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Abstract

The polymerization and drying of monodisperse watestyrene/divinylbenzene (DVB)jigh

internal phase emulsiondHIPES) leads to monodisperse macroporous polystyrene
(PS)/polydivinylbenzene (polyDVB). When the monormsefuble azobisisobutyronitrile
(AIBN) is used as initiator, spherical and interconnected pores and porous pore walls are
obtained. In contrast, whethe watersoluble 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)hat transforms spherical droplets into polyhedral pores and (2) that creates a
threelayered 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 ttheeskisting
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 ethisting hypothesis was rejected

and a new explanation had to be found. Experiments in which the surfactant mass fraction
bsurtactantwas varied revealed that the relative size of the inner layer increases and the relative
size of the outer layers decsea s  WJdra&afis intreased. Moreover, it was found that the
outer layers are neporous 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 surfaatant is
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 lagen$ 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 indusen 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
surfactat, while the regions close to the interface become surfaitentWhen the surfactant

is washed out during purification, a porous inner and twepurous outer layers are obtained.

Additionally, the mechanical properties of monodisperse macroporoyIli3YB were
investigated. It was found that the samples are only elastomeric when the amount of DVB is

low, while they are elastibrittle for all other monomer compositions.
IX



Kurzzusammenfassung

Durch Polymeriationund Trocknerwird ausmonodispersen Wasrin-Styrol/Divinylbenzol

(DVB) Emulsionenmonodisperses, makroporéses Polystyrol (PS)/Polydivinylbenzol. Mit
monomerloslichem Azobis(isobutyronitril) (AIBN) als Initiator werden sphéarische und offene
Poren sowie porése Porenwande erhalten. Dagegeisehen mit wasserléslichem
Kaliumperoxodisulfat (KPS) polyedrische und geschlossene Poren und die Porenwande
bestehen aus zwei ahnlich aussehenden auf3eren Schichten und einer inneren Schicht. Das Ziel
dieser Arbeit war es, den Mechanismus zu identifizie(éh,der sphéarische 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 Massenverhéltnis und der KPS Massenbruch wurden vaurartdie
bestehende Hypothese zu uberprifen, alié osmotischen Transport von DVB basiert
Rasterelektronenmikroskopie (REM) Aufnahmen zeigten, dass sich die Morphologie der
Proben nichin der Artverandert, wie sie es tun sollte, wenn osmotischer Traingpo DVB

der wirkende Mechanismus .issomit wurde die bestehende Hypothese verworfen und eine
neue Erklarung musste gefunden werdarExperimenta, in denen der Tensidamsenbruch
brensiserhoht wurdenahm die relative Grofl3e der inneren Schicht zudiedelative Grol3e der
aulReren Schichten ab. Zudem wurde herausgefunden, dass die &ul3eren Schichten nicht porés
sind, sehr wohl aber die innere Schicht. Mithilfe eines ternaren Phasendiagrams bestehend aus
Styrol, Tensid und PS wurde gezeigt, dass dassidenicht in partiell polymerisiertem
Styrol/PS l6slich ist. Der anhand der experimentellen Ergebnisse vorgeschlagene Mechanismus
basiert auf TensiddiffusionDa die Polymerisation durch KPS an d&/asser/Monomer
Grenzflache bginnt, entsteht in deren N&ahsne partiell polymerisierte Schicht. In der
kontinuierlichen Phase geldste Tensidmolekile diffundieren aus dieser Schicht entweder (1)
zur Grenzflache oder (2) ins Innere der kontinuierlichen Phase. (1) Tensiddiffusion zur
Grenzflache verursacht dort eitdberséattigung, woduralichdie Grenzflache vergréRekann

und aus sphérischen Tropfgolyedriscle Poren werder(2) Tensid Diffusion ins Innere der
kontinuierlichen Phase verursacht dort eine Anreicherung mit Tensid, wéhrend nahe der
Grenzflache keinTensid mehr vorhanden is?Wenn das Tensid wéhremder Reinigung

ausgewaschen wird, entstehen eine porése innere und zwepoidse auldere Schichten.

Zusatzlich wurden die mechanischen Eigenschaften von monodispersen, makroporésem
PS/polyDVB untersuchDieses ist nur dann elastomerisch, wenn der DVB Anteil niedrig ist,

wahrend es bei allen anderen Monomeammensetzungen elastidmtiichig ist.
X



1 Introduction

1.1 Motivation

Polymers have been used loymans 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 T&entury has fundamentally changed modern society. Since 1909
when he first industrially produced plastic, Bakelite [Bae09], was introducedje nange of
products has been maffem synthetic polymersAmong these products are, for example,
porous polymersvhere the dispersed phaseaigasandthe continuous phase @spolymer.

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 counterpaste big advantage giorous
polymersis the fact that the densitycan beadjustedoy changing the amount of the dispersed
gas. The gamut of densities incluaex only the dense bulk polymer itsalhere the volume
percentage o0f po@gdddmet 16 kgure)rbyt alsomatéribls tifapnsistalmost
entir el Yoouddymergle &g nt3)[Lan95]. As the mechanical properties pafrous
polymersstrongly depend on their density, this openghgpossibility of producing large
number ofdistinctmaterialsusing only one type of polyméree07]

The volume fraction of the dispersed phase is only one parameter that affects the morphology.
By changing other parameters like the average piaee the poresizedistribution, the pore

wall thickness, or the interconnectivity of the pores, the propertigemius polymersan be
modified even further. For instance, in buoyancy products fikatation aids closedpore

porous polymers are requirathce penetration of water into the matehakto be avoided
[Mil07]. Openporeporous polymeron the other hand, are used as acoustic damping materials
for examplg[Banl1]. However, the inteonnectivity, the average pore size, dmel poresize
distribution are difficult to control when thporouspolymer is produced industrially. One
methodfor solvingthis problem is the use of templat&kese consist of a dispersed phase that
acts as placeholder for the pores and a continuous phase which eésisqréo 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 controlesiwell.

| f emul sion droplets are used as placehol der

used. The continuous phase consists of the monomer(s), the surfactant, and in some cases a

-1-



solvent, while a liquid that is immiscible with the continequhase serves as the dispersed
phase. Bynonitoringthe volume fractioni 4isp Of thedispersegbhase, the density of tiperous

polymer is adjustable: the higher the amount of the dispersed ightelower is the density.

If Gaispis at least 74 vol%the emulsion is called high internal phase emulsiofHIPE)
[Cam96]. HIPEs were first used produce porous polymers Bartl et al in 1962 [Bar62].

They formul ated fAireverse emulsionso where wa
methacrylatewere the two investigated monomers, and a graft copolymer of styrene and
polyethylene oxide wassed asurfactant. It took another 20 years before a patent was filed for
this specific kind of synthesis [Bé&Band the terms HIPE and polyHIPRolymerizedhigh

internal phase emulsignvere introducealthough strictly speakingthe 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 dedtria a certain point
[Wil88a, Wil88b, Wil89, Wil90a, Wil90bHai91, Cam96, Cam97, Bar00, Cam00, TaiOla,
Tai0lh CamO05, Sil0O5Kim11, Sil14].

Talha Gokmen et afirst combinedHIPEswith 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 am-eiater (o/w) emulsion
[Tal09]. In contrastCostantini et alsynthesizd porous polymers with uniforrsized pores by
polymerizing thehydrophilic continuous phase of an o/w emulsion formed with microfluidics
[Cos14]. Quell et al.used the same method withe hydrophobic monomerstyrene and

divinylbenzene (DVB) as continuopdase 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 waterstyrene/DVB HIPE templaténiddle) which itself was
synthesized with microfluidics (left).
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of this waterin-styrene/DVBHIPE and subsequent drying leddgorouspolystyrengPS)/poly
divinylbenzeng(polyDVB) with a monodisperse pore sig@uel5, Quel6a, Quel6b, Elsl7,
Quel7a, Quelb]. The schematic process of producing monodisperse porous PS/polyDVB with
monodisperse waten-styrene/DVB HIPEs is shown figurel.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 pum was possible. Due to the porebsing largr than 50 nmthe
material is classified as macroporous PS/PDVB [Eve72, Bur76]. Furthermore, by changing the
type of initiator, both opepore and close@ore macroporous PS/polyDVBere obtained.

With watersoluble potassium peroxydisulfate (KPS) asaiitr, polyhedral and closed pores
with granular pore surfaces and layered pore walls are forme#i(geel.2 (top)). Note that

in the 2D pore crossections ofFigurel.2, the polyhedral pores appear as hexagons, while the

pores are shaped like rhombic dodecahedrons in 3D.

Figure 1.2: Scanning electron microscope (SEM) picturesntdcroporous PolyDVB
obtainedfrom monodispersavaterin-styrene/DVB HIPEsand initiated with (topKPS and
(bottom)AIBN. This Figure was copied frof@uel17b].Reprintedvith permission fronQuell,

A.; Sottmann, T.; Stubenrauch, C.; Diving into the Finestructure of Macroporous Polymer
Foams Synthesized via Emulsion Templating: A Phase Diagram Stadgmuir2017, 33,
537-542 Copyright 021) American Chemical Society

With oil-soluble azobisisobutyronitrile (AIBNas initiator on the other hand, spherical and
interconnected pores with smooth pore surfaces and porous/pliseare formed (seleigure
1.2 (bottom)). For the sampleseen inFigure 1.2, the styrend®®VB mass ratio i$50/50, the
surfactant mass fraction 10 wt.%, and the initiator molar concentration 1.28 Rioiéé. the

emulsion templatearespherical droplets, the differenobserved for the two initiators raises
-3-



the questiomf how and why the spherical droplets becgub/hedralpores when KPS is used.
Quell et al.explained this transformatiamith osmotic transporf DVB [Quel7a]. According

to SchwachuldSch75], the polmerization of thecrosdinker DVB is faster than that of the
monomer styrenavhich is whyQuell et al.argue that a DVBich polymer layer forms at the
interface. Assuming that thmajor partof the monomer styrene only reactseafDVB has
polymerizedQuell et al.concludel that layered pore walls witlwo polyDVB-rich outer layers
and aPSrich inner layerform. Furthermore, &oncentration gradient of DVB between the
Plateau border@nitial DVB concentration) and the films (DVB depleted) is believed to be the
reason for the change from a spherical polghedral pore shap&his gradient causes osmotic
transport oDVB moleculedrom the Plateau bordensto the films As a resultthe size of the
Plateau borders reduced anthe thickness of the filmis increasedThus, the shape of the
interface changes from spherical to polyhedral. Furthernf@ue]l et al.showed that quite
uniform pore wall thicknesses drailt. Note thattie osmotic transport has to work against the
desire of the droplets to minimi#eeir surface since the surface area of a rhombic dodecahedron
is ~10%larger than theurfacearea of esphee [Quel®, Quel7al.

1.2 Task Description

Although the experimental salts obtained byuell 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 PID 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 systigmatical
(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 indtignuous phase, the
thickness of the supposedly polyDMEh 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 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 result:ay allow a quantitative description of the mechanism. On the other hand,
-4-



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 dismisseztjigonly, 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 ar@eckami
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
propertyrelationships. Moreover, both monodisperse and polydisperseropmous

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, mixingand 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 Aoil 0o. To enable the mixing of i mmisc
is & 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 olil, thereby reducing the intditiacsaon 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 surfecdadive agénttori s t he
Aamphiphil eo. Mioxitlu r tsa boifl iwaetde rwianrhd sur fact a
while the surfactant is called fiemulsifiero.
cosmeticdike creams, shampoos, makp, or perfume as well astnindustrial processes.

Typical emusions either consist of water droplets dispersed in a continuous oil phase (w/o

emulsions, seBigure2.1 (left)) or of oil droplets dispersed in a contous water phase (o/w

emulsions seEigure2.1 (right)).

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



More complex systems like o/w/or w/o/wemulsions also exist but less common. The type

of emulsion depends on the type of surfactant, the temperature, thatcatiae 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 condiigtis measured, o/vemulsions show a high
conductivity while the value is close to zero in the case ofamfalsions. 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 cdmuous phase [Bin98, Eva99, Lyk05, Ros12].

In general, most emulsions appear white since the droplets of the dispersed phase have a
di ameter between 200 nm and 100 em, thus sc:
also be transparent, namely iettispersed 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 odyight is observable [Sch05].

Influence of Interfacial Tension on Emulsions

The surfactant molecules between the dispersedancontinuous phase form a skike layer
around the dispersed droplets which enables a kinetic stabilization of the intBidaoeadtter
how well an emulsion might be stabilized kinetically, its ultimate fate is always phase
separation. The reason lath this lays in the change of the Gibbs free en&gyhich in the

case of emulsions holds

o 0 Y'Y | B 8 (2.1)

In equation(2.1), H represents the enthalpythe temperaturegqs thethermodynamientropy,

2 the inter f Andcdhle interiaaiakarea. Mote thah tHermodynamic systems
always try to mimmize 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 pBasegase which

leads to a decrease Gf However, nowAinertace has been increased as well which, in turn,
increase$s. Thus, the deciding factor is how far

decrease is by far not enough in the case of emulgidny pi c al | y?%), thusdakidggd mN n
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them overall thermodynamically unstable [LykO05]. In microemulsions, in contrast, the
interfacial t ensi ohorlower Foregample the system BI2Odearl mN n
alkylbenzene sulphonate (LAS)decanewith 0.1 gL!LAS has an interfacia
0.5 mN m! [Stu09]. In this case, the increase $hmatters and the system becomes
thermodynamically stable. Furthermore, microemulsions appear transparent because droplets
with typical diameterbetwead 10 nm and 100 nm form armdethusnot able to scatter light

[Stu09].

Anot her point where 0 matters is the shape o
has the lowest surface area and since a minimized surface area is required energsgically,
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 ligsighré&sure

difference tries to increase the diameter of the drgpidtite the surface tension works against

this effort. The two counteracting forces lead to an equilibrium droplet diameter which can be
described with the Younbaplace equation. It holds

on ¢ | (2.2)

wherpe eqpr esents the pressure difference bet we

mean curvature of the droplets. It holds

P P P .
c T (2.3)

wherer; andr: are the two radii of an ellipsoidal body. In the case of sghére two radii are
equal (spherd Which simplifies the curvature to the reciprocal radius and transforms equation
(2.2) to [Sch05]

wfh ——38 (24)

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 ripeningigsee2.2).



0’0
&
&

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

One way how emulsions catecompose 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 gravityigsee2.2 (top)).

On the other hand, if the dispersed phase is less dense than the continuous phase, which usually
applies for o/wemulsions, the opposite happens. The droplets than cream towards the top of
the emulsion. Eventually, these processes lead to a gleaseation 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 deguposing 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 ags own disintegrating route if the droplets aggregate irreversible. Duedygra

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 dropleigisex2.2 (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 presure of the larger droplet is smaller (see equaiot)). The coalescence of

more and more drdgts eventually leads to phase separation. A way to avert coaleseence i
using a sufficient concentration of surfactant. The steric repulsion efonansurfactants or

the electrostatic repulsion of ionic surfactants, respectively, pushes the droplets apart if they

come to close together [Bin98, Eva99, Sch05].

Finally, an enulsion 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 smallemes(seeFigure2.2 (bottom)). Note that Ostwald ripening is not exclusive

to emulsions but also occurs in foams. The underlying principle is the Mapigce equation

(see equatiofR.4)). For smaller droplets, the pressure difference between inner and outer phase

i s higher than for bigger dropl ets peesedause ¢
liquid has a finite solubility in the continuous one, single molecules candiftese between
droplets Additionally, their concentration close to a droplet is dependent on the diameter of the
droplet, being higher in the case of smaller dropléss a result, a concentration gradient
between the outside of small dropletshere the concentration of solubilized molecules is high

T and the outside of large droplétsvhere the concentration of solubilized molecules isilow
forms. Therefore, moledes of the dispersed phase will 1oiffuse from the small droplets
throughthe continuous phase into large droplets. Eventually, this leads to a disappearance of
smaller dropletswhile the bigger droplets grow larger and larger, finally also resuhippase
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 preparingthalsion via microfluidics (se€hapter

2.2) or by preparing a solution already assembled from all three components (water, oil, and
amphiphile) andapidly adding more oil or water. Once the system crasseshe twoephase

region, uniform sized droplets form via nucleation. The ouzo effect observed in many alcoholic
beverages derived from plants containing essential oils is a famous practicalesfantipis

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, thecemtration 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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backdiffusion into the smiger 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 indexRDI) describes how large the droplet size distribution in an emulsion
With dsq as the standard deviation of the measured droplet diametets.argdas the average
droplet diameter, it holds [Clal16]

Q

uOOpnT[ID,Q

8 (25)

Typical emulsions have #®DI of around 50% and are therefore polydisperse. Ideal
monodisperse emulsions, on the other hand, would hak®bof 0. However, bec
monodispersity is virtually impossible, the term monodispersity is typically used whebthe

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

Furthermore, the vol ume gf)isasedtoctassifydifferenttymes di s p

of emulsions. It holds

h (2.6)

with Vaisp denoting the volume of the dispersed phaég,: denoting the volume of the
continuous phase, andoa denotingt he t ot al gspdo 126 . tlhfe G mul si o
low internal phase emulsidiIPE, seerigure23( f i r st c ol u mRp¥x J0% arlor 3 0 ¢
f 0 ryisp U74%, the termsnedium internal phase emulsi¢MIPE seeFigure 2.3 (second

column)) anchigh internal phase emulsidiIPE, sed-igure2.3 (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 HIPESs, due to gravity and the higblume 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
much continuouphase 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 aisatalled the Kepler conjecture. However, it took about another

400 years before it was finally proven mathematically [HalO6].

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 b#te/deyger droplets (see
Figure2.3 (bottom, third column)). However, this process does not cogtomaticallywhich

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 termthab@n used i nstead of
packedd is disordered. | f the droplets are o
fraction at 74%. Since the dispersed phase is not composed of hard spheres but liquid droplets,
the packing fraction can exceed 65%w 4%, respectively. In that case, the droplets need to be

deformed and start to become polyhedral &gare2.3 (fourth column)).

2.2 Microfluidics

Dexri bing A[t]he science and technol o%iy of s
1018 liters) amounts of fluids, using channels with dimensions of tens to hundreds of

mi crometerso [ WhiO6], systemati c hel9uld.iAtes of
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 ofafticdics 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 themerous 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 smalldotprint on analytical devices [Man9Ree02,Whi06, Zhall, Zhal6]. Another
advantage of microfluidic devices-likebfiheff aw
which can be exploited for specific applications and will be discussed to a gnetatetr 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 manufactd 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 chemicabr 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, TehOB Sometimes, it is necessary to change the wettalofi

the microfluidic chip, i.e. to render its $ace hydrophobic or hydrophilién 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 hydliepine, 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 hydrophilicGhr07, Teh08].

A particular subtopic of microfluidics is droplbaised microfluidics where two phases are used
instead of one. They are either partially miscible or immiscible [Zhall]. When the two phases
meetatthesec al | ed fij unct i o rsion dropletsrare tbimed le gesezal, tenu |
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 dege. 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 numbhbrs, whic

along with otheparametershelp to subdivide the droplet generation into different regimes.

Channel Geometry

Most of the used channel designs can be classified intoftoesgeometry, ceflow geometry,

and flowrfocusing geometry, the last of whialso 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 visuapresentation of crodkw, co-flow, and flowfocusing
geometry is given ifrigure2.4. In crossflow geometry, the two phasese et at an angl
between 0% 180° (seeFigure24 (t op | ef t ) ) . = 90handnbis garticalar s e s ,
arrangementj uinsc t d digue.d (operight)). 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 dispeesl 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, bo
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 aahed byThorsen et alin 2001

[ThoO1], who generated an w/o emulsion witRI as low as 2%. Since then, the criiesv
geometry and especially thejdnction have been widely used due to their easy handling
[Chr07, Zhul6].
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Figure 2.4: Schematic depiction of the general crflssv geometry (top left)the T-junction
geometry (top right)the 2Dplanar ceflow geometry (middle left)the 3D-coaxial ceflow
geometry (middle right)the 2Dplanarflow-focusing geometry (bottom left), and the -3D
coaxial flowfocusing geometry (bottom right).

As its name already suggests, in theflow geometry the two phases flomoexistingly

(parallelly) with the channel of the dispersed phase being surroundad arger channel of

the continuous phase (deigure2.4 (middle row)). Typically, the size of the generated droplets

is larger than the size of tishannel of the dispersed phase. With dloav geometry, the first

monodisperse droplets were producedUybanhower et al[Umb00], who were able to

minimize thePDI in their o/w emulsion to 3%. When focusigot he fAdept ho of

co-flow geomety can either be two dimensional (2panar or three dimensional (3Dpaxial
(seeFigure2.4 (middle left and middle right)) [Chr07, Zhul6].

Finally, in flow-focusing / elongated flow geometry both phases are pushed through a narrow
constriction (sed-igure 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 tieel dispers
phase into uniforasized droplets. In general, this geometry offers an even more controlled

droplet brealup than the other two that were discussed previously. As is case-fionwco
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geometry, the channels can either be@&nar or 3Bcoaxial (sed-igure2.4 (bottom left and
bottom right)). In 2001Gafan-Calvo et al [Gan01] were the first to use this geometry for
producing gasn-water(g/w) bubblesOne year laterAnna et al [Ann02] employed the same

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

Forces, Dimensionless Numbers, and Droplet Brealdp

In essence, there are four forttwat act upon the fluids iite a microfluidic device. They all

depend on the characteristic length s¢atd the microfluidic devicé most often simply the

channel thicknessand/or the velocityiof t he fl ui d. The i ndex 0i 06
phase that is examined with 6cd indicating t
phase. The first force acting upon a fluid is the inertial fornataich holds

" m 0 h (2.7)
w i tibeing 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 channelThalsecond force that

has the same orientation is the viscous féreghich holds

) ; (2.8)

w i t;hbeingthe 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 immiscibkeplyget into contact

with each other is the capillary presstyehich holds

| =

Q =h (2.9

C

with o being the interfacial tension betwee
denotes the surface tension of the fliohally, gravity has an influence on the fluids inside a

microfluidic device as well. Its fordg holds

N omQl, (2.10)

INote that the four f or ces 0atutaregnoforaesmitemnasloflplyysicsar ry t he n
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with g being the gravitational constant of the earth [Zhul6]. In order to determine which type
of flow is present inside a microfluidic chaniidaminar or turbulent the secalledReynolds
number Res calculated. This dimensionless number is given by the ratio between the inertial
forcefi and the viscous forde and thus,
YQ —Q m o Mmoo (211
Q & U 5 S

[Bee02, Gar05, Zhul6]. If the viscous forfggreatly exceeds the inertial forGeReis small

and the flow is laminar. On the other hand, if the inertial férgeeatly exceeds the viscous
forcefy, Reis large and the flow is turbulent. The boundary between laminar and turbulent flow
is typically put atRe= 2300 [Bee02, Zhal6]. However, in microfluidic chanriRéss usually
between 16 and 10 [Zhul6] and therefore, the flow is always laminar in microfluidic
channels. Fortunately, the famous Na#okesequation for incompressible fluids can be
solved linearly for laminar flow. For turbulent flows, solving the NaB8&rkesequation

requiresnontlinear differential equationd\fhi01, Squ03.

When droplets are generated, an interface between the two phases is formed. Thus, the force of
the capillary pressuigwhi ch cont ains the interTheaeodrgg!l t en
for developimg 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 presseen be

expressed as dimensionless numbers.Bdre number Bgives the ratio of thgravitational

forcefgy to the force of the capillary pressud¢and thus,

Q FMQ0 3mQO

0 ¢ 0 — - 8 (2.12
0
Her e, (0 e]| iI's the difference in density betwe
formed inside a microfluidic device, bothand @} are smal | , Bstoi c h, i

miniscule values. Consequently, the influence of gravity can be neglectidplet generation
in a microfluidic device Tab05,Chr 0 7 , Zhall, Zhulé6] . Note tha
has a higher value since the dispersed phase is a gas, which also irdodasssme extent.

Here, gravity can have an influence on bulg#eeration [Chr07].

As already discussed for tReynolds number Rihe inertial forceé can usually be disregarded
on the microfluidic scale. The ratio of this force to the force of the capillary preksare
expressed by th&/eber number W& herefoe, this dimensionless number is given as
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As the Reynolds number Reefore,We has small values when droplets are generated in a
microfluidic device and is therefore not of high relevance [Chr07, Zhall, Zhul®6].

The most important dimensionless numimemicrofluidicsis theCapillary number Cavhich
expresses the ratio between th® tdominating forces on the microfluidic scaleandfe.. It
holds

.. v,

> g (2.14)

ConsequentlyCa s independent of the length scaleln microfluidic droplet generatioiGa
typically takes up values teeen 16 and 10 [Zhu16] and helps to differentiate between three
droplet generation regimeSdu05,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 arethd s ¢ o s i and/itheftow tatiod . =aThey hol d

1 2 (215

and

(2.16)

W
c~1| C-i
o«

wi tqgl n drepdesenting the viscosities of the dispersed and the continuous phaseadd Q
Qc 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 depictdddgare2.5. Note that since the geometry of

the microfluidic device in this PhD thesis was flbocusing geometry, the three regimes
accessible with this particular geometry are described. Nevertheless, the concepts are very
similar in crosdlow and coeflow geometry. Two further, less common regimes are tip

streaming and tipnultibreaking. These are modifications of the jetting regime and will not be
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discussed here. As already mentioned, @apillary number Cacan be used to define the
bourdaries between the three regimes. In gendnal viscous forcd, and to smaller extend

also the inertial forcé try to deform the interface in order to continue flowing downstream,
while the capillary pressure tries to minimize the interfacial area. $ioae be neglectethe
Capillary number @ is a good indicator for distinguishing between the three regimes and is
therefore conventionally used. When @epillary numbeiof the continuous phasga: is smat

ler than 1%, droplet generation occurs in the squeezing regime. \Wiaeis between 187

10°, droplet generation occurs in the dripping regime. Finally, whanis larger than 19
droplet generation occurs in the jetting regime [Annl16, Zhul6]. Together, they are all part of
the larger concept of passive droplet generation where dimelakup 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 veh, 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 wettabditye
fluid density [Zhul6]. 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 squeezirdyjpping, 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 dominathngreand droplet breakup is governed by ashstatic
mechanism. In the beginning, the dispersed phase starts to fill up the downstream channel
(crossflow and ceflow geometry) or the constriction (flofocusing geometry), respectively
(seeFigure2.5 (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 pb& 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
continuousphase can enter the downstream channel/constriction again and thereby deforms
(Asqueezeso) Fgure25 (topd))eThi$ cortirues(urttiifadly, droplet breakup

occurs (se€&igure2.5 (top e)) andheprocess starts again (deigure2.5 (top a)). Since droplet

breakup is mainly determined by the channel geometry, this regime is sometimes called the
Ageonceatnrtyr ol | ed o r e glioptets.are Targgr thanaHe Idigsgon df thee

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 pressurengiréte 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 (d&gure2.5 (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 jettig regime is also similar to that of the squeezing regime in that the droplets
are formed when the continuous phase starts to deform the interfadegisex2.5 (bottom

left d and bottom right d)). In the dripping regime, breakup occurs close to the nozzle of the
dispersed phase (crefisw and coflow geometry) or close to the constriction (fldacusing
geometry) (se€&igure2.5 (bottom left €)). In the jetting regime, on the other hand, there is an

extended stream of the dispersed phase into the downstream chankélfse2.5 (bottom
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right e)). The droplet breakup is then caused by Raylelgteau instabilities. However, this
severely limits the monodispersity so that the droplets are less rspagk. 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 rags, 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 Starsit
becomes easier to deform the interface and hence, to generate droplets. By lowering the
interfacial tension, th€apillary number Cas increased. This means that in order to remain in

the same droplet generation regime, the flow rates have to beadedraccordingly. An
important aspect of surfactant addition is the adsormt@sorption 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 surfactantiftuse 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 surfaaht 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
corcentration [Ann16, Zhul6].

Though the geometries, forces, dimensionless numbers, and droplet generation regimes have
been discussed now, what is lacking are advantages and applications of-lmaeetet
microfluidics compared to microfluidics in generdbince 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 kimg a high interfacial areto-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 ower 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 furtherpéerfor
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 todemtake 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. Whehet continuous phase is solidified after the droplet generation and
the droplets are removed afterwards, monodispeoseus materialcan be produced which

was done in this Phihesis Chr07,Bar10, Teh08, Zhul6].

2.3Polymers and Porous Polymers

2.3.1 Polymers

According to thelnternational Union of Pure and Applied Chemis(iy PAC), a polymer is
defined as A a] mol ecul e of high relative m
comprises the multiple repetition of units derived, actually or conceptiralhg, molecules of

|l ow mol ecul ar masso [wwwl]. This o6high relat
1000 g mot and often even above 10000 g rhfllec10]. Therefore, adding or removing one

unit does not significantly change the properties pblgmer. 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 angetr widespread industrial production began roughly 80 years ago
[Tield]. Today, the most commonly used synthetic polymers are polyethylene (PE),
polystyrene (PS), polyvinylchloride (PVC), péiyethyl methacrylate (PMMA), polytetra
fluoroethylene (PTFERNd polyvinylalcohol (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 diffetgpes 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 depicteHigure2.6 (left) [Tiel4].
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la statistical/random 2a linear

1b alternating 2b branched

lc block 2c¢ crosslinked 2d

1d graft 2d star-shaped
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Figure 2.6: Schematical depiction of (left) statistical/random (1a), alterndfiby block (1c),
graft (1d) copolymers and of (right) linear (2a), branched (2b), crosslinked (2e3hatzed
(2d) polymers.

Moreover, polymers can be distinguished according to their constitution. Here, four types exist
as well. These are linear polens, branched polymers, crosslinked polymers, aneshegred
polymers and are all depictedrigure2.6 (right) [Lec10, Tiel4]. Another way to charadtze
polymers is by the manner in which they are synthesized. In generahatyeperization and
chainpolymerization can be distinguished. In sfggymerizations, the link between two
monomers is made through a reaction of their two respefttivetional 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 theacts 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]. Spepymerization can be further sub
divided into polycondensatioand polyaddition [Lecl10, Tiel4]. In polycondensations, every
reaction step produces a lanolecular byproduct which is ofterp@. Examples for polymers
synthesized via polycondensation are polyesters like polyethylene terephthalate (PET) and
polyamidesike Nylon®. In contrast, no byproduct is formed in polyadditions. Here, the most

prominent example are polyurethanes [Lec10].

In chainpolymerizations, the monomers typically contain at least one double or triple bond
whoseelectrons are used to connecbtmolecules 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 nowbecmes a r adi cal . Only at these
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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 telight or heat and are called radical
initiators [SuB]J. In turn, the polymerization is called a radical polymerization. Other initiator
types include anionic initiators, cationic initiators, and coordinative initiators [Tiel4]. €hain
polymerizations are comprised of three main reaction steps: initiatiopagation, 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 cotraéipn of radicals changes during each step.
During initiation, initiator molecules dissociate into radicals ang tthe concentration of
radicalsincreasesThese radicals then activate the double bonds of the monomers by forming
a new bond with one daon 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 [fiigoess.

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 gbiéirt 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 angs#liminate each otheEach of the two radical

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, tieeotration 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 concentrationraflicals 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,
Tiel4].

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 polyatiem 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 g@oolgmerizable
medium, the increase in viscosityrohg the polymerization can be problematic. The diffusion

of large molecules becomes slower with increasing size. This, in turn, decreases the likelihood
of radicalrecombination because two large @utive polymer chains do not come into contact
with ead 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, uncompensatedttetergy
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 usdapersed in tED

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 kD as dispersing medium and are depictedraelieally inFigure2.8.
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Figure 2.8: (top) Schematic depiction of emulsion polymerization: The surfactant forms
micelles and stabilizes the styrene droplets. The veatieible initiator reacts with dissolved
styrene molecules to form oligomers which diffuse into the micelles. More styrdeeules

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 pladkarstyrene droplets. Note that the
sizes of the droplets, micelles, and surfactant molecules are not to scale.

Other, more speciainethods such as miniemulsion polymerization, monomolecular plain
polymerization, and interphase polymerization will notllseussed 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 micellegir{¢¢e~igure2.8

(top left)). As already mentioned, the monomer is hydrophobic, but note that it still has a non
negligible solubility in HO. The polymerization is started by a wasetuble intiator and
mainly happens inside the micelles because the number of micelle® (=11010?* LY) is se

veral orders of magnitude higher than the number of monomer droplet$ 11010 L)

[Lec10, 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 betweewdtersoluble initiator and a
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small number of monomer molecules occurs outside the micellegdriltéc10(page 16)].

When these short molecules grow in size, they become more hydrophobic and diffuse into
closeby micelles (sed-igure 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 0.055 um (sed-igure 2.8 (top right)). In contrast, the final
globules produced by suspension polymerization are much biggeses between 0.01

0.5 cm (sedrigure 2.8 (bottom right)). Suspension polymerization does not use surfactants,
though the suspended monomer droplets can be stabilized by protective colloids. Furthermore,
a monomessoluble initiator is used which means that the polymerization occurs inside the
supended monomer droplets (sBegure 2.8 (bottom left)). Subsequently, these droplets
solidify over the course of the polymerization and transform iht dlready 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 prevetitrot 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 depead 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

threet ypes of polymers, the t8®)r msndgdmelst itm@ ntse

(Tm) have to be explained. While amorphous polymers shdyy @ystalline polymers exhibit

a Tm. Semicrystalline polymers show bothTa and aTm. When the amorphaupart of a

semicrystalline polymer or an amorphous polymer reachds,its transforms from a glassy

into a rubbedlike state. On the other hand, when the crystalline part of a semicrystalline polymer

or a crystalline polymer reaches fis, it transfoms from a crystallinstateinto an isotropic

melt. Note that since the size of the amorphous regions or crystals varie$y bothTr, are

not exact temperatures but rather temperature ranges. The temperature rangesTat avitdch

Tm appear, respectively, can be measured by differential scanning calorimetry (DSC) or

differential thermal analysis (DTA). Thermoplastics consist of linearsanosslinked polymer

chains and are usually amorphous or semicrystalline. They are frequentiesal 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 rshape a thermoplastic which will then remain in its new shape once cooled
down again. In contrast, thermosets cannot kshaiped at all. Even if they are heated up to
several hundred degrees centigrade, theyratierdecompose than undergd@or Tm. The
reason for this behavior is that thermosets consist of highly crosslinked polymer networks. This
feature also explains whthermosets 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 shas their name already impliéselastic
behavior. e reason for this is that elastomers havig that lies below room temperature
[Gib97], which means that they are in a rubbke state. Elastomers consist of amorphous,
lightly crosslinked polymer chains and cannot be molten. Furthermore, they a@uiié 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 styf@W& 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 ta 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 effectBy crosslinking with DVB one increases the molecular weight of the
polymers which simultaneously increases the viscosity of the system. Teetbfgel 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 certainveosion 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 Dif&ctions< 10 wt.%, the chains become
connected chemically and thiilse 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, narogel particles with a ndike 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 pseudphase of monomers. Simultaneously, the monomers swell the microgel
paticles, 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 crosstishktructure [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 intercontiets 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 #hviscosity 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 DB fisac
lower since the crosslinking and thienes also the increase in viscosity happens more gradually
[Sto65]. The styrene/DVB ratio furthermore determines the probability for-imeesus
interchain polymerization and the fraction of pendant doubledoi.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 asearlyall 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. Tl cyclizations occur that prevent a lot of extra vinyl groups
from polymerizirg which, in turn, increases the fractiaof pendant double bonds [Sto65,
Sop72, Hil85a, Hil85b, Sun93]. Finally, the styrene/DVB ratio influences the glass transition
temperaturdy. At first, adding DVB to pure styrene increasesTheFor exampleZou ¢ al.
[Zou90] found that th&y 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 fraction$g nan be
observed anymore since it is impossible to transform a highly orksdl 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 polymersor polymer foams as they are often called as alle part of
the larger group of cellular solids. These colloidal materials casfsgssolid 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 polymebhg teader can find information on cellular solids with other
materials inGibson et al[Gib97]. The properties of porous polymers are given by (a) the
chemistry of the polymer, (b) the volume fraction of the dispersed phaseand (c) the
morphology. A for the chemistry of the polymer, the chemical composition of the polymer

i.e. the type of monomer($)is not solely decisive. Factors like the degree of crystallinity, the
degree of crosslinking, and the extent of the chain length distribution pblynaer play their

parts as well. The volume fraction of the dispersedigasi.e. how much gas is dissolved in

the polymer matrix, is closely related to the relative density of the porous pglyraerd the

porosity of the porous polymé. It holds

M
M (217)

With J porous polymer@nd J polymer D€INg the density of the porous polymer and the polymer,

respectively. In turnR is calculated fron el via

0 p m 8 (218

When neglecting the mass of the dispersedngas } rei andP can easily be expressed with
Ugas It holds,

M p B (2.19

and

0 B 8 (2.20)

A detailed derivation of how gasrelates ta re andP is given in the Appendix isection6.1

@ The OoOmorphologyd summarizes al/l character
structure. These are the average pore size and pore size distribution, the pore shape, the texture
andthickness 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 ththDt hesi s uses tdheodowiemdeswOP,0ra
wor ks [ Gi b97, Lan95, LeeO7, Mi | 07] use the t
the interconnections between these voids, respectively. Furthermore, note that the pore size sub

divides porous polymers into macroporous padysn(pore width > 50 nm), mesoporous
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polymers (2 nm O pore width O 50 nm), and mi
Bur76]. In this PhD thesis, only macroporous polymegsansynthesized [Gib97, Lan95].

Applications of Porous Polymers

Since poous 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 thaaolkhe
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 commoditissalgo 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 b&lized 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. ¢yoea porous polymers are used for
acousic 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 hanghartsed
porous polymers are used for thermal insulation. Convection from one sitle aher is
suppressed by the porous structure by repeated absorption and reflection at the pore walls.
While the polymer might have a nareglectable heat conductivity, the volume fraction of the
porous polymec polymer iS Usually low compared thgas 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 chendts. Another type of insulatidior which both opefpore and
closedpore porous polymers can bsedis electric insulation. Similar to thermal insulation, it
relies on the virtually noexisting electric conductivity of the gas inside the porous polymer.
Closedpore porous polymers can also be utilized for their buoyancy since water cannot
penetrag 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 ojpemne porous polyers are filters and
waterrepellent membranes. In filters, a liquid or gas flows through the-ppenstructure
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 maskstéapellent 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 lbas 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 porpatymer 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 bubblesAs for physical foaming, both inert gases and liquids with a low boiling
point can be used. Inert gases like & CQ 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 becauggh giressure. 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, bgdrbons 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) dag 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 agentor 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,
H20, can act as blowing agefLan95, Mil07].
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Mechanical Properties of PoroudPolymers

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 materiabmthys have to resist some kind of
stress. The mechanical behavior is primarily determined by the relative deqsityhe porous
polymer, secondarily by the chemistry of the polymer, and marginally by other factors that
include the temperature, thgpe of gas, the strain rate, and anisotropy. Anisotropyheaa
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
mechanicalc har acteri stics of por ous BEand themyelds ar e
strengthlys. To determine these parameters, stetssncurves of porous polymers are
measured, where the mechanical response of a porous polymer is recorded by a lbad cell (
force censor) while being compressed via a hydraulic press. Depending on the progression of

the stresstraincurve, three general types can be distinguished: elastomeric,-plastic, and

elastomeric elastic-plastic

stress o
stress o

strain € strain €
elastic-brittle
a — linear elastic region

© ¢ b — plateau region
A ¢ — densification region
Ol o
&= / *
« b E —Young’s Modulus

AVATTATIYATAIAY, AE oy, — yield strength

strain €

Figure 2.9: Schematic stresstraincurves of (top left) an elastomeric porous polymer, (top
right) an elastiglastic porous polymer, and (bottom left) an elabtittle porous polymer.
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elasticbrittle. Their stresstraincurves are drawn schematicallyrigure2.9. All three types

of stressstraincurves run through (a) a linear elastic region, (b) a plateau region, and (c) a
densification region with increasistyain. The linear elastic region and the densification region
look alike for all three types (s&egure2.9 (top left a and c, top right a and c, dmattom left

a and c)), while the main difference lies in the shape of the plateau regidtigise2.9 (top

left b, top right b, and bottom left b))n Ithe linear elastic region, the strassncreases
proportionally with the straifll This region is dominated by the bending of pore walls (open
pore) / stretching of pore faces (clogemle) and the performed compression is usually
recoverable, i.e. the porous polymer will return to its original shape once the compression is
stopped. He e , t he Y o uensgdéterminda \dauHe glgpe of the strsBsincurve
(seeFigure2.9 (top leftE, top rightE, and bottom lefE)). It holdsfor the stress

K —O (2.22)
0
with F being the force acting upon the porous polymer Aring the area upon which the

compression is put. It holds for the strain

R = (222

with gh being the difference in height aihd being the initial height of the porous polymer.
Thus, it holds

A “O(':‘) 0Q

70 ~ 0
Q o 3

0O

(229

The higher the value @& is, the more rigid is the porous polymer. Note that in order to obtain
accurate results, the initial heidhtof the porous polymers ought to be neither to large nor to

small compared to the diameter or width/length of the examined sample. Furthehmore, t
sample ought to have dimensions at least 20 times greater than the average pore size to avoid
size effects [Mil07]. For porous polymeiSsorous polymerdS typically in the order of ~ 1 MPa,
thoughEporous poiymecan be as low as ~ 2MPa for elastoraric porous polymers. For example,

porous polystyrene with = 50 kg m® has aEporous polystyrens 2.8 MPa and porous polystyrene

with § =100 kg m?® has &Eporouspolystyrens 4. 8 MPa [ Rin71]. In contre
of the bulk polymeEpoymer usually is ~ 1® MPa. For norporous polystyrene with = 1050
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kg M3, Epolystyrene= {1400-3000} MPa [Gib97, page 57]. For op@ore porous polymers, the
ratio betweeliEporous polyme@NdEpolymeriS proportional to the squared relative dengidy It holds
0 ”

5 7 O 2.24
5 o) o) . (2.24)

with Ccbei ng the proportionality conecll gorods whi c|
polymers, an equation similar to equati@®4) exists, although it is more complex. While
equation(2.24) only takes into account pore edge bending, for clasdidporous polymers pore

face stretching and gas compression inside the pores also contribute to the mechanical behavior.

It holds

y Z

(@ . . . npe g
o of o p B o) > 8 (225

Similar to equatiorf2.24), CtandC:’ar e proportional ity (kiothest ant s
fraction of the polymer that comprises the pore edges and thus Y tepresents the fraction

of the polymer residing in the pore facpsis the initial gas pressure aadi s t he Poi ss
rati o which is a measeralf omn takeé ainsgatissed |
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 equéi@b), the reader

is referred taGibson et al[Gib97, pages 19297]. At the end of the linear elastic region which

is typically at a maximum strain &f= 5%, the stresstraincurve crosseswer into the plateau

region. At this transition, the yield strengdily is determined (seEigure2.9 (top left s top

right ys, and bottom leflys)). Gys ranges betweeh0? MPa and 18 MPa for porous polymers

and between £0VIPa and 1®MPa for bulk polymers. For example, porous polystyrene with

=50 kg m® has alys= 0.027 MPa angorous polystyrene with= 100 kg n? has alys = 0.062

MPa [Rin71]. For norporous polystyrene with = 1050 kg n?, Oys = {30-35} MPa [Gib97,

page 57. Uys is a measure for the maximum stress to which the porous polymer can be
compressed elastically. In the plateau region, thdiighsuccessively increasell,remans

more or less constant because pore collapse circumvents an incréas€oofelastomeric

porous polymers, pore collapse occurs via elastic buckling of the pore walls and is recoverable.

In contrast, pore collapse for elasgilastic and elastibrittle porous polymers is irreversible.

For elastieplastic porous polymers, pore collapse occurs via plastic hinges that eventually give

way to strain, while for elastibrittle porous polymers, brittle crushing of the pore walls takes

place. Eventually, the rgssstraincurve 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 il. 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 DVBTypically, the fraction of DVB is very low (< 1 %) or even zero as too much
DVB would make foaming of the molten polymienpossible 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 commerially most prominent types of porous PS are expanded polystyrene
(EPS) and extruded polystyrene (XPS). EPS is manufactured via suspension polymerization of
styrene that contains ~i57 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, Tield]. XPS is produced by first melting PS, secondly addingraangagent,

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 TemplatingRoutes
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 th@l&enthan 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 foed 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

placeholdes for the future pores. After the formation of the templidtis 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 iemoves the
dispersed droplets is necessdfigure 2.10 schematicallydepicts the synthesis of a porous

(hydrophobic) polymer via a watéar-monomertemplate.

monomer +
surfactant

polymeri-
zation &
drying

" . l..
agltatlonE X

Figure 2.10: Schematic depiction of the synthesis of a porous (hydrophobic) polymer via a
waterin-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 templatingnermgfactants that can
stabilize gasn-oil (g/0) interfaces exist. In contrast, surfactants that stalgl@eo/w, or w/o
interfaces are weknown. In order to be able to produce highly porous materials, the volume
fraction of the dispersed phasespis much higher than the volume fraction of the continuous
phase Ucont As was already described in Secti@il (Figure 2.3), polydisperse (or
monodisperse and disordered) droplets/bubbles becomepaoked atldisp = 64 vol%
[Drel5]. For monodisperse and ordered droplets/bubbles, the packing linsidis 74 vol%.
Whenu gisp> 64 vO0I% o1l gisp> 74 vol%, respectively, the droplets/bubbles lose their spherical
shape and get deformed. In this PhD thesis, monogispestetin-styrene/DVBHIPEswere
produced via microfluidics and consequently polymerized and dried to end up with
monodisperse macroporous polystyrene/gol§B. Therefore, the next paragraph is about the
development of (1) emulsion templating with posmrse watein-styrene/DVB emulsions

and of (2) monodisperse foam/emulsion templating.

Though Bartl et al published their study on what t he

(Ger man, i n English fAreversed emul ¥85forso) a:
Barbyetal to fil e for a patent on the preparatioa
materialso [Bar85]. I n the following decades

Wil89, Wil90a, Wil90b], Sherrington and Cameron [Hai®@lam96, Cam97, Bar00, Cam00,
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Camo05, Kimll], and Silverstein [TaiOla, TaiOlb, Sil05, Sil14] advanced the science of
emulsion templating with styrene and DVB as the main monomers enormously. They
investigated the influence of the surfactant, of the mona@nesglinker ratio, and af gisp ON
emulsion stability, morphology, and pore size. Moreover, they investigated the effect of
additives like additional porogens or otherrmnonomers on the morphology of macroporous
polystyrene and measured their mechanbeslavior.Figure2.11 showsa scanning electron
microscope (SEM) picture of macroporous polystyrene synthesized with emigisiplating

by Barbetta et al[Bar00].

l"

Figure 2.11: Scanning electron microscope (SEM) picture of macroporous polystyrene that
was synthesized via emulsion templating Bgrbetta et al This Figure was copied from
[Bar00]. Order Licerse ID:10966281.

Parallel to the development of emulsion templating, advances in microfluidics enabled
researchers to produce monodisperse emulsions or fokaisa Gokmen et alused a
monodisperse HIPE where the dispersed phase was polymerized to witd monodisperse
particles [Tal09]. In contrast, by solidifying the continuous phasé #mkecessary removing

the dispersed phase, monodisperse porous materials were achieved from monodisperse foam
templates [Cho09, Chu09, Linll, Wanll, Sunl2] mmf a monodisperse arh-water
emulsion template [Cos14]. Combining waleistyrene/DVB emulsion templating with
microfluidics, Quell et al produced monodisperseacroporous polystyrene [Quel5, Quel6a,
Quel6b,Els17, Quel7a, Quel7b]. A schematic depicif the synthesis route was already

displayed inFigure 1.1. The most striking result was that the type of initisitomonomer
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soluble or watesolublei has an immense impact of the morphology. With monesotirble
azobisisobutyronitrile (AIBN), (a)mherical pores, (b) an opgore structure, and (c) porous
pore walls with (d) smooth pore surfaces were obtainedrjgeee2.12 (bottom)). In contrast

with watersoluble potassium peroxodisulfate (KPS), (a) polyhedral pores, (b) a-gosed
structure, and (c) a thrdayered pore wall with (d) small globules on the pore surfaces were
obtained (se€&igure2.12 (top)). InFigure2.12, the styrene/DVB mass ratio in the waiter
styrenéDVB 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 work3uedl et al

Figure 2.12. SEM pictures of macroporous P8lyDVB obtained from monodisperse water
in-styrene/DVB HIPEs where the initiator was either (top row) wsdduble KPS or (bottom

row) monomessoluble AIBN. This Figure was copied from [Quel7Reprinted with
permission fromQuell, A.; Sottmann, T.; Shenrauch, C.; Diving into the Finestructure of
Macroporous Polymer Foams Synthesized via Emulsion Templating: A Phase Diagram Study,
Langmuir2017, 33, 537542 Copyright 2021) American Chemical Society

Note that the polyhedral pores appear as hexagamg-dimensional (2D) scanning electron
microscopy (SEM) pictures, while they more or less resemble rhombic dodecairdiroae
dimensions (3D). Further note that with both types of initjdtes pores remain cloggcked.

For monomeisoluble AIBN, he pore openings can be explained by the shrinkage of the
continuous phase when styrene/D\fB~0.94 g cri¥) polymerizes to polystyrene/peVB

(3 ~ 1.05 g cr) and consequently ruptures at its thinnest points, the films [Cam96]. Except for
the pore opeings, the template structure is essentially retained with morsohdsle AIBN.

With watersoluble KPS, however, two main questions arise: (1) adhthe spherical droplets

transform into polyhedral porggen the continuous phase is polymerized. Noteftina given
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volume, the surface area of a rhombic dodecahedrondsP6larger than that of a sphere (see
Appendix Section6.1 (b)). Thereforg a mechanism/forcexists 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 piges. Quell et al answered both questions with one
explanation, namely osmotic transport of DVB from the Plateau borders into the films [Que16Db,
Quel7a, Quel7b]. According techwachulait is more likely for DVB to be built into the
polymer than for stgene Thismeans 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 fiiffusthe 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 porsextess. The three

layered pore walls were explained Quell etal. with two outer, polyDVB-rich layers and an

inner, polystyrengich layer. Experiments conducted Quell et al [Quelt, Quel7a] were in

line with their hypothesis, though a quantitative way to describe the osmotic transport was
missing. This is wherthis 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 Skdtisn
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
changd 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 chidye 2D

pore crosssections 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 ratariesd towards pure styrene, the
diameter of the outer layetsier iayer(SUppOsed to be polyD\VBch) ought to decrease, while

the diameter of the inner lay&er layer(SUppOsed to be P&h) ought to increase. In Section
3.1.], 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 st Vg Wweowihbeused ihsteadoftstyrene/DMB mass ratio

to avoid confusion. Note that it is not possible to polymerize a waigure) styrene HIPE as

it disintegrates into two separate phases during the eagdgsbf solidification. Further note

t hat heesndecfeased towards 10 wt.% instead of increasing it towards 90 wt.%,
analogous results are expected. Here, the shape of the 2D porsentomss ought to become
more circular as well since the d¢omuous phase mainly consists of DVB, i.e. the extent of
osmotic transport of DVB ought to decrease, too. Simultaneously, the thickness of the outer
layertouter layerought to increase and the thickness of the inner kayefiayerought to decrease.

In SectiorB.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 vetrene will be presented via selected
samples in thé&ppendixin Section6.2 (a).

The second conclusion that can be drawn if one believes in the existence of osmotic transport

of DVB is connected kiso (t2h)exp¥iteSeasdd feom itsfinitid ct i o n
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 crossections should be more citauand (2b) the apparent visual difference between
outer and inner | ayer s keoisidealeasedfromn itssngial p29B o no ur

wt.%, it is not immediately clear what should happen, i.e. if the 2D pore-seatisns remain
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hexagons or ithey are transformed into some other shape. The corresponding experiments will
be discussed in Secti@l.2 Note thaQuell et al [Quel5, Quel6&®uelbbEls17,Quel7a,
Quel7b] wused i ni hikod Whileinthi®Rh@ thesi§ initatortmase frastions
Binitiator © Were usedThus the values oQuelletal wer e C Ot € tk@d1.280 b
mol % corr espad8atsk‘dwdeshe 1. 28 mol % oamrFL&sponds
wt.%) as described e Appendix in Sectio®.1(c). Overall, the intention behirttie variation

of bsgehed n dpsVias twoefold. The first purpose was to test the hypothesis of osmotic
transport of DVB. The second purpose was to collect more data aleomotiphology of the
polymerized monodisperse watén-styrene/DVB HIPEs ando ideally develop a more
guantitative description of the osmotic transport of DVBe results of Sectio®.1 were also
published in a paper i@olloid and PolymeGciencdKoc20].

311 Variation of Sty#mene Mass Fraction D

I n t hi ssyreaeef the watesim-styréne/DVB HIPEs was varied from 50 wt.% to 90 wt.%

in steps wwsivas0 swt. %o B c onst awaban{Masslswfactat f 2. 9
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 listadleB.1.

Table3.1: Type of sydei ittilora t @dgdtanedf t h e spaewpsivaried, D
wh i hiigor afn durracBniwere kept constant.

Type of Initiator Dstyrene / Wt.% Dinitiator / Wt.% Dsurfactant / Wt.%
watersoluble KPS 50 2.98 10
watersoluble KPS 60 2.98 10
watersoluble KPS 70 2.98 10
watersoluble KPS 80 2.98 10
watersoluble KPS a0 2.98 10
monomessoluble AIBN 50 1.82 10
monomersoluble AIBN 70 1.82 10
monomessoluble AIBN 90 1.82 10

For the sake of comparison, some samples were synthesized with the meontukr AIBN
as initiator. The corresponding mass fractions are also listeabile3.1. The way in which the

2 Ginitiator IS 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.

4The conversion was calculated witigstyrene) +m(DVB) = m(H20). Quell et al always used this mass ratio for

their samples as well [Quel5, Quel6a, QueEdy 7,Quel7a, Qel7h].
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60 wt.% styrene o

70 wt.% styrene

o

} p={ 100 pm

Figure 3.1: SEM pictures of macroporous PS/p@yB obtained via polymerization of
monodisperse waten-styrene/DVB HP Es  w#stE h 2 b 9 8 sutttni= 30, Wt.%, and
Dstyrene= 50 wt.%,= 60 wt.%,= 70 wt.%,= 80 wt.%, and= 90 wt.%. The magnifications are
100-fold (left column), 50€fold (middle column), and 106f@ld (right column).
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samples were synthesized, polymerized, and processed is described in the Experimental
Sedion. InFigure3.1, the SEM pictures of the KPS samples ffdable3.1 are presented with

a 100fold (left column), a 5080ld (middle column), and a 1060ld magnification (right

column). Looking atFigure 3.1, one instantly seeis contrary to the expectatioristhat the

shape of the 2D pore craessctions imotb e c o mi ng mo r e syéedisrincreakedr wh e
from 50 wt.% to 90 wt.%. Instead, the shape of the 2D pore-sszd®ns appears to be even

more fAangularo, i.e. it deviates eRigare3lmor e f
indicates that this observation is not due to a failure of the templating method since the pores

are still closegpacked and fairly monodisperse.

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

calculated via the aré@mof the 2D crossections. For circles, it holds

(3.)

> | Oz |
¢

with r being the radius. EquatidB.1) was used to calculatiopietanddpore This means that
although the shape of the pore crgsstions is not circuladyore Wwas calculated as if the pore
crosssections were circular. Thuse calculation ofl,orecontains a systematic errbtowever

the fAcorrecto di amet er-sectibndstnbteleah Ehe distpocaedfie 2 D p
to-edge, the distance corA@rcorner, or an average of the first two can all be viewed aseviabl
definitions for the diameter of a hexagon. In any case, the relative differences between these
three values and tlealculation via equatio(8.1) arecomparatively small as can be seen in the
exemplary calculations in Appendix Secti®: (d). If the shape of the 2D pore cressctions

is modified from a hexagon, the determinatiowlgfevia the edges and/or the corners becomes
impossible. Therefore, the calculationdpére that was used in this PhD thesis is a reasonable
compromise because the occurring error is not significaiigure3.2, the average diameter

of the water dropletsdaropiet (black circles) in the waten-styrene/DVB HIPEs before
polymerization and the average diameter of the pdygs(white squares) in the macroporous

PS/ pol yDVB samples after pol ywherization are
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Figure 3.2: Average emulsion droplet diametifopiet(black circles) and average pore diameter
doore( Pi Nk s guar e Ssyrenefar snacfoporoustPS/polp V 8 f a@dH= 288 wt.%
a N durfachin= 10 wt.%.

Figure3.2 shows that the polymerization slightly changes the average diameter and decreases

the monodispersity. Before polymerizatidaypletis always ~ 72 um and the water droplets are

very monodisperse since the standard deviation (black error baiguire 3.2) is only 17 2

pm. In contrast, after polymerization the standard deviatiod,&é 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. Concerninghiege in average

diameter frongropiettOdpors N O CcONt i NUOUS t rsyene=dB0vet.Bodpbed be f o
smaller thardgroplet For al lyrend mwererdetishlagger thardyropie: The extent of

the increase is very small fDgyrene= 70 wt . %, asybdct 60e wksgrdlbg@andf Or
80 wt.%, and a r g e srdne= 900vt.%. Bor all five sampledporeis nevertheless always still

in the range oflaropiet Figure6.1in the Appendix Sectiof.2 (a) shows the development of the
morphology of macroporouB S/ p o | y DV Byenewhselower then 50 wt.%. At first
glance,the 2D porecresse ct i ons r emai n h eyena Querallstheiresutise p e n d «
from Figure 3.1 and Figure 6.1 are contrary to vahatuld 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 monorsaiuble initiator AIBN is used, the 2D pore cragstions

are always circular. This can be seerfigure 3.3 where the SEM pictures of macroporous
PS/polyDVB samples that were polymerized from monodisperse-imastyrene/DVB HIPES

with AIBN as inideivaasors etr et adi a pd aryetdaditb val u
was set to a const agklwaysd wike 70avt.%, &nd 90Wt.%. The a n d
magnifications inFigure 3.3 are 106fold (left column), 506fold (middle column), and 1000

fold (right column).

“f: 50 wt.% styrene t‘(\

N ‘.«\ o ]
M

90 wt.% styrene & :

A
— = A
<
4 / ;

Figure 3.3: SEM pictures of macroporous PS/p@yB obtained via polymerization of
monodisperse watén-st yr ene/ DV B asd ¥ PE s 8 @ iudaedn= 0,wt.9%, and
Dstyrene= 50 wt.%,= 70 wt.%, and= 90 wt.%. The magnifications are 1@dld (left column),
500-fold (middle column), and 106f@ld (right column).

In all cases, the pores are clgsecked, fairly monodisperse, and interconnectdelgare3.3.
Figure 3.4 depictsdaroplet (black circles)before polymerization andpore (pink squares) after

polymerizationof these sampless f un Gytedls 0N of D
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Figure 3.4: Average emulsion droplet diametifopiet(black circles) and average pore diameter
doore( Pi Nk s guar e syenef@ macroponous PS/poip V B f @dae= 5.82 wt.%
and bstyrene: 10 wt.%.

As was already the casehigure3.2, ddaroplet~ 72 pum for all samples and the droplets are very
monodisperse with standard deviations of only 2 um. After polymerization, the standard
deviation increases to values betweernn 8 pm, meaning that the pores are still fairly
monodisperse, andy,re has also increased compareddiape: The reason for this increase

might be that the water droplets are more susceptible to Ostwald ripening compared to water
droplets that contain a wetsoluble salt, namely KPS (see Sectibf). Overall, it is evident

t hat c Ryanshgsilittiegto nb effect on the morphology when AIBN $&d as initiator,

whil e the morphol ogy c¢ hasgygeveen KREmssidedlas inigatod vy a s
(seeFigure3.l).

Shape of Pore CrossSections: Shape Factos

Although it is obvious fronfigure 3.1 that the 2D pore crossections are not becoming more
circular whenbsyreneis increased, it would be helpful to have a quantitative value to express
how Acircul ar o or Nsecigna dra Toachieve ¢nis, 2hD ratip betweenc r 0 s
the circumferenc€ and the areA of a pore crossection are taken into aaoat. Since a circle
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has the lowest circumferente-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 the surface area and volume of foam
bubbles [Kra04, Hil04, Kra05, Kra06, Drel5]. Though only the 2D circumfer€rared area

A of the pore crosssections are used in this PhD thesis, the result can be taken as a
representative for the 3D pores. An exdéamp picture on how andA were determined in one
sample via the image processing softwianagelJis presented in Appendiection6.2 (b),
Figure6.2 (left)). However, the ratio betwed&handA is not taken directly, butmo alterations

are undertaken. Firstly, sin€escales linearly ané quadratically with size, the ratio between

them depends on the size of the pore esestions. To avoid this, the square roofa$ used

instead ofA. For a geometric circle, it holds

0 Al A — —
s 5 ‘ ‘ MA ¢ VA o1& (32)
0 AL Al

Next, the result of equatiof3.2) 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, thiswa¢ i s denomi n&t.edl ti shhaalpdes f act o
p 0

v _ 2
¢ A MO

(3.3)

For a circleS= 1 (sed-igure3.5 (bottom left)). For a geometric hexag@xgan be calculated

from its circumferenc€nexagonand its are@nexagon It holds

0 o © (34
and
5 L (35)

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

) P Q@ S @
Y — —— — — P8 LET (34)
¢ U oo . A olo W Vo A
<
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ConsequentlySought to be ~ 1.05 (séggure3.5 (middle left)) for the hexagonal shapes found
in the 2D pore crossections irFigure3.1. For shapes that are distorted from a hexaga,
1.05 (sed-igure3.5 (top left)).Figure3.5 (right) depictsSa s f un Gytekk ON 0of D

S>1.05 _
14 )
A ®
_§ 1.3 .
S=1.05 f
&12 ¢+ ]
= _
1_1-{ |
S=1.00
1.0 ' (% pew Gyw pea ;

50 60 70 80 90
Pstyrene / Wt.%

Figure 3.5: (left) Exemplary values of the shape fac®for a sphere (bottom), a hexagon
(middle), and a distorted hexagon (top). (righ#) s f U N GylenifOD Macropbrous PS/poly
DVB laﬁ§: EQ . 98 Wutfaotan% 103.\/\!11% b

Wh e Byrenfis increasedSi ncr eases f r o Myrer= 5D wid®to NL.39+003 f or
f 0 gyrend® 90 Wt.%. ThusFigure 3.5 (right) quantifies the observations frdagure3.1, i.e.

t hat | nsgrdieb@aadagt &6 mor e fsectiogsuNote thabis pab exactlyc r o s s
1.05 for the apypeEr &0t wihye 2660 . dnstadiS~ H.10. This

can be explained by looking at the middle and right colunfrigpfre3.1. The 2D pore cross

sections are not geometric hexagons \p#ffectly straight edges, but the edges are somewhat
distorted. This C is larger than that of a hexagon, whilestays more or less constant. As a
consequence, the ratio betw&aandA 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 poresectissis 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 po@ther
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logical consequence of this hypothesis was that the thickness of the supposedly palgibVB
outer layergouter layerought to decrease and the thickness of the supposediglPi@ner layer
timerlayer0 U g h't t 0 |1 Nyeeki® iaceeasedwHnoehigureéh3.1, it is not possible to
determine the development of the thickness of the poretwalhan touter layer @Ndtinner layeras
funct i aybe Thd ma@nification in the left column &igure3.1 is not high enough to
directly measure the thicknesses and the middle and right colufigwg 3.1 only show a
small section of the sample. Therefdpgse wal touter layer @Ndtinner layerwere determined using a
SEM picture of the wholesample and consequently zooming in at various locations. An
exampleof this method is presented Wppendix Sectior6.2 (b), Figure 6.2 (right). By
determining the desired length perpendicutathe direction the pore wall/layer is running
along tpore wall touter layer @Ndtinner layervere measuredin example for this cabe seen ifrigure
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.

Figure3.7 (top) depicts the developmenttgdre wan(black circles)touter layer(blue squares), and
tinneriayer( ¥ € d di @amo n d s dyrenediguref3. v (battam) aepictsdhie fraotion of the
outer layer (blue squares) which is the ratio betvig@niayerandtpore warand the fraction of the
inner layer (red diamonds) which is the ratio betwges iayerandtpore walt
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Figure 3.7: (top) Average thickness of the whole pore viglk wan(black circles), of the outer

layerstouter laye(blue squares), and of the inner laki@eriaye{ r € d

for macroporous P86ly-DVB w@d= B . 98

layer tO tpore wall (Dlu€ squares) and rati@ner layertO tpore wal( r € d
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Since two outer layers exist, the two ratios in the bottom graptotiadd up to 1. For the sake

of clarity, the blue
respectively.

squares

and

t hstene r € d

f

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

responsible for theransformation from spherical droplets to polyhedral pores. Even though
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touterlayerd € C T € @S €S aykene(ds was expected), the Samehtrend is observaktgnfor

layer aNdtpore wa Thus, the fraction of the outer layer and the fractiothefinner layer remain

mor e or | es Ssyreheld incseisadn(ddegur&é3d (bottbm)). For osmotic transport

of DVB to be the correct hypatisis, 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 | ayer thicknesses or tsjeRServesdseesood i on s,
counterevidence to the hypothesis of osmotic transport of DVB. Note thagume 3.7
(bottom), the two fractions do not add up to 1. The reagpthfs can be explained with the

help ofFigure3.6. Every timetyore wat@ndtinner layerare determined oncyter layerds determined

twice. Howe'er, in the end only one averagger layeriS calculated. Thudputer layerhas to be
doubled before adding it t@ner layerin order to yieldipore wat 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 ¢fore wai@ndtinner iayerare much larger than the standard deviatiota.af

layer (SeeFigure3.7 (top)). The same can be said about the large standard deviation of the fraction
of the inner layer and the small standard deviation of thedreof the outer layer. (sd@gure

3.7 (bottom)). Again, the reason for this can be found-igure 3.6 when looking at the
thicknesses close to tisgruts (seeFigure 3.6 (left)) and at the thicknesses in the films (see
Figure 3.6 (right)). When moving fromhe strutsinto the films, tpore wat becomes smaller.
However tpore watwas determined at several positions that were close #irtltg in the films,

or between these two (see Appenfiection6.2 (b), Figure6.2 (right)). Thereforetpore waithas

a relatively high standard deviatiohooking at the development ¢futer 1ayer aNd tinner Iayer
between thestruts and the films, it becomes apparent thaé: 1ayerremains roughly the same
value independent of the location where it is measunedontrast, antinner layerchanges frm

larger to smaller values whegvre wai cChanges from larger (close strut9 to smaller values
(films). Thus, the standard deviationtglfer layeriS Small and the standard deviatiortigdr iayer

is large. These trends continue for the fraction of the outer layer and the fraction of the inner
layer inFigure3.7 (bottom).

When combining the treisdromFigure3.5 (right) andFigure3.7 (top), it is noticeable that the
overall surface of t h eyrepwhile®se wailoheafer @Qraltan&i§er as f u
decr ease asyendlndeed, this makes sehse:fsince the amount of available polymer

is finite and thes a me i n d e py@nditgdretudd thuter 19ef andbinner layerhave to decrease in

order for the surface area to be able to increase. In other W@rélgal touter layer @NAtinner 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 relatiotbeaxpressed via a formula. For this purpose,
both Sandtpore wai touter layer @Ndtinner layerare normalized. This is done by dividing them by the
respecti ve Vv adyde@hschis30 wty% Moreover theinarhalized shape factor
SSo has to be squared since the key factor, the available volume of polymer, is a product of
tpore wall touter layer OF tinner layerand the surface area of a poréke latter term is a quadratically
scaling parameter that is determined from 3D. In con®&o scales linearly and is determined
from 2D. By squaringdSso, this problem is easily solved and the desired relation is achieved.
The product ofitspand §Ss0)?’a s f u n eytenbisaepictedffor the pore wall (black circles),

for the oute layer (blue squares), and for the inner layer (red diamondsgime3.8.

3.0 N = T T L

- ® pore wall
I B outer layer |
2.5 - @ inner layer 1
& 20+ 1

\\0_3/ I

= 15 J
= I ]
S 10 w o :
3 i
0.0 -. PR I P B IR SR B ST .“ g s oy w5y .—

50 60 70 80 90

0
B styrene [ Wt.%

Figure 3.8: Normalized average thickness of the whole pore Wal wailtpore wall, 50 wt.% styrene

(black circles), of the outer lay@fiter layeftouter layer, 50 wt.% styrendlue squares), and of the inner
layertinner layeftinner layer, 50 wt.% styrefd€d diamonds) multiplied with the squared normalized shape
factorSSsowto styrendd S T U N Gyfreref@ macmpgorous PS/polp V B j@d= 2.88 wt.%

a n durfacBn= 10 Wt.%. For the sake of clarity, the blue squares and the red diamonds are shifted
t o | ower sgemstesphciivgih er b

Summed upfFigure3.8i nde e d s h o wsnddintraasedthe mareade in surface area
of the pores is compensated by the decreatgrdivai touter layer @NAtinner layer IN Other words,
the totdvolume 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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312 Variation of KPkss Mass Fraction b

In Section3.1.2 t he KPS madfthe Wateimn-styréene/bVB BIIPEs was varied
from 0.37 wt.% to 4.96 wt.%. The first (0.37 wt.%), second (0.75 wt.%), and third (1.49 wt.%)
val uesaedneapht , one fourth, ana2938mwel. Hhafifth o f
bkpsrepresents the maximum solubility of KPS isHwww2] .syredfawaskeptconstanat50

wt . % sa@afafvadkeptconstantt10 wt.%. For a better overview, the corresponganass
fractions are listed iffable3.2.

Table3.22.Type of siydlel idiiflorda t @drghtaneddf t h e Suidovpd varied, b
wh i bygnea d dutacBniwere kept constant.

Type of Initiator Dstyrene / Wt.% Dinitiator / Wt.% Dsurfactant / Wt.%
watersoluble KPS 50 0.37 10
watersoluble KPS 50 0.75 10
watersoluble KPS 50 1.49 10
watersoluble KPS 50 2.98 10
watersoluble KPS 50 4,96 10
monomersoluble AIBN 50 0.23 10
monomessoluble AIBN 50 0.45 10
monomessoluble AIBN 50 0.91 10
monomersoluble AIBN 50 1.82 10

As in Section3.1.1, samples were also prepared with the moneso&rble initiator AIBN.
However, now t he aflwBd\Variethbetweerf Or2al82 wt.%.rM\oté that

for unknown reasons, it wanot possible to produce a monodisperse watstyrene/DVB

HI PEaggat B®. 02 wt . %. T hevrvauksomere studiedn Theway io which b
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 list€dhte 3.2 with KPS as
initiator. The magnifications are 160Id (left column), 50&fold (middle column), and 1000

fold (right column) At first glance, the shape of the 2D pore crssstions is always hexagonal

i ndep e nseSinte SectioB.b.1lalready revealed that osmotiansport 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 S&:ti@hd not come true. As

a r emi nd e kpswasasuppdseagl hodead tdmore circular 2D pore eses8ons since

the polymerization would be sped up and osmotic transport of DVB would have less time to
occur. Wha taking a closer look at the middle and right columFRigtire3.9, it is observable

that the edges of the hexagons in the 2D pore -@®d$ons areearly perfectly straight at low

bk,.sand get more dbsstorted at higher b
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Figure 3.9: SEM pictures of macroporous PS/p@yWB obtained via polymerization of
monodisperse watén-s t yr e n e/ DV B sylhd=P E5s0 waiifidcahfd 10 Wi.%, and

bkps= 0.37 wt.%=0.75 wt.%,= 1.49 wt.%,= 2.98 wt.%, and- 4.96 wt.%. The magnifications
are 106fold (left column), 50€fold (middle column), and 106f@ld (right column).
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The diameter of the water drotdearopiet(black circles) before polymerization and the diameter

of the poreslpore( pi Nk squares) aft er ypOsldgpotedrinFigueet i on &
3.10. Note that logarithmic plotting is used for the abscissaigure 3.10. The same will be

true for the abscissae Bfgure3.12, Figure 3.13 (right), Figure 3.14 (top) and (bottom), and
Figure3.15.
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Figure 3.10: Average emulsion droplet diametdsropiet (black circles) and average pore
diameterdpore( pi Nk s quar e xpsforanacropownsds/po® vV Bo &rénds B0
wt . % s@afasEe 1O Wt.%.

Even thoughddropiet varies a bit more compared kegure 3.2, the droplets were monodisperse.

As before, polymerization leads to an increase of the error bars, but the porgectasss are

still fairly moreeddBnie wherdyreis X pnegmallertheatopied

the change frontlgroplett0 dporei S mMi ni mal f or t hke A$ explainedant her
Section3.1.], dporewas calculated from the ar@af the pore crossections (see equati¢d.1)).

Unf or t uwpsacénadt lye,set o values higher than ~ 5 wt.% since this represents the
maximum solubility of KPS in D [www2]. However, ammonium peroxodisulfate (APS) has

a much higher solubility in #0 [www3] and is chemically very similar to KPS since only the
countercation is different. Note that no experiments about were carried out and it was assumed

t hat KPS and APS have si mil ampswas setcto valuest i e s .
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between 0.323 9. 44 wt %= 0.3Mwet.Poe=0.6DWt.%, = 1.26 wt.%,2.52 wt.%,

and = 4.20 wt. % are mol ar keyin Feggre3i9.vAdditienally, t o t F
sampl e gpsnaA.86 Wt.%b=19.72 wt.%and = 39.44 wt.% were produced. The SEM

pictures of these eight samples are depictdegare6.3 andFigure6.4 in Appendix Section

6.2 (c). Without going into too much detalil, it is apparent tioatfholarly equal mass fractions,

the morphologys roughly the same if either KPS or APSuis e d . add P 9.86 wt.%bthe

shape of the 2D pore cressctions can roughly lescrbed as hexagonal. With a further

Sl 0.45 wt.% AIBN B »

% 1.82 wt.% AIBN [

- @ S ~ST
= g el

Figure 3.11: SEM pictures of macroporous PS/p@yB obtained via polymerization of
monodisperse watén-s t yr e n e/ DV B sylhd=P E5s0 waiifidcahifd 10 Wi.%, and
baen = 0.23 wt.%,= 0.45 wt.%,= 0.91 wt.%, and= 1.82 wt%. The magnifications are 100
fold (left column), 50&fold (middle column), and 106fld (right column).
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creaseo f apspthe pores become more and more disordered as well as polydisperse. At the
hi ghest awsa B4 wtPoptine inferconnectivithanges from closepore 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.

Wh e nin 5 varied, the shape of the pore crgsstions is always i@ular. This is depicted

in Figure3.11where the magnifications were 1@dd (left column), 50€fold (middle column),

and 1006€fold (right column). The corresponding mass fractions were listed in Tablas3i2.
Figure34wher e the morphol ogy wasitislaBaimgepkengention d e p e
baien. However, looking at the diameters of the pore esasdions irFigure3.11, it is obvious

t hataena0.91Wt.%dwoei S much | arger than A£goMhistcdne t hr €
also be seen iRigure3.12 wheredaropiet (black circles) before polymerization adghre (pink

squares) after polymeri zetion are depicted a
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Figure 3.122 Average emulsion droplet diametdsropiet (black circles) and average pore
diameterdyore( pi Nk s qu ar e s\ foansmcrdparcus RSipanV Bo f@rénb= 50
Wt . % s@afasEe 1®Wt.%.

FomenB 0. 23 wiin~=0045avn%l thédhigh monodispersity of the droplets is largely
conserved in the pores, whitBore is slightly smaller thamlaroplet F ey = 001 wt.%, the
high monodispersity is also mostly retained, widldee increases tremendously compared to
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ddroplet Fi nalsk ¥ 1.82 Wtda, thebpores did not maintain the high monodispersity of
the droplets, thougthoreis closer tadaropetc 0 Mp a r = 0t9b wt.B. Overall, it appears

as if the transition from HIPE to macroporous PS/polyDVB gaise susceptible to changes

w h e gen iBincreased. This is further supported by the fact that it was not possible to produce
a s amp lagn = &02twh% vihere the droplets were already polydisperse when they were
generated in the microfluidic chipleverthelesskrigure3.11s h o ws agh haa &t ledst no
influence on the shape of the pore crssstions and on the interconnectivity of the pores.

Shape of Pore CrossSections: Shape Factos

Looking again afigure 3.9, one sees that the edges of the hexagons in the 2D pore cross
sectionsareneal y perfectly st r@dagdget moéredistortednat higherv al u-
v al u exss® Thdrefofe, the shape factBs hou!l d be very ckeoamide t o 1
somewhat hi gxbsavhichis mdeedlthe cageeas carbbe seéigare3.13 (right).

As a reminderfrigure3.13 (left) shows values dbfor a distorted hexagon, for a hexagon, and

for a circle.
1.20 —————y
§>1.05
L1S5 & i
A
g
Q
S=1.05 S 1.10 ¢ o
O 9 [ ]
&
=
1.05 + { e 1
S=1.00 )
1.00 '
0.1 1 10
Bgps/ wt.%

Figure 3.13: (left) Exemplary values of the shape fac®ior a sphere (bottom), a hexagon
(middle), and a distorted hexagon (top). (righf) s f u n &gsforonacropofoustPS/poly
DVB @/réne: b50 wt surfa%nt:alo vit.%Db

6 The same is true for APS as initiator.
-61-



Whemns®d 0. 37 wps.=%.75awi.%,S ib exactly 1.05 as was exped for the
hexagonal shape with nearly mxe¥lf48wtfol 298t r ai ¢
wt.%, and = 4.96 wt.%5is around 1.10 as was already the case for the hexagonal pore cross
sections irFigure3.1 andFigure3.5 (right). Again, the reason for this increase is that changing

the edges from straight to distorted results in an increa@without simultaneously increasing

A which, in turn, increaseSfrom 1.05 to 1.10.

Thickness of Pore Wall and Layers

Next, the development of the thickness of the pore tp&dlway Of the thickness of the outer
layer touter layer @and of the thickness of the inner lay@ker iayera S f u N ckbsiwitl be o f b
investigated. Again, the development of the fraction of the outer l&y&F iyeftpore wal) and of
the fraction of the inner layetier layeftporewa) @ s f u keswillibe@axammdéd adwell.
Looking atFigure3.9, one sees that the thrkeg/ered structure of the pore walls is independent
ofkesb As a r emi ndedip raasbwas supposecatsdeninisif the fifferences
between outer layer and inner layer when assuming an osmotic transport ofAjtige 3.14
(top) depicts the development Bfre wan (black circles) fouter layer(blue squares), anghner iayer
(red di amon d sps Figuse3.14 (battan) depicts the flevebopment of the fraction
of the oute layer (blue squares) and of the fraction of the inner layer (red diamonds) as function
o f kesfFigure3.14 (top) shows that there is no apparentdrenf or ei t herkpsidi amet e
vari ed. kpx=@05wt.% Whentore Ral touter layer aNdtinner layerare larger than for the
remai ni ng f g4 the thicknesses are mdre obless constant. Therefore, it is no
surprise that ifrigure3.14 (bottom), the fraction of the outer layer and the fraction of the inner
| ayer are const anrrs Asaareminden the tyweftiahe inRigure3fl4 b
(bottom) do not add up to 1 because for this to happen, the fraction of the outer layer has to be
doubled (see Sectidhl.], Figure3.6). The reason for why the values of the standard deviation
are much smaller fdeuter 1ayerand forthe fraction of the outer layer comparedgt@: wai tO tinner
layer and to the fraction of the inner layer was also already discussed in Sgdtibwith the
help ofFigure3.6. Finally, a multiplication of the normalized valuestgfe wai Of touter layer @and
Of tinner layerWith the normalized value @&akin toFigure3.8 was performed here as well. Since
t he ikpsivds2.88lWt.%Wtpore wall touter layer tinner laer, aNdS0 f tkd3 Wese ctibsen as the
values the other four respective values were normalized to. The prodligtednd §S.09)
for the pore wallblack circles), for the outer layer (blue squares), and for the inner layer (red
diamonds) is pltted inFigure3.15as f un&dsi on of D
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Figure 3.14: (top) Average thickness of the whole pore walk wai(black circles), of the outer
layerstouter laye(blue squares), and of the inner laii@griayed r € d
for macroporous PS/polp V B srdne= B 5 0
layer 1O tpore wall (Dlue squares) and ratt@ner layertO tporewan ( r € d
Since two outer layers exist, the two ratios in the bottom graph do not add up to 1. For the sake

of clarity,
respectively.
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Figure 3.15. Normalized average diameter of the whole pore W&l wailtpore wall, 2.98 wt.% KPs

(black circles), of the outer lay®futer layeftouteriayer, 2.98 wt.% kpdblue squares), and of the inner
layertinner layeftinner layer, 2.98 wt.% kpéred diamonds) multiplied with the squared normalized shape
factorSSoswtwnkpa s f U n &pkfor macropofousPS/poly V B @rdne= BO Wt.% ad
Dsurtactan= 10 Wt.%. For the sake of clarity, the blue squares and the red diamonds are shifted to
| ower a nkes rdspegively.r b

i's not cl ose t o lkesfNevertheldsEigue3.1bshows that everallghe o f
total volume of the pore wall, of the outer layer, and of the inner layer is constant. The reasons
why the normalized shape fact®&.0shas to be squared and why the error bars are this large
was discussed in Secti@nl.1l
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3.2New Mechanism: Surfactant Diffusion

3.2.1 Experimental Results

While Section 3.1 focused on disproving the osmotic transport of DVB, this Section is about
developing and experimentally proving a new hypothdsis.results of this Section were also
published in a paper in tl®urnal ofColloid andInterfaceScience[Koc21]. The influence of

Dstyrene @ N tkps @N the morphology of macroporous PS/polyDVB was investigated in the
previous Section. Thus, Secti®?2 starts with the variation of a third parameter, namely
bsufactary Whi ch was changed fr O RufatntSwtPona1bwtéo v al u
and = 20 wt . %surfactéhdS theasurfactamtimasd @vided bypthe combined mass of

the monomers st yr e gyrrewaskeptcoDsaBats 0 nw tt .uMswaskedd b
constantt2.98 wt.%. As before, the corresponding mass fractions are listebia3.3.

Table33: Type of siyeei iritllora t @dlrhantddf t he sradnpas eaded, b
whi kyenea M chisadowere kept constant.

Type of Initiator Dstyrene / Wt.% Dinitiator / Wt.% Dsurfactant / Wt.%
watersoluble KPS 50 2.98 5
watersoluble KPS 50 2.98 10
watersoluble KPS 50 2.98 15
watersoluble KPS 50 2.98 20
monomessoluble AIBN 50 1.82 5
monomersoluble AIBN 50 1.82 10
monomefsolubleAIBN 50 1.82 15
monomersoluble AIBN 50 1.82 20

As in Sectior.1, samples were also prepared with the moneso&rble initiator AIBN.Table

3.3 gives an gerview of the corresponding samples. The way in which the samplexbia

3.3 were synthesized, polymerized, and processed is described in the Expati®ection.
Figure 3.16 depicts the SEM pictures of the KPS samples fiicahle 3.3 at a 106fold (left
column), a 50dold (middle column), and a 1060ld magnification (right column)Looking

at the left column ofigure 3.16, it is obvious that the pores are clgsecked and fairly
monodi sper se f 0 rsufadt Additibnally, rthe shape ofeahe 20 gore bross
sections is always hexagonal ($gégure3.16 (middle column and right column)) and the pore
walls are always made up of three layers Seeire 3.16 (right column)). As a reminder, a
hexagonal shape of the pore crgsstions means that the area of the water/monomer interface

increases during polymerization.
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Figure 3.16. SEM pictures of macroporous PS/p@yB obtained via polymerization of
monodisperse waten-s t yr ene/ DV B sydhbk=P EsS0 wwrds h 2098 wio, and
Dsurfactan= 5 Wt.%,= 10 wt.%,= 15 wt.%, and= 20 wt.%. The magnifications are 108ld (left
column), 506fold (middle column), and 106f@ld (right column).

As in Sectior.1, the average diameter of the water dropdietsiecbefore polymeazation and

the average diameter of the podgs. after polymerization were determined. Rigure3.17,

daroplet (black circles) andlpore ( pi Nk s quar es) ar Qufapnd LOoOkingatd a s
daroples ONe sees that highly monodisperse droplets with a uniform diameter betwget8 71

pm and with standard deviations of only 2 um were generated. After the polymerization,

the polydispersity is slightly higher with a standard deviatiorfesof 31 4 um. Thus, the
- 66 -
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Figure 3.17: Average emulsion droplet diametdgropet (black circles) and average pore

diameterdpore( pi Nk s quar e suacandosmatraporaus RSP VoBf  afitne= b
50 wt . d=2.98dvt.%.

pores can still be regarded as highly monodisperse. The polymerization furthermore influences
the transition frontldropletto dporein thatdporeis slightly higher thamlaropietf 0 $urfactfh= 5 wt.%

and sff@af= b1 0 Wt sutean= 16vat.90, dfareis somewhat larger thafropiertand for
Bsurfactan= 20 Wt.%,dporeis slightly lower thardaropier AS @ reminder, sincdhoreis calculated as

if the pore crossections were circuladpore always carries a small, systematic error. This

means that the small differences betwegspietanddpore can be neglected.

The composition of the samples where KPS was substituted by AIBN are givable®.3.

The SEM pictures that were obtained from polymerizing and processing these samples are
depicted inFigure 3.18. The magnifications were 160Id (left column), 506fold (middle
column), and 100@old (right column). Looking at the left column Bigure3.18, one sees that

while the pores areclogea c k e d a n d sufectined Sewt. %, dhe paoking density and the
order of the p awkdessindreased. devartbetessyttie shape fof the 2D pore
crosssections is always circular. Moreover, an opene morphology is found independent of
Dsurfactant The development oflaroplet (black circles) anddpyore (pink squares) are plotted as

function ofbsurfactandn Figure3.19. Again, it was possible to generate monodisperse Waigr
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Figure 3.18 SEM pictures of macroporous PS/p@yB obtained via polymerization of
monodisperse watén-s t yr ene/ DV B sykhté=P E5s0 vt .$h%.88 wh.%, and
Dsurfactan= 5 Wt.%,= 10 wt.%,= 15 wt.%, and= 20 wt.%. The magnifications are 108ld (left
column), 506fold (middle column), and 106f@ld (right column).

lets with microfluidics. The values dfiropietlie between 72 77 um and the droplets were fairly
monodisperse with standard deviations 6f2 Om. suik@* B5 Wtaurddn=a20d b
wt.%, polymerization changed neither the diameter nor the standard deviation in a significant
way. However, note that very large pores were excluded from the determinatipse at
Psurtactant= 20 Wt.%. If these very large pores were to béuished,dpore and especially thstan
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Figure 3.19: Average emulsion droplet diametdsopiet (black circles) and average pore
diameterdpore( pi Nk s quar e Ssuacandosmatraporaus RSP VoBf  aftne= b
50 wt . Aen =alrBA wt.Bo.

dard deviation woul dsubctthi® I ® a W sufeihn® DO, thea nt | y .
pore crosssections remain monodisperse after polymerization. Though, polyi@niza
tremendously increaselbore cOmpared tadropler The reason for this increase is not known.

Possible explanations are droplet coalescence or Ostwald ripening.

Shape of Pore CrossSections: Shape Facto6

As before in Sectio8.1.1and Sectior8.1.2 the shape fact@was calculated for the samples
shown inFigure 3.16. Since the shape of the 2D pore crssstions is always hexagonal, it
could be expected th&would lie between 1.05 (straight edges) and 1.10 (distorted edges).
Figure3.20 (right) depictsSa s f u n Gutadaneamd Figuife 3.20 (left) again showsSfor a
distorted hexagon, for a hexagon, and a cif€igure 3.20 (right) showsSis indeed between
1.05 and 1.10. The discussion of these results will follow in Se8tiba
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Figure 3.20: (left) Exemplary values of the shape fac®ior a sphere (bottom), a hexagon
(middle), and a distorted hexagon (top). (rigBta s f u n cstrdamfar macfoporfous
PS/polyDV B  @rée= b 50 Wtkps%2.98mid%. b

Area of Pore Wall and Layers

In Section3.1, the thickness of the pore Wéllhore wa)) @and of the layerdduter layeraNdtinner laye)
was determined. In Secti@?2, however, the area of the pore Wabre way the area of the outer

Figure 3.21. Exemplary determination of the area of the outer layerejbdund of the inner

layer (red) for onstrut
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layer Aouter layer and the area of the inner lay®her layerwere determined instead. Measuring the
area turned out to be a bit more accurate than measuring the thickRegses.21 shows an
exemplary SEM picture for hoouter layer(blue areas) anBlinner layer(red area) were determined

in onestrut Apore wallis obtained by addingouteriayer, @ndAinner layer TO determine average values

X0
T ® pore wall
B outer layer -
400 L ® ¢ innerlayer |
[ |
g 300 | { _
< ' { {
o I
% 200 r E i )
100 r % } ; )
O 1 1 ] I
1.0 I T T T T

B outer layer / pore wall ||
€ inner layer / pore wall |

Zﬁi“w

layer / pore wall
o
~
—o—
——

0.0-..l...|...|..|...
0 5 10 15 20 25

Bsurfactant / Wt.%

Figure 3.22: (top) Average area of the whole pore Walre wai(black circles), the outer layers

Aouter laye(blue squares), and the inner lap@keriayed r € d di a@amo n d Ss)facadf@ f unct
macroporous PS/polp VB  a@rdne= D5 0 Wt kps%2.98 wido. ([pottom) RatiBouter layer

t0 Apore wall (blue squares) and rathnner layertO Aporewat( r € d  di amond Ss)fata® S f UNC
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of Apore wall Aouter layer aNJAinner layer SEVErabtrutsare examined foeach sample. IRigure3.22

(top), Avore wall(black circles) Aouter layer(blue squares), amilnner layer(red diamonds) are plotted

as f un GukadanolmFigord3.2Z2(bottom), the areal fréions of the outer layehouter layef

Apore waland of the inner lay&kinner layef Aporewata T €  pl 0t t e dsut@asFigune322 t i on
(top) shows thaPpore walaNdAouter layerd € C T € @ S € @ Surfachndmcontrast@Nimher 1ag@r f b
remains more or less constantevh surifaantis varied. A slight exception to these trends is

f 0 U N dsurfafta@=r10 vit.%. HereApore wali Aouter layer @NdAinner layerare smaller than what the

overall trend would suggest. NevertheleBgyure 3.22 (bottom) shows a clear trend: The
fraction of the out er sudwswhilethedracton of thesnmes layers f un

increases. Again, the detailed discussion of the results will follow in S&fdh

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-old, a 5006fold, and a 100@old magnification, the two layers could only be distinguished
because of their different colors. While theer layer appears dark grey, the inner layer appears

in light grey (sed-igure3.1, Figure3.9, andFigure3.16). However, the texture of the outer and

the inner layers becomes visible at higher magnificationkigare 3.23, the magnifications

are 2506fold (left column), 500€old (middle column), and 1006@Id (right column). The

samples that were used are the KPS sampl€aldé3.3 and their SEM pictures were already

shown with lower magnifications in Figure 3.16. Note that for the middle and right column in
Figure3.23, 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 ofigure3.23, one sees that the outer layer appearspwoaus, while the

inner layer appears porous. A porous inner layer implies that material is removed at some point,
while this does niohappen in the outer layerThe texture of the outer layer does not change
wWhefacbd s varied. The texture of the ahamer | a
=10 wt.%,=15wt.%,and=2 0 wt . %, whi |l e i t surdapPp5end%.9hisl es s p
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/p@yB obtained via polymerization of
monodisperse waten-s t yr ene/ DV B sydhbk=P EsS0 wwrds h 2098 wio, and
Dsurfactan= 5 Wt.%,= 10 wt.%,= 15 wt.%, and= 20 wt.%. Thesamples are the same agigure
3.16. The magnifications are 2586Id (left column), 500€fold (middle column), and 10000
fold (right column).

Behavior of Surfactant during Polymerization

Assuming that the porosity of the inrlayer is indeed caused by the surfactant, the question
arises: why is only the inner layer porous, while the outer layer ipamsus/compact? Even
f or t h eauadn®VdaisX, thebamount of surfactant is much higher than what is needed

to stablize the water/monomer interface in the HIPEs. Thus, the remaining amount of surfactant
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is simply dissolved in the continuous phase since the surfactant is insolubi®.irJking
geometricalc o n s i d e dur@tdnt bt iRedic®S, fundiion ofdaropiet and of the head group area

Anead groupgc@n be calculated (see Appendix Sectdh(e) and6.2 (d)). Aneadgroup describes the

area one surfactant molecule covers at the water/monomer interface. Figure 6.5 in the Appendix
S h 0 WuBactanbat interfac@S function ofAnead groupfor three different droplet diameters, namely
ddroplet= 60 pm (dashed linefdroplet= 80 pm (continuous line), ardiropiet= 100 pum (dotted

line). ASAneadgroud N C I' €s@aStaf aSinterfaclBCreasePnead grouLan be assumed to lie between

50 A2amd 250 X[ Wet 01, DomO7] wWh isuBadntatndbetveeent0®6 wt.% | u e s
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
phas¢.

Since the majority of the surfactant moleculessargly 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 homogeneouplmese( 1 0) and i nhelbhasegeneou
(20) region. The arrows indicate the directi

"PourfacatW @ s not decreased to Vval uessaht@arpaswitbthewdnerdionmfe c au s e
monodisperse dradgts via microfluidics. The reason for this not understood yet.
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(technical, norionic) surfactant Hypermer 2296, and the polymer polystyrene (PS). The model
ternary phase diagram was recorded at 70 °C, tdmaperature of polymerization.
Surfactant/ styrene mi xtures Wi t h suMcaner Byi n g C (
dissolving purchasable PS in these mixtures, the polymerization was simulated which was much
more practical than actually polymerizitige mixtures, stopping halfway, and then determining

how far the polymerization had progressed. DVB was not included because no purchasable
polyDVB could be found. kD was also not included because the focus lay on the behavior of
the surfactant during pginerization 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 homogenepbasmesign

which allowed a more accurate determination of the phase bourkdiguye 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 polymerizatior-igure3.24, the relation between the
position of t hesudddhiass ec |beoaurnl dyarisyes tanndgh\imoumts b

of PS can be dissolved in the surfactaptéshe mixture before phase separation occurs (see
Figure324( dashed arr ow) )sufatakisthighg enly bow amsunts of RSicambe b
addel before phase separation occurs (Sigeire 3.24 (dotted arrow)). This implies that the
surfactant and PS are immiscible, i.e. the polymerization leads 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 asd. Hh the latter case, the
surfactant would have to extraci®from the dispersed phase and form small structumssst
likely dropletsi in the continuous monomer phase. During polymerizatibase 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 tluiso8gseelTable 3.3), the interfacial
tension 9 between the dispersed phase and th
Drop Tensiometry. This as done to assess if spontaneous droplet formation is possible which
is typically only the case for HiledmNemhul si on
However, such | ow values are only reached a
increase up to 17 1 mN ni! at other temperatures [Stu09]. For the four samples studied in
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this Section, 9 tam4.0rbN\entfor eemperatQresbetwedh P50 °C.

't was found that Jufbseediner@asesith inoneasingptemperaturee a s i n
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 t@m with HO 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, DAf8l, surfactant witbsyrenebeing kept constant

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) exposec@. M/hen both
surfactant molecules and.@® arepresent (BE), the monomer phases become turbid. When
either surfactant (A) or #0 (F) is missing, the monomer phases remain clear. The surfactant
mass fraction in the sample withouwt®(F) was 10 wt.%.
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at 50 wt.%a n duracintbeing varied betweefi i 20 wt.%. Next, the monomer phase was
carefully put over IHO to limit mixing of the two phases which would result in unwanted
emulsification.Figure3.25 (top A1 E) depicts the appearance of the samples directly after the

two phases were put togethBrgure3.25(t op F) shows a smeuholher phe
wt.% where no KO was added. This sample was prepared to serve as a comparison to the other
five samplesFigure3.25 (bottom) depicts the same samples as in the top row afteFaguine

3.25 (F) shows than when no28 is made available to the monomer phase, it remains clear

after 24 h. Note that this is also the casebi#actant= 5 Wt.%, 15 wt.%, and 20 wt.%. The
monomer phase al s Quackn® hatlor(sedigule 225 (A)). Wnltantnast,b

the monomer phase becomes strddahibbetdeerain2d wtloat er e
(seeFigure3.25(B 1 E)). Thus, both surfactaandH-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 developéda st er fsattane The reason fob this observation is

discussed in Section 3.22.

To better understand the droplet formation, small angle neutron scattering (SANS) experiments
were performed. For this purpose, the two monomers styrene andwawi replaced by
deuterated styrene and®lwas replaced bydd. Af t er pr ep akuctiglOa s amp
wt.%, small fractions of the monomer phase were removed after 8 minutes, 13.5 hours, and 1.5
days and SANS spectra were recordédure3.26 depicts thd-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 structues which were so far assumed to be droplets. The fit was done with a Gaussian
shell model [Fos08] wheréq) (blue line) is calculated by combining a form fad&gq) (red

line) and a structure fact&q) (light green line)Figure3.26 (inset) depicts the intensityof

the samples removed after 8 minutes (black circles), after 13.5 hours (orange squares), and after
1.5 days (dark green diamonds) asction of the scattering vector The fit of thel(q)-curve

in Figure3.26is 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(q)-curve (blue line) describes the experimental data only for sgnalhile it

deviates a bifor higherg. Thus, the structure derived from the fitting procedure should be
handled with care. Looking &igure3.26 (inset), one sees that the three measl(tgeturves

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

8 The length scale and volume of th@mples shown iRigure3.25 (cm and crf) is not comparable to that of the
real samples (um and [#n Thus, the time frame dfigure3.25it not transferable to the real samples
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Figure 3.26: Measured intensitimeasafter 8 minutes (black circles), form fac(q) (red line),
structure facto§(q) (light green line), and calculated intensify) (blue line) as function of the
scattering vectag. (inset) Meaured intensitiesafter 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 $orzargs)

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 ingastd with freeze fracture electron
microscopy (FFEM) and dynamic light scattering (DLS).

For FFEM, the sample shown Figure3.25 (C) was prepared again, if®uractantvas set to 10

wt.% andDstyrene= 50 Wt.% Small fractions of the monomer phase were removed, frozen, and
coated with carbon. The exact process is mlesd in the Experimental Section. The resulting
samples were investigated with a transmission electron microscope (TEM). Three exemplary
pictures are shown iRigure3.27. When looking at the FFEM pictureskingure3.27, one sees

two structures with different size ranges. Both structures appearaciiouthe 2D FFEM
picturesand are therefore spherical in 3Lhough the vesicles that were suggested from fitting
the SANS data are spherical as well, their imprint in FFEM would have another, ring like

appearance. Thenprints found inFigure3.27 are more likely caused loroplets. The smaller
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PiSOlnn

Figure 3.27: FFEM pictures of a 50/50 styrene/DVB mixture with a surfactant mass fraction
of 10 wt.% that was placed over®.

structures are 25 nm in diameter and thus roughly match the size alrekdgrmined by

SANS. The larger structures have a diameter ®03-nm. The top ofFigure3.27 shows that

there is no gradual change between the two sizes, but an abrupt one. The reason for this is not
known.

Finally, the sampleontainingbsurfactant= 1 0 W biyrend6 5@ 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, theydrodynanic radiusrnys (White points) as well ags deviation (black

bars) werealculated by the softwa#&1from LS InstrumentsThe evolution of hyg wasdeter
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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 4. The white dots are the measured hydrodynamic radjusnd
the black bars are the measured width.

mined for a duration of 24 h which is depictedrigure3.28. Figure3.28 shows thatnoments

after the sample was prepared, the detected structuresahaverageqyq of 11 nm. As time
passes;Hyd increases rapidly in the beginning and slower towards thefetheé measurement.

After 24 h ruyg has increased to ~ 24 nm. The deviation from the averggalso increases

with time. In the beginninght 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 ofiyq in Figure3.28 requires more time to occufhese results as well

as of allotherresultsof Section3.2.1will be discusseth Section3.2.2
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3.2.2 Discussion of Experimental Results

The results of SectioB.1disprovedthe idea of osmotic transport of D\& the reason for the
transformation from spherical droplets to polyhedral pores when KPS is used as .initiator
Neverthelesgwo main questioneemained unanswereiihe first of these is (1) why the shape

of the pore crossections is hexagonal after thelymerization This requires the area of the
water/monomer interface to increase during the polymerization andatltestain mechanism
counteract capillary pressure. The second question is (2) why the pore walls consist of two
quite similarlooking non-porousouter layes and oneporousinner layer. To answer these
guestions, the experiments in Secti®2.1 were conducted The surfactant mass fraction
Dsurfactant WaS varied to investigate its influence on the morphology of the macroporous
PS/polyDVB samples. More precisely, the shape of the pore-seasions and the development

of the layer areas was examineith SEM. Regardlessf which bsurfactandS 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 hdwulasgeis.
However, the area of thmore wall and its layerseghendon bsurtactant While Apore waiand Aouter

ayjerd € C T €as e a suachiWimebaferiemans ariistarfilhus, the areal fraction of the
outer layer decreases wibkurtactans While the areal fraction of the inner layer increases. When
AIBN is used as initiator, the pore cressctionsare alwayscircular and the pore walls are
porous. To determine the effect of the polymerization onsthlability of the surfactant
molecules in the continuous phase, a ternary phase diagrasurfactant styrene, and
polystyrene (PS) was measurddwas found thathe surfactant is insoluble in P@hich
implies that the polymerizatiadrives the surfactant out of the continuous phBgeand large

the results and their interpretations allow the caiesion of a mechaism thatllustrateswhat

is happening duringolymerization(seeFigure 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 gnaa 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 dnapietsto

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 fpmrous outer layers and a porous inner layer in the pore wall.

Before polymerization stts, the shape of the droplets is spherical (circular in 2D scheme of
Figure 3.29) and the surfactant either stabilizes the water/monomer interfaceeverdy
distributedin the continuous phase (segure3.29 (a)). Sincethe polymerization starts at the
interface withthewatersoluble initiatolKPS, a small layer of partially polymerized continuous

phase forms close to the water/monomer interfaeeFigure3.29 (b), light brown laye). The
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surfactant is now less soluberecompared to other regions where no polyizaion has
taken placeso fa. Thus the polymerization close thewater/monomer interfagerompts tle
surfactant moleculeis thisregionto diffuse awayHere, 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 cltséhe polymerization zorend diffusion towards

it is possibleat the beginningsince the continuous phase is only partially polymerizes
Figure3.29 (b) arrow upwards At the interface, surfactant moleculg®gate an oversaturation
which, in turn, increases the interfacialaf&ia99, Pat12, Giul7Note thathe surfactanwill
remain &the interfacebecause its insoluble inH2O. By increasing its area, the shape of the
interface changes from spherical to polyhedraFiggure3.29, this is illustrated by the change
of the droplet crossectionsrom circular (sed-igure3.29 (a)) via an intermediary state (see
Figure 3.29 (b)) to hexagonal (seEigure 3.29 (c)). Note that he ongoing polymerization
preventdurther surfactant diffusiotowards the water/monomer interfagace thecontinuous

phase becomes too polymerized for diffusiohappen (se€igure3.29(c), brownlayers)

(2) The second option for the surfactant moleculds diffusein the opposite direction, i.&0

the unpolymerized continuous phase (Begure 3.29 (b) arrow downwards In contrast to
diffusion towards the interfacehis procesgontinueswith the ongoing polymerization. In the
course of the polymerizatiothe regim close tathe water/monomer interface becomes more
polymerized (se&igure3.29(b),| i ght br oynd d raky ey rso w(d), dlaeky e r s Y
layers)) and the polymerization proceeds further into the continuous phabey(se8.29 (b),

l'i ght broWwan) | alyiegtst YD, tightwnownllageyspThus, two suifattant
free layersadjacent to the water droplets of the dispersed plwad@ne surfactasmich inner
layer in theinterior of the continuous phaderm (seeFigure 3.29 (d)). Once the surfactant
molecules are trappethside the continuous phase, they remain there until eventually
polymerization catches up (sEgure3.29( d Y e Whén the)samples alater purified

by Soxhlet extraction, the surfactant is washed Dhis causesghe porosity of the inner layer,
while the outer layer remains n@orous.When bsurfactaninCreases, more surfactant molecules
can accumulate in thiaterior of the continuous phase. Thus, theeknessof the inner layer

i ncreases Wwsirddhasabsewad e the expegmerfits in SectdoP.1 Note that the
overall size of the pore wall decreasesadanction of bsurfactantbecause less polymerizable
material is available at high®Bgurtactant

In conclusion surfactandiffusion towards the water/monomer interface is responsible for the
polyhedral shape of the por&ghile surfactant diffusion towards theterior of the continuous
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phase is responsible for the layered structure of the pore Waltsplementaryexperimensg
were conducted to examine whetlige surfactant is solely responsible for the porosity of the
inner layer.t was found thasmall dropletsform in the continuous phasehich grow in size
over time Initially, the radius of the droplets is ~ 10 nm ahéyt consist only of surfactant
Over time, the droplets grow in size by takingwater Thus the porosity of the inner layes

not solely caused by the surfactant, but by a combination of surfactamntaé&dThe small

water dropletsare not shown ifrigure3.29 for the sake of clarity.
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3.3 Mechanical Behavior

The mechanical properties of macroporous PS/polyDVB obtained from polymerizing
monodisperse waten-styrene/DVB HIPEsare dealt with irSection3.3. More precisely, the
focusis put on how(a) the type of initiator(b) the styrene/DVB mass ratibsfrend, (C) the

amount of initiator Binitiator), and(d) the amount of surfactagbsurtactan) influence the yield
6 he i ns tyetlred

stress at which the linear elastic reggmesover into the Plateau regidtmaxwas determined

strepgpgnt Y 0 U Bl symeMOd W aise r | of
Emphasisis also put on the question whether monodispenseroporous?S/polyDVB has
enhanced mecharakt properties compared to polydispersacroporousPS/polyDVB. The
morphology was determined from investigating one sample with SEM, while the Staas

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

Though the influence (a) of the type of initiator, (bb&jfrens (C) Of binitiator, and (d) 0Bsurtactant
were all investigated, only (b) the variationbafreneresulted in a meaningful trenthis is why
only stressstraincurves wherd®syrenewasvaried are shown in this Sectiohll results will be
summed up imTable3.9 at the end of this Sectiomhelargestdifferences were found between
90

Fmax OF Eporous polymer DUt the development of the strestmincurves.Table 3.4 gives an

Dstyrene= Wt sy O a vitPo. The most striking differencevere not the values of
overview of the compositionshose stresstraincurves will be shown ikigure3.301 Figure
3.33. bstyrenewas either 50 wt.% or 90 wt.% and the initiator was either KPABN . surtftant
waskept at a constant value of 10 wt.%.

Table3.4: Ty pe 0 fyend Riikol | adLdnddthebsamples wisethe stresstrain
curvesareshown inFigure3.307 Figure3.33.
Type of Initiator Dstyrene / Wt.% | Dinitiator / Wt.% | Dsurfactant / Wt.% Figure
watersoluble KPS 50 2.98 10 Figure3.30
monomessoluble AIBN 50 1.82 10 Figure3.31
watersoluble KPS 90 2.98 10 Figure3.32
monomessoluble AIBN 90 1.82 10 Figure3.33

Each Figure shows both the complete development of the measureessassurves (top

left) and the stresstraincurves at low strag(top right) since this is thengewhereFmaxand

Eporous polymerare determined Note that measurements of the stretsaincurves were either
stopped automatically by the software whikeestress dropped to 80% of its maximum value

or manually by the experimenter.Figure3.30 andFigure3.31, 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 piecgginatedfrom the top of the sapte which was in
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contact with the load cell and broke off at the rim of the sampleglre3.32 andFigure3.33,
measurements wersanuallystopped once the densification region of the stséssncurves
had been reacheth addition to the stresstraincurves, each Figure also shows the SEM
picturesof a samplavith thesame compositianThe magnifications of the SEM pictures were
100-fold (bottom left), 50&fold (bottom middle), and 106fld (bottom right).Figure 3.30
shows the stresstraincurves and SEM picturder bsyyrene= 50 wt.%a n aps =H2.98 wt.%.
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Figure 3.30: (top) Stressstraincurves andbottom) SEM pictures of macroporous PS/poly
DVB obtained via polymerization of monodispersewates t yr ene/ DV BsydleE PE S
50 WwWtkrs®%, 2 b9 8 wstractds 10 witr¥ed Théstressstraincurves on the top right
are magnifications of thstressstraincurves on the top left at lower strain. The magnifications

of the SEM pictures are 160ld (bottom left), 50&fold (bottom middle), and 106fld
(bottom right).

The SEM pictures irFigure 3.30 (bottom) show that the pores are clpseked and fairly
monodispersedgore= 77 = 4 umy. Furthermore, the 2D pore cressctions are hexagon&8
1.10 £ 0.03) and the porealls consist of tree layersideally, the porosityP is 74% since this

% dpore Was calculated as if the pore cresstionwere circular with equatio(8.1).
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is the volume fraction of the dispersed phase imtbrodispers#lIPEs. IfP < 74%, the pores
are not closgacked in the whole sample Rf> 74%, anadditional porosityike the onglound

in theinner layer of the pore wallaust be taken into accoumh Sectior?.3.2it was explained

that for operpore porous polymer&porous polymeEpolymer OUght to be directly proportional to

(' dorous polymér golymen)? (S€€ equatio(2.24)) and thattie proportionality constafic ought to be

=1. Forclosedp o r e

Jrel is more difficult (see equatiof2.25)). Sincet h e

porous

pol ymer s,

t he

necessary

rel at i

on

known, ejuation(2.24) is usedalso for the closeg@ore polymerNon-porous samples that were

polymerized fron pure styrene/DVB mixtures were used to determpagnerandEpoymer The

determinedralues forP, Eporous polymer Fmax, @ndCc as well as their average valuee summed

up inTable3.5.

Table 3.5: PorosityP, Eporous polymer Fmax, andCc of the samples shown figure3.30 where

bstyrene: 50 Wt kps%2.98 wid%. b

Porosity P/ % Eporous polymer/ MPa | Fmax/ N Cc
black stresstraincurve 76+ 1 39 8 1.76%+ 0.36
red stresstraincurve 71+1 27 36 0.91+0.18
greenstressstraincurve 70+1 87 43 2.56+0.52
average 73+ 4 51 + 36 29+21 | 19+1.2

Since the average porosityRs= 70 + 3%, the samples wembviouslynot fully sedimented.
The average mechanical values one obtains from the-stragscurvesare Eporous polyme= 51

+ 36 MPa andFmax= 29 £ 21 N. However, for botBporous polyme@NdFmax, theindividual values

deviatelargely from each otheAn explanation for this cannot be givéifhe same is true for

Cc sinceCc =19+ 1.2 Figure3.30 (top) shows that the stresraincurves are elastibrittle.
This is also true wén KPS is substituted by AIBN (ségyure3.31).

a n dyrenfremains at 50 wt.%.
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Figure 3.31: (top) Stressstraincurves and (bottom) SEM picture$ macroporous PS/poly
DVB obtained via polymerization of monodispersewates t yr ene/ DV BsydleE PE S
50 wtaen%, 1b 8 2  wstracta¥ 10 @wti90d Thdstressstraincurves on the top right

are magnifications of th&tressstraincurves on the top left at lower strain. The magnifications
of the SEM pictures are 160ld (bottom left), 50&fold (bottom middle), and 106fld
(bottom right).

Compared tohe samples were KPS was usethdmtor (see-igure3.30), theindividualvalues
of Fmax Eporous poiyme@nNd P are closer togethevhen AIBN is used as initiatoAll results as
well as the averagvalues are summed upTable3.6.

Table 3.6: PorosityP, Eporous polymer Fmax, andCc of the samples shown Figure3.31 where
Dstyrene= 5 0  wt adfF 182wWd%. b

Porosity P/ % | Eporous polymer/ MPa | Fmax/ N Cc
black stressstraincurve 77+1 89 30 4,55 +0.92
red stresstraincurve 78+ 1 97 25 553+1.12
green stresstraincurve 77+1 102 32 5.07 £ 1.02
blue stresstraincurve 77+1 114 35 5.85+1.18
average 78+ 2 102 + 13 305 53+1.7

- 88-

W i
































































































