
samples had to be cut open with a scalpel. To facilitate cutting and ideally have a cut parallel
to one layer of pores, the samples were cooled with liquid nitrogen. Pieces of ~5 x 5 mm in
area and ~ 2 mm in height were glued onto Aluminium Specimen Stubs from Agar Scientific
with Carbon adhesive discs from Agar Scientific. Vacuum was then applied and the samples
were sputtered with a thin layer of gold. If the sputtering device was out of order, the samples
were steamed with carbon instead. Sputtering with gold or steaming with carbon did not have
significant influence on the quality of the SEM pictures later. A CamScan CS44 SEM from
Tescan with secondary electron imaging (SEI) was used for the determination of the average
pore diameter dpore, the shape-factor S of the pore cross-sections, and the thickness/area of the
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pore wall and layers tpore wail/Apore wall, Touter layer/Aouter layer, @Nd tinner layer/Ainner layer. TO €nable the
determination of dpore and S, the circumference Cpore and area Apore Were determined with
ImageJ. The outline of a pore cross-section was retraced manually which allowed ImageJ to
calculate Cpore and Apore. Apore wall, Aouter layer, aNd Ainner 1ayer Were determined analogously in one
strut. tpore wall, touter layer, @Nd tinner 1ayer Were determined by measuring the respective thickness
perpendicular to the direction the pore wall or layer is running along. For the analysis of the
texture of the layers in the pore wall, a Zeiss GeminiSEM 500 SEM from Zeiss was used.

5.3.2  Analysis of Mechanical Behavior

The mechanical behavior of the macroporous PS/polyDVB samples as well as of the bulk
samples used for normalization was examined with a universal testing machine. The samples
were cut such that a cylindrical shape was obtained. Before cutting, the samples were cooled
with liquid nitrogen. The main focus was put on cutting the sample such that the top and bottom
of the cylinder were as parallel and as flat as possible. To calculate the density of the samples,
the diameter and the height were measured with a caliper (accuracy 0.02 mm). The diameter of
the cylindrical samples was typically between 3.3 — 3.5 mm and their height was between 6 —
8 mm. The mass of the sample was determined with a high precision scale (accuracy 0.0001 g).
By dividing the density of the samples by the density of the bulk polymer, prel Was obtained
(see equation (2.17)). Next, the samples were placed into the universal testing machine. A
zwickiLine Z5.0 (maximum capacity 5 kN) and the software testXpert 111 from ZwickRoell were
used to record the stress-strain-curves. The compression rate was 1 mm min and a Xforce HP
load cell measured the stress. The Young’s Modulus E was determined from the slope of the
linear elastic region of the stress-strain-curve. Fmax Was determined at the position where the

linear elastic region goes over into the Plateau region.

Five samples were prepared for each composition. Of these five samples, one was used for the
determination of the morphology with SEM, while the other four samples were used for the
compression tests. This was done to connect a determined morphology to the recorded stress-
strain-curves, i.e. to obtain structure-property-relationships. When a sample fractured during
preparation, it could no longer be used in the compression tests, but was still viable to be
examined with SEM. If more than one sample fractured, the compression tests were conducted
with less than four samples. The reason why compression tests were conducted with more than

one sample was to determine average values of Fmax and Eporous polymer.
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5.4 Phase Diagram

To investigate the response of the surfactant to polymerization, surfactant/styrene mixtures
were prepared by weighing in the two components in a glass tube. A stirring bar was added to
the mixture and the glass tube was placed over a magnetic stirrer and into a water bath. The
temperature of the water bath was 70 °C to simulate the temperature of the polymerization.
Small polystyrene (PS) pellets were added and dissolved stepwisely until the mixture changed
from clear to turbid. This change indicated that the phase boundary had been crossed. The
amount of added PS was determined by weighing the glass tube and subtracting the initial mass.
Finally, the original surfactant/styrene mixture was added dropwisely until the mixture returned
to the clear, one-phase region. After again weighing the glass tube, the phase boundary was

determined more accurately.

5.5 Interfacial Tension

The interfacial tension y was measured with the Spinning Drop Video Tensiometer SVT 15 from
DataPhysics Instruments. First, the capillary was filled bubble-free with H,O. Next, ~ 100 pL
of a surfactant/monomer mixture was injected into the capillary. By spinning the capillary, a
droplet consisting of the surfactant/monomer mixture formed. Bsurfactant Was varied between 5 —
20 wt.% in steps of 5 wt.%, the temperature was varied between 25 — 70 °C in steps of 15 °C,
and spinning rates were varied between 3000 — 13000 rpm in steps of 2000 rpm. Bstyrene WaS
kept constant at 50 wt.%. LaPlace Young Fitting was used by the software SVT20_uEye to
calculate y from the shape of the droplet. For LaPlace Young Fitting, the density of both H,O
and the surfactant/monomer mixtures had to be known. For H>O, the temperature-dependent
values were already known by the software. For the surfactant/monomer mixtures, the Density

Meter DMA 5000 A from Anton Paar was used to measure the temperature-dependent density.

5.6 Small angle neutron scattering
The small angle neutron scattering (SANS) spectra were recorded at the KWS-1 spectrometer
at the Heinz Maier-Leibnitz Zentrum (MLZ) in Munich, Germany. A mixture of surfactant and
deuterated styrene with Bsurfactant = 10 Wt.% was prepared and placed over D,O without allowing
the two phases to mix and form an emulsion. After 8 minutes, 13.5 hours, and 1.5 days, a small
amount of the upper monomer phase was removed from the sample, transferred into a cuvette,

and placed into the beam path of the SANS device. The neutron wavelength was 4.93 A and
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the scattering intensity q was varied between 0.00978 — 0.669 A, To enable this,
collimation/detector distances of 8 m / 8 m and 8 m / 1.5 m were used. The normalization of
the scattering density to an absolute scale was achieved by the incoherent scattering of reference
materials. These were H,O and Perspex (trade name of poly(methyl methacrylate) (PMMA)).
The evaluation software QtiKWS was used for raw data treatment, masking, and radial
averaging. As a result, one-dimensional scattering curves were obtained. The fitting of the
SANS spectrum was achieved with a Gaussian shell model [Fos08] where the addition of a

form factor P(q) and a structure factor S(q) yield a simulated 1(q) spectrum.

5.7 Freeze Fracture Electron Microscopy
A mixture of surfactant, styrene, and DVB was prepared and placed over H>O without mixing
the two phases, where Bsurfactant = 10 wt.% and PBstyrene = 50 Wt.%. After a small fraction of the
monomer phase was removed, a replica of it was made by using the EM BAF060 freeze-fracture
and etching system from Leica. For this purpose, the sample was placed into a sandwich-like
structure consisting of two copper grids and two copper plates and consequently frozen in liquid
ethane. Next, the sample was fractured and its surface was first shadowed at 45° with a ~ 2 nm
thick platinum-carbon layer and secondly covered at 90° with a ~ 20 nm thick pure carbon
layer. This process was conducted in the vacuum chamber of the BAF060 and at a temperature
of —150 °C. Finally, the replicas were washed with ethanol, dried, and examined at room

temperature with the transmission electron microscope (TEM) EM10 from Zeiss.

5.8 Dynamic Light Scattering
As in Section 5.7, a mixture of surfactant, styrene, and DVB with Bsurfactant = 10 wt.% and Bstyrene
= 50 wt.% was prepared. The mixture was placed over H-O inside a capillary without mixing
the two phases. The capillary was placed into the beam path of the dynamic light scattering
(DLS) spectrometer 3DLS Spectrometer from LS Instruments such that the beam path crossed
through the monomer phase. A helium/neon laser with a wavelength of A = 561 nm was used
and the scattering angle was kept constant at 90°. The scattering intensity was measured as
count rate of photons with an avalanche photodiode (APD) detector. The software of the DLS
spectrometer, LS spectrometer, automatically calculated the hydrodynamic radius rnyq as well
as its deviation from the slope of an intensity-time-correlation function g2-(t). Values were

determined from 120 s time intervals for a total time span of 24 h.
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6 Appendix
6.1 Supplementary Calculations

(a) Relation between ®gas and prei / P

In Section 2.3.2, it was stated that the relative density of a porous polymer prel equals one minus
the volume fraction of the gas ®gas (See equation (2.19)). Furthermore, it was stated that the

porosity P equals ®gas (See equation (2.20)). These relations are deduced in detail here. It holds

Vgas _ Vgas _ Vpolymer

Dyos = = 6.1
gas Vgas + Vpolymer Vtotal Vtotal ( )
with Vgas being the volume of the gas, Vpoymer being the volume of the polymer, and Viotal being
the combined volume of the gas and the polymer. The relative density prer depends on the
density of the porous polymer pporous polymer and the density of the bulk polymer ppolymer. In turn,
pporous polymer and ppolymer can be eXpI’essed by thEir respective masses mporous polymer / mpolymer and

their respective volumes Vporous polymer / Vpolymer. It holds

mporous polymer/

_ pporous polymer porous polymer

Prel = ppolymer - mpolymer/
polymer (6.2)
_ mporous polymer * Vpolymer _ (mgas + mpolymer) : Vpolymer
mpolymer : Vporous polymer mpolymer ’ (V;gas + Vpolymer) .
Next, the approximation is made that mgas is insignificant compared to Mpoiymer. It holds
Mgas + Mpolymer = Mpolymer - (63)
This enables a simplification of equation (6.2). It holds
0 _ mpolymer ' Vpolymer _ Vpolymer _ Vpolymer (6 4)
1= = = . .
l"e mpolymer ’ (Vpolymer + Vgas) Vpolymer + Vgas Vtotal
Thus, the result of equation (6.4) can be inserted into equation (6.1). It holds
Vpol
q)gas =1- w =1—prel- (6.5)
total
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Finally, the relation between pre and P was already stated in equation (2.18). Thus, for the

relation between P and ®gas, it holds

P=1-pr = cI)gas . (6.6)

(b) Volume and Surface Area of a Rhombic Dodecahedron compared to a Sphere

In Section 2.4, it was stated that for a constant volume, the surface area of a rhombic
dodecahedron-shaped pore is roughly 10.5% larger than the surface area of a spherical droplet.
In this paragraph, this value is calculated. For the surface area Asphere and volume Vsphere OF @
sphere, it holds

Asphere = 4mr? (6.7)
and
4
Vsphere = §7TT3 (6.8)

with r being the radius of the sphere. For the surface area Armombic dodecanedron and Volume Vinombic

dodecahedron OF @ rhombic dodecahedron, it holds

Arhombic dodecahedron = 8 * \/E - a? (6-9)

and

16 -3
Vihombic dodecahedron = T a3 (6-10)

with a being the edge length of the rhombic dodecahedron [www4, www5]. Approximately,
the volume of a droplet Varoplet is that of a sphere and the volume of a pore Vpore is that of a
rhombic dodecahedron. Assuming that the volume does not change during polymerization, it
holds

Vsphere = Vdroplet = Vpore = Vrhombic dodecahedron - (6-11)

Thus, by rearranging equation (6.8) and equation (6.10), a can be expressed with a coefficient
and r. It holds
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16 -3

3 3

9 a” = 57'[1"
(6.12)
3| 4m-9 5 3|\3m
a= |———=r>= |——7T.
3-16-3 4
Next, the result of equation (6.12) is inserted into equation (6.9). It holds
2
3 \/gﬂ
Arhombic dodecahedron = 8 * \/? -a*=8- \/E ’ /Tr

(6.13)

3|32
=8.4v2. [— .12
8.2 16 T

Thus, both Armombic dodecahedron (Se€ equation (6.13)) and Asphere (Se€ equation (6.7)) are expressed
as a coefficient multiplied by r2. Finally, their ratio shows how much larger Arhombic dodecahedron IS

compared to Asphere. It holds

Arhombic dodecahedron

= 1.105. (6.14)
Asphere

(c) Conversion of mol% to wt.%

In Section 3.1, an AIBN molar fraction yaien = 1.28 mol% was converted into an AIBN mass
fraction Baien = 1.82 wt.%. Furthermore, a KPS molar fraction yxps = 1.28 mol% was converted

into a KPS mass fraction Bkps = 2.98 wt.%. In this paragraph, these conversions are calculated.
It holds

n
XameNn = 1.28 mol% = 0.0128 = AIBN

nstyrene + Npve (6 15)

nan = 0.0128 - (Ngtyrene + Npys)

with naien, Nstyrene and Npve being the molar amounts of AIBN, styrene, and DVB, respectively.
It holds
MAIBN

Baen = 6.16
AIBN mstyrene + MmpysB ( )
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with maisn, Mstyrene and Mpve being the masses of AIBN, styrene, and DV B, respectively. In the
samples by Quell et al. [Quel5, Quel6a, Quel6b, Els1l7, Quel7a, Quel7b], the styrene/DVB
mass ratio was kept constant at 50/50, Thus, it holds

Mstyrene = MpDVB = Mmonomer - (6.17)

Next, the results of equation (6.15) and equation (6.17) are inserted into equation (6.16).
Additionally, the molar masses Maisn = 164.21 g mol™, Mstyrene = 104.15 g mol™, and Mpvs =
130.19 g mol of AIBN, styrene, and DVB are used to convert the respective masses into molar

amounts. It holds

B _ NaBN - MaigN _ 0.0128 - (nstyrene + nDVB) BUINN
AIBN mstyrene + MpysB 2 Mmonomer
mmonomer/ + mmonomer/
_ 0.0128 - My;pn ) Mstyrene Mpyg (6,18)
2 Mmonomer
= 0.0064 - M ( ! + ! >—00182
. AIBN Mstyrene MDVB . .

For the conversion of ykps to Bkps, analogous calculations are conducted. It holds

nkps

X = 1.28 mol% = 0.0128 =
s nstyrene + Npys

(6.19)

ngps = 0.0128 - (nstyrene + nDVB)

with nkps being the molar amount of KPS. Since KPS is dissolved in H20, Bkes is calculated

with the KPS mass mkps and the H,O mass mu20. It holds

Mmgps

Bkps = (6.20)

Myzo0

The statement of equation (6.17) applies here as well. Additionally, mn20 was equal to the
combined mass of monomers in the experiments of Quell et al. [Quel5, Quel6a, Quel6b,
Els17, Quel7a, Quel7b]. Thus, it holds

My20 = Mstyrene T MpvB = 2 - Myonomer - (6.21)
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Finally, the results of equation (6.19) and equation (6.21) are inserted into equation (6.20). To
convert masses into molar amounts, Mstyrene = 104.15 g mol™ and Mpvs = 130.19 g mol™ are
used again. The KPS molar mass Mxps = 270.32 g mol™. It holds

nigps - Mgps _ 0.0128 - (Nsgyrene + Mpve) - Mips

Bkps =
Myzo 2- Mmonomer

Mmonomer
/Mstyrene

m
+ monomer/M

_ 00128 : MKPS . DVB (622)

2 mmonomer

1 1
= 0.0064 - M . = 0.0298.
KPS <Mstyrene * MDVB)

(d) Different determinations of dpore

In Section 3.1.1, the diameter of the pores dpore Was calculated as if the pore cross-sections were
circular (see equation (3.1)). Here, this method is compared to the determination of dpore in a
hexagon as the corner-to-corner distance, edge-to-edge distance, and the mean value of these
two distances. Using the edge length a of a hexagon, for the diameter corner-to-corner dcorner-to-

corner It hOIdS
dcorner—to-corner = 24 . (6.23)
For the diameter edge-to-edge, it holds

dedge—to—edge = V3a ~ 1.732a. (6.24)

For the mean value of equation (6.23) and equation (6.24), it holds

2a++V3 3
dmean = (IT\/_G, = <1 + g) a =~ 1.866a. (625)

For the calculation of the diameter as if the pore cross-sections were circular, the area of a

hexagon Anexagon IS required. It holds

V2 a?. (6.26)

AHexagon =

N W

The result of equation (6.26) is now inserted into equation (3.1). It holds
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d. — 9. A]—[exagon_z. 3/2.\/7,612
circular — T - T

= |24 ~1.643a

(6.27)

I~

Thus, when dpore is calculated as if the pore cross-section was circular, the obtained result is
17.85% (equation (6.23)) smaller than if it was calculated from the distance corner-to-corner.
For the distance edge-to-edge or the mean value of the former two, the difference is 5.14%
(equation (6.24)) or 11.95% (equation (6.25)), respectively.

(e) Calculation of Bsurfactant at interface

In Section 3.2.1, it was stated that even for the lowest surfactant mass fraction Bsurfactant, the
majority of the surfactant molecules are dissolved in the continuous phase and not located at
the water/monomer interface. Here, the surfactant mass fraction necessary to cover the interface
Bsurfactant at interface 1S €Stimated. This is done by combining geometrical considerations with
reasonable assumptions about the head group area Anead group Of the surfactant. From the radius

Faroplet OF @ water droplet inside a HIPE, its surface area

Adroplet =4-m- rdropletz (6.28)

and its volume

4

Vdroplet = 3 CTe Tdroplet3 (6.29)

can be calculated. Since the droplets are monodiperse and reside in a HIPE, it is also possible
to calculate the volume of the continuous monomer phase Vcontinuous phase Surrounding one
droplet. It holds

0.26
Vcontinuous phase = m ' Vdroplet . (630)
Next, the molar amount of surfactant necessary to cover the interface of a droplet
Adroplet -
Nsurfactant at interface — A— : NAvogadro ! (631)
head group
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is calculated from Adropiet, Anead group, and the Avogadro number Navogadro. Here, reasonable
values for Anead group Nave to be assumed. As an educated guess, Anead group lies between 50 A?
and 250 A? [Wet01, DomO07]. Bsurfactant at interface CaN NOW be calculated with the help of equation
(6.28), equation (6.29), equation (6.30), the density of the continuous phase pcontinuous phase, and
the molar mass of the surfactant Muypermer Which is 833 g mol™ [Gral3]. It holds

Msurfactant at interface

Bsurfactant atinterface —

Mcontinuous phase

Nsurfactant at interface * MHypermer

Vcontinuous phase ' Pcontinuous phase

Adroplet ) MHypermer

(6.32)

Apead group ° NAvogadro * Veontinuous phase * Pcontinuous phase

2
4T - Tgroplet” * MHypermer

N 0.26 4
Ahead group * NAvogadro : /0_74 ’ /3 "I rdroplet3 * Pcontinuous phase

0.74 - 3 - Myypermer

Ahead group ’ NAvogadro - 0.26 - Tdroplet * Pcontinuous phase

Since MHypermer, NAvogadro, @Nd peontinuous phase are all constant and known, Bsurfactant at interface ONlY
depends on Anead group and Faroplet. FOr example, for raropiet = 40 um (ddroplet = 80 M) and Anead
group = 50 AZ or = 250 A2, Bsurfactant at interface = 0.065 Wit.% or = 0.013 wt.%. These values are
much lower than Bsurfactant total Which is between 5 — 20 wt.%. A graph of calculated values for
Bsurfactant at interface @S @ function of the head group areas Anead group fOr droplet diameters of 60 um,

80 pm, and 100 pm is shown in Figure 6.5.

6.2 Supplementary Figures
(a) Variation of Pstyrene between 50 — 10 wt.%

Section 3.1.1 only depicted the SEM pictures where Bstyrene Was varied between 50 — 90 wt.%.
The SEM pictures of samples where Bstyrene = 50 Wt.%, = 30 wt.%, and = 10 wt.% are depicted
in Figure 6.1. Bkps is kept constant at 2.98 wt.% and PBsurfactant 1S Kept constant at 10 wt.%. The
magnifications are 100-fold (left column), 500-fold (middle column), and 1000-fold (right
column). In Figure 6.1, the 2D pore cross-sections fairly monodisperse and close-packed (see
Figure 6.1 (left column)). Furthermore, the shape of the pore cross-sections is always hexagonal
(see Figure 6.1 (middle column)) and the pore walls consist of three layers (see Figure 6.1 (right
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. 30 wt.% styrene

Wit

Figure 6.1: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bkps = 2.98 wt.%, Bsurfactant = 10 Wt.%, and
Bstyrene =50 Wt%, =30 Wt%, and = 10 wt.%.

column)). This means that the morphology does not change when Bstyrene IS decreased from 50
wt.% to 10 wt.%, while the pore cross-sections became increasingly polyhedral and disordered

when styrene Was increased from 50 wt.% to 90 wt.%.

(b) Determination of C A, tpore wall, fouter layer, and tinner layer

To better illustrate how the circumference C, the area A, the pore wall thickness tyore wail, the
outer layer thickness touter 1ayer, and the inner layer thickness tinner layer Were measured, two
exemplary pictures are presented. Figure 6.2 (left) depicts how C and A were determined by
manually encircling the pore cross-sections. From the encirclements, the image processing
software ImageJ calculated C and A. C and A were determined from as many pore cross-sections
as possible. Figure 6.2 (right) depicts how tpore wall, touter layer, 8Nd tinner layer Were determined from

taking the respective thickness perpendicular to direction the pore wall / layer is running along.
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Figure 6.2: (left) Exemplary determination of the circumference C and area A of the pore cross-
sections and (right) exemplary determination of the pore wall thickness tpore wail, Of the outer
layer thickness touter layer, and of the inner layer thickness tinner layer.

tpore wall, touter layer, @Nd tinner 1ayer Were determined close to the struts, in the films, and between

these two. Furthermore, as many pore walls as possible were used to determine tpore wall, touter

layer, AN tinner layer.

(¢) Variation of Baps between 0.32 — 39.44 wt.%

In Section 3.1.2, KPS was used as initiator. However, the maximum solubility of KPS in water
is only 5 wt.%, while that of APS is 62 wt.% [www2, wwwa3]. To further examine if the shape
of the pore cross-sections remains hexagonal if the initiator amount is raised to above 5 wt.%,
KPS was substituted by APS. The assumption was made that KPS and APS have roughly the
same reactivity, though no experiments were conducted on that matter. In Figure 6.3, Bars is
varied between 0.32 — 2.52 wt.%. In Figure 6.4, Baps is varied between 4.20 — 39.44 wt.%. In
both Figures, Bstyrene Was kept constant at 50 wt.% and Bsurfactant Was kept constant at 10 wt.%.
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Figure 6.3: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bstyrene = 50 wt.%, Psurfactant = 10 wt.%, and
Baps = 0.32 wt.%, = 0.63 wt.%, = 1.26 wt.%, and = 2.52 wt.%.

Note that Baps between 0.32 — 4.20 wt.% is molarly equivalent to Bkps between 0.37 — 4.96
wt.%. In contrast, Baps between 9.86 — 39.44 wt.% has no counterpart with KPS. In Figure 6.3,
the pores are always close-packed and fairly monodisperse. The shape of the pore cross-sections
is hexagonal and the pore walls are comprised of three layers. Thus, these samples are very
similar to their KPS counterparts in Figure 3.9. This implies that KPS and APS behave similar.
In Figure 6.4, the pores become increasingly disordered and polydisperse when Paps iS

increased. For Baps = 4.20 wt.% and = 9.86 wt.%, the shape of the pore cross-sections is still
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Figure 6.4: SEM pictures of macroporous PS/poly-DVB obtained via polymerization of
monodisperse water-in-styrene/DVB HIPEs with Bstyrene = 50 wt.%, Psurfactant = 10 wt.%, and
Baps = 4.20 wt.%, = 9.86 wt.%, = 19.72 wt.%, and = 39.44 wt.%.

more or less hexagonal and three layers are observed in the pore walls. For Baps = 19.72 wt.%,
the pore cross-sections have no regular shape anymore and no layers in the pore walls can be
found. For Baps = 39.44 wt.%, the pores are polydisperse and the interconnectivity changed
from closed-pore to open-pore. Overall, the SEM pictures in Figure 6.3 and Figure 6.4 show
that even when Paps IS increased to absurd levels, the pore cross-sections do not become
circular. Thus, these results also conflict with the idea of an osmotic transport of DVB as the

reason for the transformation from spherical droplets to polyhedral pores.
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(d) Calculation of Bsurfactant at interface

In Section 6.1 (€), Psurfactant at interface Was calculated for an exemplary raropiet = 40 m (ddroptet = 80
um) and for two exemplary Anead group area = 50 A2 and = 250 A2, Muypermer, Navogadro, and peontinuous
phase Were constant and known (see equation (6.32)). For a better overview, in Figure 6.5 Bsurfactant
atinterface 1S Calculated as function of Anead group area. The chosen droplet diameters are daroplet = 60
pm (dashed line), = 80 um (continuous line), and = 100 um (dotted line). These droplet
diameters are in the range of the droplet diameter generated in this PhD thesis. Anead group area WaS
chosen between 10 — 300 A? which ought to include the actual, but unknown Anead group area OF
the surfactant Hypermer 2296 that was used in this PhD thesis. Figure 6.5 shows that even for
the smallest Anead group area @nd smallest daroplet, PBsurfactant at interface 1S Still much lower than the

surfactant mass fractions that were used in this PhD thesis.

0.5 AR
S —T " ddroplet =60 pm
E‘ 0.4 \\ - dch'oplet =80 pm
\8 \\ ddroplet =100 pm
< 03
3
8
£ 2
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Figure 6.5: Calculated surfactant mass fraction PBsurfactant at interface NECesSSary to cover the
interfacial area of a water droplet with diameters of 60 pum, 80 um, and 100 um inside a HIPE
as function of the head group area Anead group area OF the surfactant.
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