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Abstract

Abstract

Inspired by studies on tissue engineering, this PhD thesis aims at synthesizing and
characterizing methacrylate-based polymer foams with tunable pore structures. To reach this
goal, two templating routes, namely emulsion templating and foamed emulsion templating,
were combined with microfluidics. Two different templating routes were chosen to get access
to different pore sizes without changing the monomer. The monomer used was 1,4-butanediol
dimethacrylate (1,4-BDDMA). The liquid templates and the solid polymer foams were
characterized via light microscopy and scanning electron microscopy (SEM) to prove the
SWHPSODW.LQJ HIIHFW’

The thesis starts with the synthesis of poly(1,4-BDDMA) foams via emulsion templating using
microfluidics to generate watén-1,4-BDDMA emulsions with controllable droplet sizes
Immediate polymerization of the emulsion templatk to monodisperse poly(1,4-BDDMA)
foams with tunable pore connectivities, pore shapes, and pore sizes. Open-cell poly(1,4-
BDDMA) foams with spherical pores were synthesized by initiating the polymerization of 1,4-
BDDMA in the continuous phase using an oil-soluble initiator. Closed-cell poly(1,4-BDDMA)
foams with hexagonal pores were synthesized by initiating the polymerization of 1,4-BDDMA
at the water/1,4-BDDMA interface using a water-soluble initiator. It was possible to increase
the pore sizes frong70 um, over8100 um,to §120um by varying the droplet sizes. The
specific structural features of the poly(1,4-BDDMA) foams were characterized via SEM and
micro-computed tomographyu-CT). Furthermore, polydisperse, open- and closed-cell
poly(1,4-BDDMA) foams with mean pore sizes in the range of the monodisperse polymer
foams were also synthesized whisko the best of our knowledge new for emulsion templating.

To have access to larger pore sizes, foamed emulsion templating was used. Here, the first step
was to formulate a 1,4-BDDM#An-water emulsion which is stable during foaming and
polymerization. Since the porous structure played a secondary role in this case, mechanical
stirring was used for first foaming tesWe found that an emulsion composition of 65 ¥ol
1,4-BDDMA, 30vol % water, and 5 vol % glycerol met the mentioned requirements.
Moreover, the (fine-)structure of a polydisperse poly(1,4-BDDMA) foam has been
characterized via SEM showing a well interconnected arrangement of spherical pores
surrounded by highly porous pore walls. Finally, monodisperse poly(1,4-BDDMA) foams with
tailorable PHDQ SRUH YA0]HY XD -SSP D@ pp and their polydisperse
counterparts were synthesized via microfluidics. So far, no studies exist about foamed

emulsions in which the polydispersity is changed without changing the mean pore size.
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Moreover, the< R X Q J TV & R vl (1,4-BDDMA) foams were determined via stress-

strain-curves showing a high dependency on the density of the poly(1,4-BDDMA) foams as
known from literature.
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Kurzzusammenfassung

Inspiriert durch Studien tbek 7LV V X H ( Q XleditbelDis§edtation auf die Synthese und
Charakterisierung von Polymerschdumen auf Methacrylatbasis mit einstellbaren
Porenstrukturen ab. Um dieses Ziel zu erreichen, wurden Templatierungsrouten, namlich die
Emulsionstemplatierung und die Templatierung mittels geschaumter Emulsionen, mit der
Mikrofluidik kombiniert. Zwei Templatierungsrouten wurden gewéhlt um Zugang zu
unterschiedlichen Porengréf3en zu erhalten ohne das Monomer zu wechseln. Als Monomer
wurde 1,4-Butandioldimethacrylat (1,4-BDDMA) verwendet. Die flissigen Template und die
festen Polymerschaume wurden durch Lichtmikroskopie und Rasterelektronenmikroskopie
(REM) FKDUDNWHULVLHUW XP GHQ A7HPSODWHIIHNW?3 ]X <sEHU
Die Dissertation beginnt mit der Synthese von Poly(1,4-BDDMA)-schdumen uber die
Emulsionstemplatierung, um Wass$eri,4-BDDMA Emulsionen mit kontrollierbaren
TropfengréRen mittels Mikrofluidik zu generieren wurdeéofortige Polymerisation der
Emulsionstemplate fihrte zu monodispersen Poly(1,4-BDDMA)-Schaumiteginstellbaren
Porenkonnektivitaten, Porenformen und PorengréRen. Offenzellige Poly(1,4-BDDMA)-
Schdume mit spharischen Poren wurden durch Initierung der Polymerisierung von 1,4-
BDDMA in der kontinuierlichen Phase mit einem o6lldslichen Initiator erhalten.
Geschlossenzellige Poly(1,4-BDDMA)-Schaume mit hexagonalen Poren wurden durch
Inititierung der Polymerisation von 1,4-BDDMA an der Wasser/1,4-BDDMA Grenzfléohe

einem wasserloslichen Initiator erhalten. Es war moglich, die Porengrof3en durch Variation der
TropfengréRen von870 — P «EHDUO—8P ] X2081m zu vergroRern. Die spezifischen
strukturellen Merkmale der Poly(1,4-BDDMA)-Schaume wurden mit dem REM und der
Mikrocomputertomographi@i-CT) charakterisiert. Weiterhin wurden polydisperse offen- und
geschlossenzellige Poly(1,4-BDDMA)-Schaume, deren mittleren PorengréRen ichBlrei
monodispersen Polymerschdume liegen, synthetisiert, was, soweit wir Wissen, neu flr
Emulsionstemplatierung ist. Um Zugang zu gr6f3eren Porengréf3en zu erhalten, wurde die
Templatierung mittels geschaumter Emulsionen verwendet. Diesbeziiglich lag der erste Schritt
in der Formulierung einer 1,4- BDDM#&-Wasser Emulsion, die wahrend des Schaumens und
Polymerisierens stabil bleibt. Da die porésen Strukturen in diesem Fall eine untergeordnete
Rolle spielten, erfolgten erste Schdumungsversuche durch mechanisches Ruhren. Wir fanden
heraus, dass eine Emulsionszusammensetzung von 65 vol % 1,4-BDDMA, 30 vol % Wasser
und 5 vol % Glycerin diese Anforderungen erfullt. Darliber hinaus wurde die (Fein-)&truktu

eines polydispersen Poly(1,4-BDDMA)-Schaums mit dem REM untersueltaus
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untereinander verbundenen spharischen Poren umgeben von hoch porésen Porenwanden
bestent.  SchlieBlich  wurden  monodisperse  Poly(1,4-BDDMA)-Schaume  mit
mafgeschneiderten mittlereaR UH Q J U | %o l0@—YRAF &P X @B pgn und ihre
polydispersen Gegenstuicke mittels Mikrofluidik synthetisiert. Bisher existiert keine Studie tber
geschaumte Emulsionen in der die Polydispersitat verandert wird ohne die mittlere Porengrol3e
zu andern. Zudem wurden die Young Module von einigen Poly(1,4-BDDMA)-Schaumen Uber
Spannungs-Dehnungs-Kurven ermittelt, die wie aus der Literatur bekannt ist, eine hohe
Abhangigkeit von der Dichte des Poly(1,4-BDDMA) Schaums zeigen.

Vi
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1 Introduction

1 Introduction

1.1 Motivation

The termfoamis commonly known, and it isgquently used for various materials regardless

of their naturetheir properties or theapplication [Gib99, Sch05, Can13]. Liquid foams are
usually associated with soaps, shampoos or beveragesheir propertie also make them
applicable for firefighting or in chemical engineering processes, e.g. flotation and foam
filtration [Wea99]. Solid foams are well known as packaging materials, insulation materials in
domestic appliances or construction, paddings or beddings in furniture and as material for
leisure, sports and military products [Eav04, Lee07]. Faatientific point of viewafoamis

defined as a dispersion of narto-micrometer-sized gas bubbles dispersed in a continuous
phase, which is eithergel, a liquid, or a solidgve72, Sch05]. Depending on the nature of the
continuous phase, the foam is called gel foam, liquid foam, or solid foam [Sch05]. The
continuous phase of a liquid foasmnormallyan aqueous surfactant solution [Abo15], while

the continuous phase of a solid foam usually consists of ceramics, metakss glgsdymers
[Gib99]. Solid polymer-based foams are called plastic foams, cellular plastics or simply
polymer foams [Oko95, Eav04]. Polymer foams are materials characterized by low deahsity a
excellent thermal, physical and mechanical properties [Gib99, Lee07]. This allows the
production of either multifunctional materials as solids with a low density (e.g. sandwich
panels) or highly flexible materials that are resistant against compression (e.g. energy-absorbing
materials) [Gib99]. Whether or not a property is more distinctive is directly correlated to the
polymer matrix, the composition of the gasj the porous structure [Lee0Foaming changes

the properties of a polymer, thus enhancing its applicability [Gib99, Eav04, LeeOthoBhe
popular polymer foams are polystyrene, polyvinyl chloride, polyolefin and polyurethane
Thanks to their tunable properties each of thenvidely applicable in many areas. [Eav04,
Lee07] For example, flexible polyurethane foams with a high elasticity and the ability to
recover are used for furniture or transportation, rigid polyurethane foams are often used in
domestic appliances or construction [Lee07]. To produce polymer foams or to tune their
properties, there exist several techniques using mechanical force and various different blowing
agents (physical or chemical) for foaming. This includes foam extrusion, the molded bead
method, thermoset reactive foaming and foam injection molding, to name only a few. [Oko95,
Eav04, Lee07] While the industrial production of such polymer foams has to be economically

viable [Piel4], the research on polymer foaimsot quantity-based but carried out on a
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laboratory scale. One focus in polymer foam research is on tailor-made polymer foams. In this
context, novel synthesis routes that allow tailorMgK H SRO\P HU | ROrR$pecifitv U X FW X
application are aimed for. Moreover, the improvement of known polymer foam properties to
expand their area of applications is searched for. [Eav04, Stul8] One method having high
potential in meeting these requirements is the synthesis via templating routes [Cam05, Sil14,
And18a, Stul8]. As way of example, Figure 1.1 shows the synthe@isapirolactone-based
polyHIPEs [Yad19].

SWHPSODWL

solidifi-
cation

liquid template

Figure 1.1: Emulsion templating concept shown for the synthesis of a @uaprolactone-
based polyHIPEs (right) from @caprolactonen-water emulsion template (left). Adapted from
[Yad19]. Reprinted from Polymer, 176, A. Yadav, J. Pal, B. Nandan, R. K. Srivastava,
Macroporous scaffolds of cross-linked Polgcaprolactone) via high internal phase emulsion
templating, 66-73, Copyright (2019), with permission from Elsevier.

The concept is based on two main steps. (1) The generation of a liquid, structure-given template
which usually is an emulsion or a foam (Figure 1.2). [CamO05, Sil14, And18a, Stul8]. More

recently foamed emulsions were also used as template (Figure 1.2) [And18a, Stul8].
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waterin-oil (w/0) liquid foam foamed emulsion
high internal phase emulsio

Figure 1.2: Microscope pictures of all liquid templates: w/o emulsion (left). Adapted from
[Quel6a]. Liquid foam (middle). Adapted from [And18b]. Material from: S. Andrieux,
Monodisperse Highly Ordered and Polydisperse Biobased Solid Foams, published [2018]
[Springer Nature Switzerland AG, Springer International Publishing] reproduced with
permission of SNCSC. Foamed emulsion (right). Adapted from [Sch12a]. Adapted from F.
Schiler, D. Schamel, A. Salonen, W. Drenckhan, M. D. Gilchrist, C. Stubenrauch, Synthesis
of Macroporous Polystyrene by the Polymerization of Foamed Emulsions, Angew. Chem. Int.
Ed. 2012, 51, 2213-2217 with permission from Wiley-VCH. © 2012 Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim.

(2) The solidification of the continuous phase of the liquid templatdtsasua polymer foam

being the solid replica of the liquid template [CamO05, Sil14, And18a, Stul8]. The most often
used template is a watar-styrene/divinylbenzene (DVB) emulsion [Bar62, Bar82, Cam05,
Sil14, Stul8]. Hence, poly(styrene/DVB) foams have been studied quite extensively since 1962
[Bar62, Wil88a, Wil88b, Wil90, Hai91, Cam96, Men06a, Git08, Man09, Wul0, Ikell, Quelb,
Quel6b, Quel7a, Quel7b, Koc2la, Koc21lb]. A second type of templating, namely foam
templating, camep eliminating the disadvantage of emulsion templating, i.e. the removal of
the dispersed phase. In foam templating the polymer matrix is often based on polysaccharides
such as gelatin, alginate or chitosan. [And18a, Stul8] Apart from emulsion and foam
templating, a third templating route has emerged which combines the two, namely foamed
emulsion templating [Sch12a, And18a, Stul8]. Although foamed emulsiofEa(oulsiony

have been the subject of investigations since a few years [Tur99, Sall0, Sall2, Riol4, Sch17],
they have been scarcely used as liquid templates [Sch12a, Quel5, Elsl17a, Els17b].

The major question that comes in mind/sat advantage does a template off8e¥eral studies
demonstrated [Cam05, BarO5a, Bar09a, Ikell, Coll3, Cosl4, Rob14, Cosl15, Quel6b, Elsl7a,
And18c, Stul8, Deh19] that templates are very helpful tools to tune the structure of polymer
foams simply by modifying the templates structure. Figure 1.3 gives an overview about some
polymer foam properties, which are possible to tune, namely the pore size, the polydispersity

(the pore size distribution; polydisperse or monodisperse), the pore connectivity (open- and

3
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closed-cell), and the arrangement of pores (disordered vs. ordered) [Sch12a, Robl14, Quel6b,
Elsl7a, And18c, Stul8].

Emulsion Foam Foamed Emulsion
Templating Templating Templating

B T T

b -

v 250 um §

2 # % AN

monodisperse polydisperse

closed-cell open-cell open-cell open-cell

Figure 1.3: Scanning electron microscope (SEM) pictures of: Polydisperse emulsion templated
poly(propylene fumarate dimethacrylate) foams (poly(PFDMA)) (top left). Taken from
[Rob14]. Reprinted with permission from TISSUE ENGINEERING, Part A, published by Mary
Ann Liebert, Inc., publishers. Monodisperse emulsion templated polystyrene/divinylbenzene
(DVB) (bottom left). Adapted from [QuelfbAdapted with permission from (A. Quell, B. de
Bergolis, W. Drenckhan, C. Stubenrauch, Macromolecules 2016, 49, 5059-5067). Copyright
(2016) American Chemical Society. Polydisperse (top middle) and monodisperse (bottom
middle) chitosan-based polymer foams via liquid foam templating. Taken from [And18c
Reprinted with permission from (S. Andrieux, W. Drenckhan, C. Stubenrauch, Langmuir 2018,
34, 1581-1590). Copyright (2018) American Chemical Society. Polydisperse polystynene foa
(top right). Taken from [Sch12aReproduced from F. Schiler, D. Schamel, A. Salonen, W.
Drenckhan, M. D. Gilchrist, C. Stubenrauch, Synthesis of Macroporous Polystyrene by the
Polymerization of Foamed Emulsions, Angew. Chem. Int. Ed. 2012, 51, 2213-2217 with
permission from Wiley-VCH. © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Monodisperse polystyrene foam (bottom right; slightly modified in its sizZgjapted from
[Els17a]. Adapted from ref. [Els17a] with permission from the PCCP Owner Societies.

While the pore connectivity of emulsion templated polymer foams can be controlled via the
type of initiation, i.e. in the continuous phase or at the interface [Liv08, Git08, Gurl0, Gurll,
Robl4, Quel6b, Koc21l],KH W H B Stduv¢ Hsmainly determined by the generation
method. Here, mechanical force, microfluidics or membranes are used. [Stul8] Since the
studies on membrane emulsification [Kos05, Sti07, Dra08, Gas08, Egi08, Hol10, Sil17] and
membrane foaming [BalO3a, Bal03b, Mue07, Car20] are not about templating, they are not

further considered here. Continuing with the other two methods, mechanical force is the typical

! Source: [Quel5]. Adapted from A. Quell, J. Elsing, W. DrenckhaBtuhenrauch, Monodisperse Polystyrene
Foams via MicrofluidicstA Novel Templating Route, Adv. Eng. Mater. 2015, 17, 604-6id9 permission
from Wiley-VCH. © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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and simplest way to emulsify or to foam. Howe\bere is only limited control over the pore

size since there is only limited control over the droplet/bubble size. To overcome this limitation
microfluidics canbe used for emulsification and foaming. [Stuli8prief, microfluidics is a
lab-on-a-chip technique consisting of a microfluidic chip with micrometer-sized channels
having a junction in between at which uniform droplets/bubbles of controllable sizes can be
generated [Whi06, Ga6, Dre10]. One can also tune the tempftgolydispersity around a

given mean value. This allows to compare monodisperse and polydisperse polymer foams.
[And18c] Potential applications of monodisperse polymer foams are insulation (heat/sound)
controlled release or energy storage but the area of the utmost significance seems to be tissue
engineering [Stul8]. Herein, polymer foams are said to be artficiedated and temporarily

used scaffolds contemplated to perform regeneration aid for diseased tissue as reviewed in refs.
[Yan01, Ma04, O'Brll]. To accomplish this taskaffolds have to be made from materials

that are biodegradable and biologigals well as cytologically compatible, i.e. compatible with
human cells. Concerning the architecture, a three-dimensional and porous structure of
interconnected pores having pore sizes froum to 500 um are required. Concerning
mechanical properties, the scaffold and the host tissue need to have the same mechanical
resilience. [Ma04, DeB10, O'Brl1, Stul8] Against this background, the use of templating
routes seem to be the righawto reach this goal: Studies published so far deal with alginate
[Bar09a, Bar1l0, Chu09, Cos15, Copthitosan[Barl0], vinylated gelatin [BarO5a, BarO5b,
Bar08, Bar09b, Lin11], hyaluronic acid [Bar10], but also polyvinylalcohol [Col13], dextran-
methactylate [Cos14], or propylene fumarate ésdiacrylate (propylene fumarate diacrylate
((PFDA)) [ChrO7a]. Another suitable example investigated for bone tissue engineering and
synthesized via emulsion templating is based on propylene fumarate dimethacrylate (PFDMA)
[Mogll, Mogl4, Robl14, Rob16, Whil7, Seal7]. A glance at literature shows that either
polydisperse [BarO5a, BarO5b, ChrQBar08, Bar09a, Bar10, Mogl11, Mogl14, Rob14, Rob16,
Whil7, Seal7] or monodisperse scaffolds [Col13, Cos14, Cosl5, Cosl16] are recommended.

1.2 Task Description

This PhD thesis is about how to tailor the structure of methacrylate-based polymer foams using
templating routes combined with microfluidics. Having tissue engineering as possible
application in mind, this work was inspired by studies from the grolraft Dr. Elizabeth
Cosgriff-Hernandez(A&M University, Texas, USA) [Mogll, Mogl4, Robl4]. They

investigated polydisperse poly(propylene fumarate dimethacrylate) (PFDMA) foams
5



1 Introduction

synthesized via emulsion templating for bone tissue engineering. However, the poly(PFDMA)
foams obtained in these studies are suitable for tissue engineering only to a limited extend due
to two reasons: Firlst, the pore sizes are not in the required range between 50 um and 500 pum
[Mog14, Stul8]. Secondly, the pore size distribution is not controllable since mechanical
stirring was used for emulsification [Mogll, Mogl4, Rob14, Stulg&nce, the idea to
synthesize methacrylate-based polymer foams with tailor-made and controllable stragtures
model and precursor study for future scaffold fabrication was born. Since PFDMA is
commercially not available and since the focus of this PhD thesis is on designing and
characterizing porous polymers and not on testing their suitability as scaffold for tissue
engineering, the purchasable 1,4-butanediol dimethacrylate (1,4-BDDMA) is to be used as
monomer. The appropriateness of 1,4-BDDMA as scouting system for PFDMA has been shown
by Cosgriff-Hernandezt al. [Mog14, Rob16]. In this PhD thesis, poly(1,4-BDDMA) foams

are to be synthesized via two templating routes, namely (1) emulsion templating and (2) foamed
emulsion templating. The liquid templates are to be generated via microfluidics and
subsequently polymerized. The structure of the solid poly(1,4-BDDMA) foams should be equal
to the structure of the respective liquid templates as shown schematically in Figure 1.4.

SWHPSODWI
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Figure 1.4: Schematic drawing of the synthesis of polymer foams via templating routes. (1)
Microfluidics is used to generate the liquid templates which are (2) polymerized to a solid
polymer foam, while the structure is retained. Redrawn and modified from [Quel6a].

The main tasks are the following:

(1) Poly(1,4-BDDMA) foams with controllable pore connectivities, pore shapes, pore sizes and
polydispersities are to be synthesized via emulsion templating using microfluidics for
emulsification. Here, the studies Qliell et al. [Quel6a, Quelplwho used the same concept

but styrene/DVB as monomers is to be used for orientation and as comparative study. As known
6
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from literature [Liv08, Git08, Gurl0, Gurll, Robl4, Quel6b], the pore connectivity is to be
varied by the locus of initiation. Open-cell poly(1,4-BDDMA) foams with spherical pores are
to be synthesized via organic phase initiation with an organic phase initiator. Closed-cell
poly(1,4-BDDMA) foams with hexagonal pores are to be synthesized via interfacial initiation
with a water-soluble initiator. The pore sizes of the poly(1,4-BDDMA) foams are to be
controlled by the droplet sizes of the emulsion template. While monodisperse
poly(1,4-BDDMA) foams are to be focused on polydisperse poly(1,4-BDDMA) foams with
controllable polydispersities are also to be synthesized using an approach developed by
Andrieuxet al. [And18c].

(2) Poly(1,4-BDDMA) foams with larger pore sizes compared to those obtained via emulsion
templating are to be synthesized via foamed emulsion templating. To reach thighgoal,
optimum formulation of the 1,4-BDDMAn-water emulsion has to be found first. The emulsion
needs to be stable, foamable and polymerizable. The sti&bBhdferet al. [Sch12a], who was

the first to use a foamed styreimewater emulsion as template, is to be used as guideline and
comparative study. After finding the optimum composition of the emulsion, poly(1,4-BDDMA)
foams with controllable pore sizes and controllable polydispersities are to be synthesized using
microfluidics for foaming. The pore sizes and the polydispersities are to be controlled by the
bubble sizes and the bubble size distributions. The procedure for controlling the polydispersity
is published in [And18c]. The studieskisinget al. [Els16, Els17a], who varied the pore sizes

in styrene-based polymer foanmssalso to be used as guideline and comparative study.
Irrespective of the type of template, the structure of the liquid templates are to be characterized
by light microscopy. The structure of the polymer foams are primarily to be characterized via
scanning electron microscopy (SEM). Moreover, poly(1,4-BDDMA) foams with different
structures are to be investigated in terms of structure-property relationships by measuring and

evaluating densities and compressive stress-strain curves.
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2 Theoretical Background

This section gives an overview about the theoretical background needed to follow the thesis at
hand. The section starts with dispersed systems (Section 2.1) such as emulsions (Section 2.1.1),
liquid foams (Section 2.1.2), foamed emulsions (Section 2.1.3), and solid foams (Section 2.1.4).
After introducing the single dispersed systems, tgeive templating routes (Section 2.2)
namely emulsion templating (Section 2.2.1), liquid foam templating (Section 2.2.2) and foamed
emulsion templating (Section 2.2.3) are presented. The section ends with an overview about the
pore structures which are obtainable in a polymer foam via templating routes (Section 2.3).

2.1 Dispersed Systems

A dispersed systeor dispersionis defined as a two-phase or multiphase system consisting of
alarge number of small species distributed in an external dispersion medium [Sch05, Mor07,
Sti09, Manl10]. The internal species being gas bubbles, droplets or particles (solid) are named
dispersed phase (or internal phase) and the external dispersion medium beirsdiguidsr

asolid is named continuous phase (or external phase) [Sch05, Sti09, Man10]. These two phases
are immiscible and the interface in between is typically stabilized by surfactants, i.eesurfa
active agents (full term) [Ros04, Fig07]. Depending on the size of the dispersed phase species,
three main dispersed systems are distinguished. A dispersion consisting of internal species with
sizes of <1 nm is called molecular dispersion, while a dispersion consisting of internal species
with sizes of 1 nm till” 1 umis called colloidal dispersion (it is sufficient if one dimension of

the internal species is in the range of the named sizes [Sch05, Lag97]) and a dispersion
consisting of internal species with sizes prti is called coarse dispersion. [Sti09, Man10]
Figure 2.1 gives an overview of the length scales of the three dispersed systems including

examples.
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Figure 2.1: Classification of dispersed systems according to the size of the dispersed phase
(drawn not to scale). Redrawn from [Lag97] and extended with information from [Sti09,
Man10].

The size of the dispersed phase species determines whether the dispersed phase remains
distributed within the continuous phase despite of gravity (colloidal dispersion) or whether the
dispersed phase sediments (coarse dispersion) [Sto07, Atk13, [MEnbWing that several

types of dispersed systems exist [Sch05, Kis99], only the most important ones needed to follow
the present thesis are described below. In these sections, thermodynamic considerations
answering the questiodoes a process take placethd kinetic considerations, answering the

guestionat which rate does the process run, if safe made [McCO05].

2.1.1 Emulsions

In general, ammulsionis an immiscible, two-phase (colloidal or coarse) dispersion consisting

of droplets (dispersed phase) dispersed in another liquid (continuous phase) and generally
opaque [Bin98, Sch05, Man10]. The nature of the dispersed and the continuous phase is either
hydrophilic (aqueous) or hydrophobic (an oil based on hydrocarbons) depending on the type of
emulsion to be formulated [Bin98, SchO%). a waterin-oil (w/0) emulsion, water is the
dispersed phase which is surrounded by an oil as continuous phase. In comparison,im an oil-
water (o/w) emulsion oil is the dispersed phase which is surrounded by water as continuous
phase. [Sch05, Man10] Which kind of emulsion is formed depends, amongst others, on the ratio
between the volume of the continuous phase and that of the dispersed phasé. [Mgufd

2.2 gives an overview regarding this.
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= water

—a oil
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waterin-oil (w/0) oil-in-water (o/w)
emulsion emulsion

Figure 2.2: Photo of an emulsion in a tube (top middle). Adapted from [Wei20]. Adapted from
Z. Wei, Q. Huang, Development of high internal phase Pickering emulsions stabilized by
ovotransferrin-gum arabic particles as curcumin delivery vehicles, Int. J. of Food Sci. Tech.
2020, 55, 1891-1899 with permission from Wiley. © 2019 Institute of Food Science and
Technology. Schematic drawings of a w/o emulsion vétkBingle magnified surfactant
stabilized water droplet (left) and an o/w emulsion with a single magnified surfactant stabilized
oil droplet (right) (drawn not to scale).

Apart from normal emulsions, double (three-phase) emulsions such asiwaiteir-water

(w/o/w) and oilin-waterin-oil (o/w/0) emulsions also exist [Sch05, Man10]. However, double
emulsions have no relevance foistthesis and will therefore not be further explained.

An amphiphilic stabilizing agent or emulsifying agent is needed for emulsification and for
stabilization of the dispersed phase afterwards [Sch05, Lag97]. Well suitable emulsifiers adsorb
quickly at the interface and lower its interfacial tension whereby its viscoelasticity is increased
[Lag97]. Possible candidates are solid particles, macromolecules or surfactants [Sch05]. The
choice of surfactant depends on the aspired type of emulsion. Accodig @FU R IW&V UXOH
VXUIDFWDQW LV PRUH VROXEOH LQ WKH HPXOVLRQTV FRQW
typically stabilized by an oil-soluble surfactant, while an o/w emulsion contains a water-soluble
surfactant as emulsifying agent. [Bin98] To formulate an emulsion, several methods are
suitable: homogenization with high pressure, centrifugation, stirring, shaking, the ase of
colloid mill, rotor systems or stator systems, membranes or microfluidics [Lag97, Lea07,
Man10]. To keep the emulsion skakthe droplets have to be kept separated from one another

(no coalescence) to prevent disintegrating or rather a total phase separation, i.e. the repulsive
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forces (sterically or electrostatically) have to exceed the attractive van dds We=es
[Man10, Tad16].

Emulsions can be classified according to the droplet size and thus one can distinguish
nanoemulsions (20 nm to 100 nm; thermodynamically unstable), microemulsions (5 nm to 50
nm; thermodynamically stable), and macroemulsions (0.1 um to 5 um; thermodynamically
unstable) [Tad16]. Alternatively they can be classified according to the volume of the disperse
phase compared to the total volume of the emulsion [Kir08]. Thus, in a low internal phase
emulsion (LIPE) the dispersed phase volume 30%, in a medium internal phase emulsion
(MIPE) the dispersed phase volume rasfgetween 30% and 74%, whereas in a high internal
phase emulsion (HIPE) the dispersed phase voism&4% [Sil14].Drenckhanet al. [Drel0,
Mael3] defined the packing of spheres as it is given in emulsions (i.e. the droplets) and wet
foams (i.e. the bubbles) more precisely according to their polydispersity. Hence, a polydisperse
and a monodisperse disordered or randomly close packed sphere structure, respectively, is
given in case of 64 vol % dispersed phase (accordingly 36 vol % continuous phase), while
74 vol% indicate monodisperse or hexagonally/cubically close packed sphere structure,
respectively (accordingly 26 vol % continuous phase) [Drel0, Ma&h@ following Figure

gives an overview about the structure.

[¢D]

o

8 64 vol %
2 dispersed
= phase
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3 74 vol % [y
2 dispersed LK
e phase
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w/o emulsion o/w emulsion

/1 water
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Figure 2.3 Polydisperse (top) and monodisperse (bottom) high internal phase w/o (left) and
o/w (right) emulsions (drawn not to scale).
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Thermodynamical Considerations

Droplet Creation. In case the interfacial tension between two liquids is ultra-low,
emulsification @noccur spontaneously [Lea07], while in all other cases energy is needed for
emulsification. Thus, an emulsion istleermodynamically unstable system. [Lea07, Nar08
Tad16] Additionally to the interfacial tension there is also a proportionality between the
interfacial energyG and the interfacial (surface) arégRos04, NarOBas given in equation
(2.1) with T iSbeing the term of the dispersi§rentropy [Tad16]

& "% 76 (2.1)

Thus, a surface tends to reduce its area as much as possible to keep its interfacial energy as

small as possible [Con10, Man10]. Sind® is positive fora positive UA and a positiva (S

energy is needed to create interface [Con10, Tatfli®p. more energy is appliédthe system,

the emulsion will return to an energetically favorable state by decreasing its interfacial area,

which finally results in a complete phase separation [Con10, Man10, Tad16].

Droplet Shape and Sizeln the process of emulsification, the broken liquid forms droplets

since spheres are the geometry having the smallest ratio of stofackime meaning the

smallest interfacial area and, thus, the smallest interfacial energy [Nar08, Con10]. The curvature
of a spherical droples given by

5 (2.2)

with r being the droplet radius [Kum11]. Curving a surface or interface leads to a pressure
difference at the liquid/liquid interface since the pressure within in the dréflgtconcave

side) is much larger compared to the pressure in the surrounding Rggidofivex side). The
pressure difference is called Laplace pressiiPeand expressed by the Young-Laplace

equation, which reads for non-spherical droplets{>)

3 36s 3Fs lTJ TP (2.3)

with being the interfacial tension. [But03, Sch05, Ase08] For spherical droplets,], this
equation can be further simplified to [Sch05, Ase08, Nar08]

- — 2.4
3 3L - (2.4)
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The Laplace pressure reflects the interfacial stress and can also be called capillary pressure
since it is responsible for capillary suction [Stu03, Nar08]. As one can see in equation 2.4, the
Laplace pressure increases with increasing interfacial tension and/or decreasing droplet size.
The same applies to the interfacial energy. [Sch05, Ase08, Nar08] In turn, the higher the
Laplace pressure of a droplet is or the smaller the droplet is, the higher the external pressure

gradient (defined as £2) has to be in order to decrease the droplet size [But03, Ray15

Kinetical Considerations - Disintegrating Mechanisms

Generally, six processes, all running more or less at the same time, destabilize an emulsion
sedimentation, creaming, flocculation, Ostwald ripening, coalescence and phase inversion (see
Figure 2.4) [Tad16]. A disintegrating mechanisms have something in common: the dispersed

phase, i.e. the droplets, tend to merge [SEhO5
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Figure 2.4: Disintegrating mechanism in an emulsion: creaming (top left), sedimentation (top
middle), flocculation (top right), phase inversion (bottom left), coalescence (bottom middle),
and Ostwald ripening (bottom right) (drawn not to scale). Redrawn and extended from [Tad16].

Sedimentation and Creaming.The dispersed phase, i.e. the droplets, sediments if the density
of the droplets is larger than that of the continuous phkse (Icp) and rises to the top in the
reverse case [Manl10, Tad16]. Sb@rocesses happen if gravisystronger than the droplets”

Brownian motion [Tadl16]. Often the sizes of the droplets are unaltered, i.e. the processes are
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reversible Sedimentation and creaming can be slowed down by keeping the phase densities
nearly equal. [Man10, Tad16]

Flocculation. This process occurs in case of low repulsion forces between the droplets, which
then aggregate due to van der Waals forces. If the van der Waals forces are weak (weak
flocculation), an equilibrium between single and aggregated droplets is reached making the
process generally reversible. In contrary, no droplet is located outside the aggregate if the van
der Waals forces are strong (strong flocculation). [Tad16] Thus, flocculation has no impact on
the droplet size but it can lead to sedimentation and creaming [Man10, Tad16]. To counteract
flocculation, one can add electrolytes or stabilizers having a low molecular weight [Tad16
Ostwald ripening. During this process larger droplets grow, while smaller ones shrink until
they disappear [Sai06, Lea07, Tadl6]. The Laplace pressure (see equation 2.4) in a small
droplet exceeds that of a large droplet indu@wigffusion of liquid from the small to the large
droplet (pressure gradient) while passing the continuous phase [LeaO7, Tadl6]. The
consequences of Ostwald ripening are an increase of the mean droplet size and a reduction of
the interfacial area [Bin98]. Ostwald ripening can be slowed down by narrowing the droplet
size distribution or by adding a component to the emulsion which is not miscible with the
continuous phase [Man10, Tad16].

CoalescenceDuring coalescence larger droplets form by merging of at least two smaller
droplets [Man10, Tad16]. Coalescence generally takes place in case of low repulsion and strong
attractive forces due to droplet collisions or if sedimentation, creaming or flocculation occurred
previously. [Tad16]. Since the liquid film surrounding the respective droplets thins and
ruptures, the process is not reversible [Man10, Tad16]. Coalescence leads to an increase of the
droplet szes, while the number of the droplets decreases [Das90]. To slow-down coalescence,
the repulsive forces have to be increased by using a charged surfactant or an amphiphilic block
copolymer [Tad16].

Phase Inversion As the name implies, the emulsion changgephase from one moment to the

next, i.e. the prior dispersed phase is then the continuous phase, the prior continuous phase is
then the dispersed phase. For example a w/o emulsion is formed from an o/w emulsion using a
w/o/w as intermediate step. [Tadl6] Phase inversion occurs, on the one hand, by any
modification which has an impact on the hydrophilic-lipophilic balance (HLB) of the surfactant.
This is given, e.g. if one uses another surfactant or if the temperature is changed (transitional
phase inversion). On the other hand, phase inversion is also conceivable in case the dispersed

phase volume fraction is increased (catastrophic phase inversion). [Bin98, Tad16]
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2.1.2 Liquid Foams

A liquid foamis a two-phase (colloidal or coarse) dispersion consisting of gas bubbles
(dispersed phase) dispersed in a liquid (continuous phase) [Sch05, Man10, Can13]. Figure 2.5
gives an overview about the structure. While the dispersed phase consists of a gas (e.g. air,
nitrogen or carbon dioxigethe continuous phase is a liquid such as an agueous surfactant
solution.As surfactants detergents, natural or synthetic polymers, or proteins are typically used.
[Canl13] The surfactants adsorb at the gas/liquid interface, lower its interfacial frgg ener
leading to an elastic lamellae film between adjacent gas bubbles. The elasticity of the lamellae
films facilitates the stability of #tacomplete foam by increasint resistance against external
forces which is not given in case of pure liquids. [Ros04] A liquid foam is generated by setting
the gas/liquid interfaces into action for example by mechanical energy in tean®aiting

rod or by pushing gas through small holes into the surfactant containing solution (see Figure
2.5) [Abol5, Wil89].

liquid foam gas bubble
3 gas
1  water
@— surfactant

liquid foam
coloumn

Figure 2.5: Photo of a liquid foam in a column (left). Adapted from [Osel15]. Adapted from K.
Osei-Bonsu, N. Shokri, P. Grassia, Foam stability in the presence and absence of hydrocarbons:
From bubble-to bulk-scale, Colloids Surf. A 2015, 481, 514-526
(https://doi.org/10.1016/j.colsurfa.2015.06.92der the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). Copyright © 2015 The Authors. Published by
Elsevier B.V.. Schematic drawing of a liquid foam (middle) aralsifigle magnified surfactant
stabilized gas bubble (right) (drawn not to scale).
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2 Theoretical Background

Thermodynamic Considerations

Liquid foams are thermodynamically unstable [Pugl6]. The thermodynamic considerations
described in Section 2.1 for emulsions are also applicable for liquid foams as it is shown in refs.
[Sch05, Canl3, Pugl6]. The generation and structure of a wet itsazonversion to a dry

foam and its impact on the gas bubble structure is explained further below (Figure 2.6). The
continuous phase, an aqueous surfactant solution, is filled in the column and foamed with air
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Figure 2.6: Schematic drawing of a foam column showing the structuras¥figelschaum

wet and dry foam (polyeder foam) (left; drawn not to scale). Redrawn from [Pugl6
Schematically drawing of a vertex (middle). Adapted from [Canl13]. Foams: Structure and
Dynamics, I. Cantat, S. Cohen-Addad, F. Elias, F. Graner, R. Hohler, O. Pitois, F. Rouyer, A.
Saint-Jalmes. Copyright Oxford Unviersity Press, 2013. Reproduced with permission of The
Licensor through PLSclear. Photo of a foam column (right). Adapted from [Drel5a]. Reprinted
from Adv. Colloid Interface Sci, 224, W. Drenckhan, S. Hutzler, Structure and energy of liquid
foams, 1-16, Copyright (2015), with permission from Elsevier.

Foams next to the surface of the surfactant solution are c#legkelschaum consisting of
incoherently distributed spherically shaped gas bubbles. Directly above, the wet foam is located
in which the liquid fraction is 35%. With increasing foam height the thickness of the Plateau-
Gibbs Borders is reduced, thus, the gas bubbles deform and finally have a polyhedral shape
[Pugl16] This process is induced by the loss of water running downwards from the top of the
system until it has reached the surfactant solution leaving a liquid fraction of around 1% in the
dry foam skeleton. The driving forces are gravitational and hydrostatic forces as well as the
16
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capillary pressure. [Can 13, Pug16] The capillary pressure acts in reverse direction to drainage
up until an equilibrium is reached [Canl3]. Each gas bubble is covered by a surfactant
monolayer (smooth film) whose mean curvature (Young-Laplace equation) is fixgd (
Plateau law, while the liquid film between two adjacent gas bubbles is named lamellae. Three
lamellaes between three adjacent gas bubbles meeting at a node are named Plateau-Gibbs
Borders having an inclination angel of 120 ° between two of them (see Figure 2.6,, middle
second Plateau lawThe node formed from four Plateau-Gibbs Borders is named vertex, the
inclination angel between two Plateau-Gibbs borders is 109 ° (see Figure 2.6, thiddlle,
Plateau law. [Canl13, Pugll6e

Kinetical Considerations xDisintegrating mechanisms

Apart from Ostwald ripening and coalescence (see Section 2.1.1), liquid foams also age due to
drainage and liquid evaporation [Exe19].

Drainage. This process describes the down-flow of liquid along the Plateau-Gibbs Buorders
aliquid foam column due to gravity [Exe98, Canl13]. Since the liquid fraction is crucial for the
bubble size, the bubbles start to deform (at liquid volume fractions smaller than 30%) [Canl3,
Riol14]. Drainage stops when the gravitational force is compensated by the capillary pressure
How fast the liquid drains depends on different parameters such as the viscosity of the liquid,
the interfacial mobility, and the size and shape of the Plateau-Gibbs borders. [Exe98] As
reported byGuillermic et al. [Gui09], drainage can be slowed down in the presence of laponite
inside the Plateau borders hindering the liquid to drain.

Liquid Evaporation. This process arisab a liquid foam inside a tube is directly in contact

with the atmosphere, i.e. the liquid evaporates due to a humidity gradient leading to the thinning
and rupturing of liquid films [Li10, Lil2Exel9. To counteract liquid evaporation, i.e. to
counteract the humidity gradient (large on the head of the foam and small at the opening of the
tube), one can seal the tube airtight or by adjusting the humidity of the atmosphere. It was found
that the humidity gradient and thus the liquid evaporation rate is reduced the larger the humidity
of the atmosphere is. [Lil10, Li12]

2.1.3 Foamed Emulsions

A foamed emulsiorR Wo&mulsion’ is a dispersion consisting of gas bubbles (dispersed phase)
dispersed in an oil/monomer-water (o/w) emulsion (continuous phageg¢e Figure 2.7)
[Tur99, Sall2, Schl2a]. The dispersed phase consists of a gaassaicl{Sall0, Schl7]

nitrogen [Tur99, Sall2, SchilRar hexafluoroethane ¢€s) [Sall2], while the continuous
17
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phase consists of an o/w emulsion with oils such as paraffin oil [Tur99], rapeseed oil [Sall0,
Sall2, Schl7], dodecane [Sall2], or the monomer styrene [Schl2a, Quelb, EIs16, Elsl7a,
Els17b]. In most cases, sodium dodecyl sulfate (SDS) serves as stabilizer [Sal10, Sch12a
Sall2, Riol4, Quel5, EIs16, Elsl7a, Sclelg17b].

o.“t/?‘*;*‘ Vs \

& -

i
N/

foamed oilin-water
emulsion 1 gas
oil-in-water emulsion

foamed emulsion

.
column —— water
@— surfactant
% oil droplet stabilized by
surfactants

Figure 2.7: Photo of a foamed emulsion in a tube, taken fideomann[Ham18] (left).
Schematic drawings of a foamed emulsion (middle) and a single magnified surfactant-stabilized
gas bubble surrounded by an ioiwater emulsion (right) (drawn not to scale).

The number of studies dealing with this topic is small [Koc92, Lob93, Pug96, Tur99, Sall0,
Schl2a, Sall2, Riol4, Quelb, Elsl6, Elsl7a, Schl7, Els17b]. Although the other studies
should not fall into oblivion, this section focuses on the results foun8abynenand co-
workers[Sall0, Schl2a, Sall2, Sch17] and the studigsyddtubenrauchand co-workers
[Schl2a, Quelbs, Els16, Elsl7a, Els17b]. Opposed to a conventional SDS stabilized liquid foam
(Figure 2.8, left), the liquid films in a foamed emulsion (Figure 2.8, right) are filled with
densely-packed oil droplets and thus look different [Sal10, Sch17]. Although oil droplets are
usually known as foam destabilizers, i.e. antifoamers, they can also take over the role of a

stabilizer [Sal10] ad will be shown in the following.
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Figure 2.8: Microscope pictures of a liquid foam based on an aqueous solution containing SDS
(left) and of a foamed emulsion based on an aqueous solution containing rapeseed oil and SDS
(right). Taken from [Sch17]. Reproduced from ref. [Sch17] with permission from The Royal
Society of Chemistry.

In ref. [Sal12],Saloneret al. investigated how the foamability of an emulsion and the stability
or rather lifetime of a foamed emulsion is influenced by the surfactant concenteaidotine

initial liquid fraction Q the gas pressupgp, the oil type and the volume of o%;.

Foamability

First, Saloneret al. [Sal12] investigated the foamability of SDS-based liquid foams. Here, they
measured how the initial liquid fraction of aqueous solutions containing @,5.ggl, and 8

gt SDS are affected by the gas pressure of the dispersed phase being nitrogen. At 1 bar, an
initial liquid fraction of 0820% was obtained for all three SDS-stabilized foams. Increasing
the dispersed phase pressure from 1 bar over 2 bar to 3 bar led to an increase of the initial liquid
fraction in the aqueous solution containing 0.5,gathile the initial liquid fraction of the other

SDS solutions decreased. The effect is the largest in case of the largest SDS concentration which
was foamed with the largest pressure setting. This, in turn, indicates that the foamability is best
for large SDS concentrations and high pressiitence, they chsethat the best foamability is

given at initial liquid fractions below 20% (the value is called critical initial liquid fractn

and a dispersed phase pressur@qgpfe 2 bar. They continued by adding oil, to investigate
foamed emulsions. The aim was to test two oils, one with and one without antifoaming
character. [Sal12] The character of the oil is highly correlated to the interfacial terisieete

water, oil, and gas. Having the interfacial tensions, three coefficients were used to classify the
character of the oil (Is it an antifoamgri?e. the bridging coefficier® (does the oil bridge the
films?), the entry coefficienE (does the oil penetrate the gas/water interface?) and the
spreading coefficierts (does the oil spread the gas/water interface?). An oil is dedicated to be

a poor antifoamer wheB, E, andS are negative. [Sall2, Sch17] Therefore, dodecane as oil
with and rapeseed oil as oil without antifoaming character were compared. Measuring the

impact of the surfactant concentration on the initial liquid fraction of an aqueous solution
19



2 Theoretical Background

containing SDS and aqueous solutions containing SDS and 10% or rather 30% dodecane they
found the following trends. If the SDS concentration was below'2thé addition of dodecane
reduces the foamabilty since the SDS molecules that stabilize the oil/water interfaces are
missing to stabilize the gas/water interfaces during foaming (and by increasing the initial liquid
fraction compared to the surfactant solution without dodecane (due to dilution of the surfactant
solution)). If the SDS concentration was above 2, ¢hke initial liquid fraction stayed more or

less constant although different dodecane volumes were added. Here, dodecane has no influence
on the foamability. The foamability was further measured by increasing the oil content and the
SDS concentration of aqueous solutions containing SDS and dodecane or SDS and rapeseed
oil. They found that each solution was foamable regardless of the oil type and the oil content as
long as the concentration of the surfactant adsorbing at the oil/water and gas/water inserfaces
high enough. [Sal12]

Foam Stability/Lifetime

The foam lifetime was further investigated by increasing the oil content (dodecane or rapeseed
oil) in agueous solutions containing 8g3DS. The addition of 10% dodecane led to a decrease

of the foam lifetime which could only b&ightly compensated by increasing the dodecane
content to 70%. Below 70% dodecane, the droplets destroy the liquid foam by squeezing inside
the borders which goes faster than drainage. Since this needs some time, the antifoaming
character of dodecane only plays a role during foam ageing. Here, the oil-free liquigsfoa
much more stable than the foamed emulsions containing dodecane. At a dodecane content of
70%, the droplets jam inside the Plateau-Gibbs Borders which stabilizes the liquid foam by
lowering drainage. The same measurements were carried out with foamed emulsions containing
rapeseed oil. The low antifoaming character of this oil was reflected in the fact that the foam
lifetime increased with increasing rapeseed oil content up until 70%. Below a rapeseed oil
content of 60%, the oil droplets do not affect the interface between the gas and the liquid since
they are distributed inside the water. At these rapeseed oil contents, the foamed emulsion
behaves like a SDS-based liquid foam, i.e. it drains, coarses and collapses. At a concentration
of 70%, the rapeseed oil droplets jam inside the Plateau-Gibbs borders making the foamed
emulsion more viscoelastic while reducing drainagegKk H IRDPHG HPXOVLRQYV V
increased. [Sall2] A follow-up study on the drainage of foamed emulsions containing 70%
rapeseed oil and SDS shows that drainage happens in three steps. At the beginning the liquid
drains fast, then the drainage slows down with time until the antifoaming character of the oil

takes effect andradually destroys the foam. [Sch17] In contrary to ref. [Sal%ehneideret
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al. [Sch17] used 30 ¢ ISDS to hinder the oil droplet from interfering at the gas/liquid interface.

In addition to the impact of the used oil on the foam stgb8ialoneret al. [Sal12] also studied

the impact of the used gas. Here, it was found that foaming a SDS solution containing 30%
rapeseed oil with &% instead of nitrogen leads to enormous stable foams in which emulsion
creaming occurs with more speed than drainage [Sall12]. A further follow-up study replaced
rapeseed oil by the polymerizable monomer styrene in order to test its foamability, foam
stability, and especially its ability to act as template for polymer foam synthesis [Schd@a]. S
styrene-based foamed emulsions are also stable, styrene seems to behalyetsimafsrseed

oil. For more information about this, we refer the reader to Section 2.2.3.

2.1.4 Solid Foams

A solid foam is a two-phase dispersion consisting of gas (dispersed phase) disperséd in a so
(continuous phase) [Sch05]. Porous solids made by nature are wood, leafs, cork, or sponges but
they can also be found in the human body by looking at the skull or bones [Can13, Gib99,

Gib05]. Figure 2.9 shows some photos of the mentioned samples.
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Figure 2.9: Photos of a balsa wood (top Iéft)a cork (top right}-2 a skull (bottom leffy® and

a plant stem showing cellular structures (bottom right). Adapted from [Gib05]. Reprinted from
J. Biochem., 38, L. J. Gibson, Biomechanics of cellular solids, 377-399, Copyright (2005), with
permission from Elsevier.

Learning from nature, many artificial created solid foams exist and are made from materials
suchasglasses, metals, ceramics, and polymers and are usually foamed by mechanical force or
blowing agents [Canl3, Gib99, Gibl10]. Solid foams are stable opposed to their liquid
counterparts since the continuous phase is solidified. Solid foams be open-cell or closed-cell,
i.e. the pores [Gib99, Canl3]. Since the focus of this PhD thesis is on polymer foams, the
following sections deal with polymer foams, while other solid foams are not further discussed.

Moreover, the focus is on the synthesis of polymer foams via templating routes.

2.2 Polymer Foams via Templating Routes

The idea of templating arose almost 60 years ago \Baeth in cooperation withvon Bonin
synthesized styrene/divinylbenzene (DVB)-based polymer foams via emulsions [Bar62]. This

! Source: [Gib97]. Cellular solids: Structure and properties, L. J. Gibsdr, Mshby. Second edition © Lorna
J. Gibson and Michael F. Ashby, 1997. Reproduced with permiesidime Licensor through PLSclear.

2 Source: [Ash83]: Reprinted by permission from [Springer Nature Customer S€ente GmbH]: [Springer
Nature] [Metallurgical Transactions A] [The Mechanical Properties of Cellular Solids, Mshby, R. F.
Mehl Medalist] [Copyright] (1983).

3 Source: [Hod73]: Adapted by permission from [Springer Nature @Gst&ervice Centre GmbH]: [Springer
Nature] [Human Impact Response: Measurement and Simulation; Head Modepé&at [folerance] by [W. F.
King, H. J. Mertz (Eds.), V. R. Hodgson] [Copyright] (1973].
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idea was an important enrichment for the field of tailor-made polymer foams since emulsions
are easy to generate, their structarbe modified and the emulsion can be solidified by using

a solidificable material as or in the continuous phase. Hence, emulsions are well-suitable
templates for tailor-made polymer foams. [CamO05, Sil14, Stul8] Since then, much research
was carried out in this field dealing with emulsions but also with liquid foams and foamed
emulsions as templates [Sty18he basic concept of how polymer foams are synthesized via

liquid templates is visualized in Figure 2.10.

SWHPSODWL

1 2
: '
mix solidify
liquid template solid polymer foam
=== dispersed phasi === droplet/bubble 1 pore
C— continuous phas¢ = monomer/ == solid polymer
polymer solution/ matrix
monomerin-water
emulsion

Figure 2.1Q Concept of the synthesis of polymer foams via templating routes. (1) A template
is generated from a dispersion and (2) solidified to a polymer foam. The structure of the polymer
foam equals that of the liquid template (drawn not to scale).

The templating route depends 8 KH 3UD Z PIh&EbhddpDit®elf consists of two steps,

namely (1) the generation of the liquid template andW2KH WHPSODW H[C&MOSR OLGLIL
Sil14, And18a, Stul8) KH GLVSHUVHG SKDVH RI D OLTXLGawdiPSODWF
located where the later pores appésee Figure 2.10, middle). The continuous phase
surrounding the dispersed phase, in turn, acts as liquid precursor, which is solidified to a solid
polymer matrix EHLQJ WKH |RD$e§ Vigurél HIOHMhB.GRWHPSODWLQJ HIIHF
given in case the solid, porous structure is equal to the liquid structure of the respective
dispersion. [And18a, Stul8] The schematic drawings in Figure 2.11 show the structures of all
liquid templates at a glance.
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Emulsion Foam Foamed Emulsion
Templating Templating Templating

w/o high internal phase liquid foam foamed monomein-water
emulsion emulsion

water

oil

gas
monomerin-water
emulsion

Ay

o/w high internal phase
emulsion

Figure 2.11 Schematic drawings of all liquid templates at a glance: w/o and o/w emulsions
(left), liquid foam (middle), and foamed emulsion (right) (drawn not to scale).

In the following, a short overview of emulsion, liquid foam and foamed emulsion templating
will be given. It will be discussed how the composition of the template affects the pore structure

of the polymer foams.

2.2.1 Emulsion Templating

In dependence on the emulsion, the emulsion template consists of water droplets (dispersed
phase) surroundedyla hydrophobic monomer (continuous pha@@o emulsion) or of oil
droplets (dispersed phase) surrounded fpydrophilic monomer/polymer solution (continuous
phase) (o/w emulsion) [Sil14]. When high internal phase emulsions are used, the emulsion
consists of at least 64 vol % (polydisperse or monodisperse randomly close packed emulsions)
or 74 vol % (monodisperse emulsions) dispersed phase, respectively [Drel0, Mael3, Stul8].
Emulsion templates are typically generated by mechanical mixing, membrane emulsification
or microfluidics and are solidified by polymerizing the monomer or by cross-linking the
polymer. The macro-porous polymer is finally reached by removing the dispersed phase.
[CamO05, Sill4, Stul8] The last step makes emulsion templating unfavorable for industrial

purposes. It goes without saying that the resulting pore sizes are highly correlated to the

24



2 Theoretical Background

underlying droplet sizes. [Stull8hus, pore sizes are usually in the range of 1 um tqu&®0
[CamO05] but pore sizes between 2 tiln2 mm are also reported [Stul8].

Water-in-Oil (w/o) Emulsion Templating. The mixture of styrene/DVB as continuous phase

and water as dispersed phase is the most investigated system in literature [CamO05, Sil14]. The
starting point was made 1962 byBartl together withvon Bonin[Bar62]. The system was
patent-registered in 1982 tBarby along with Haq [Bar82] and further investigated from
DURX QG WiKtHis toddyMyWilliamsand co-workers [Wil88a, Wil88b, Wil90Hainey

et al. [Hai91],Cameronet al. [Cam9§ Silversteinand co-workers [Liv08, Git08, Gurl0,
Gurll],Mennerand co-workers [Men06a, lkell, Wul0, Man@ellet al. [Quel5, Quel6ba,
Quel6b, Quel7a, Quel7b] akdch et al. [Koc21a, Koc21b]. All these studies focus on the
guestion on how the porous structure can be tuned via the formulation. These studies reveal,
amongst others, the following findings: (a) The pore connectivity depends on the surfactant
concentration, i.e. closed-cell polymer foams were reached by a surfactant concentration
between 3% an@%, while the pore walls start to open at surfactant concentrations between
7% and 10% [Wil88h] Cameronet al. [Cam96] found that material shrinkage or rather
contraction, which takes place during polymerizatisnesponsible for the breakup of the pore
walls. The voids in the pore walls are named interconnections or windows [Cam96, Cam05].

Figure 2.12 shows exemplary an open-cell polystyrene foam.

Figure 2.12: SEM picture of an polydisperse, open-cell poly(styrene/DVB) foam. Taken from
[Cam96]. Reprinted by permission from [Springer Nature Customer Service Centre GmbH]:
[Springer Nature] [Colloid Polym. Sci.] [Study of the formation of the open-cellular
morphology of poly(styrene/divinylbenzene) polyHIPE materials by cryo-SEM, N. R.
Cameron, D. C. Sherrington, L. Albiston, D. P. Gregory] [Copyright] (1996).

As found out later, the pore connectivity is also controllalgltne locus of initiation, i.e. open-
cell pores are obtained in case of organic phase initiation, while closed-cell pores are obtained
in case of interfacial initiation [Liv08, Git08, Gurl0, Gurll, Quel5, Quel6b, Koc2la]. The

concept is visualized in the figure below.
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Figure 2.13: Synthesis of closed-cell (top right) and open-cell (bottom right)
poly(styrene/DVB) foams via a liquid w/o emulsion templating using the organic-phase
initiator AIBN or the interfacial initiator KPSAdapted from [Quel6b]. Adapted with
permission from (A. Quell, B. de Bergolis, W. Drenckhan, C. Stubenrauch, Macromolecules
2016, 49, 5059-5067). Copyright (2016) American Chemical Society.

(b) The pore size is roughly changeable by the cross-linker concentration, i.e. the pores tend to
decrease with a higher content of DVB [Wil90]. (c) The sub-porosity within the pore walls,
which is, in turn, correlated to the surface area can be modified by the cross-linker ctinoentra
combined with a porogen (e.g. toluene or petroleum ether). Briefly, no sub-porosity was
reached in case of low DVB concentrations and in the absence of a porogen. The pore walls are
slightly porous after the DVB concentration was increased and even more porous after adding
a porogen. The limit of sub-porosity was reached at a DVB concentration of 55%. [Hai91] The
system styrene/DVB is not the only system, which is dealt with in literature. Other hydrophobic
monomers usable for w/o emulsion templating are propylene fumarate (PF) [Chr07a],
propylene fumarate having two terminal acrylate groups (propylene fumarate diacrylate;
PFDA) [ChrO7a], or methacrylate groups (propylene fumarate dimethacrylate; PFDMA)
[Mogll, Mogl4, Rob14, Rob16], ethylene glycol dimethacrylate (EGDMA) [Mog14], and 1,4-
butanediol dimethacrylate (1,4-BDDMA) [Mog14, Robh16

Oil-in-Water (o/w) Emulsion Templating. Suitable monomers or polymers which are
applicable in o/w emulsion templating are furfuryl alcohol [Vil12], vinylated gelatin solved in
water [BarO5a, BarO5b, Bar08], chitosan solved in acetic acid [Mirl3a, Mirl3b], alginates
solved in a buffer [Bar09a], 2-hydroxyethyl methacrylate (HEMA) solved in water [Kpv07]

N 1-fhethylene-bisacrylamide solved in acrylic acid and water [Kra05], or dextran-
methacrylatddex-ma) solved in water [Cos14AWhile w/o emulsions are usually formed with
water as dispersed phase, o/w emulsions are formed by using oils such as cyclohexane [Kov07,
Cos14], decane [Vill2, Mirl3a, Mirl3b], and toluene [Kra05, Bar0O5a, BarO5b, Bar08, Bar09a
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The investigations in this field focus on the synthesis of biologically compatible polymers
foams with tailor-made structures [BarO5a, Bar03ra05, Kov07, Bar08, Cosl4].
Furthermore, they study, amongst others, biocompatible ways of cross-linking [Bar08], how
additives influence the morphology [BarO5a, BdrG8 which way the polymer (chitosan)
interacts with the self-aggregates of the surfactant [Mir13a], and whether the initiator influences

the morphology [Kra05].

2.2.2 Liquid Foam Templating

A liquid foam template consists of gas bubbles (dispersed phase) surroundeytibyphilic

liquid consisting of (a) a monomer, (B)polymer solution or (ch dispersion (continuous
phase). The polymer foam obtained via the polymerization of the monomer or the cross-
linking of the polymer and subsequent evaporation of water/solvent. [And18a] Figure 2.14
shows exemplary two liquid foam templats.
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Figure 2.14: Microscope picture o acrylamide solution-based liquid foam (left). Adapted
from [van09]. Reprinted from Colloids Surf. A, 346, A. van der Net, A. Gryson, M. Ranft, F.
Elias, C. Stubenrauch, W. Drenckhan, Highly structured porous solids from liquid foa
templates, 5-10, Copyright (2009), with permission from Elsevier. Microscope picture of a
chitosan-based liquid foam (right). Adapted from [And18c]. Adapted with permission from (S.
Andrieux, W. Drenckhan, C. Stubenrauch, Langmuir 2018, 34, 1581-1590). Copyright (2018)
American Chemical Society.

After having seen how a liquid template generally looks like, Figure 2.15 gives an overview
about the possibilities in liquid foam templating.
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MONOMER - BASED POLYMER - BASED DISPERSION - BASED

POLYDISPERSE

MONOCDISPERSE

Figure 2.15: Polymer Foams via liquid foam templating: polydispers
polymethylmethacrylate/polydimethacrylate foam (top feffpolydisperse chitosan-based
foam polymer foam (top middle), polydisperse polystyrene foam (top Fight) monodisperse
polyacrylamide/N,N’"-polymethylenebisacrylamide foam (bottom 3eftmonodisperse
chitosan-based polymer foam (bottom middle), and a monodisperse polystyrene foam (bottom
right)*®. Taken from [And18a]. Reprinted from Adv. Colloid Interface, Sci, 256, S. Andrieux,

A. Quell, C. Stubenrauch, W. Drenckhan, Liquid foam templati#g route to tailor-made
polymer foams, 276-290, Copyright (2018), with permission from Elsevier.

The polymer foam is structured like the liquid template. The achievable pore sizes cover a broad
range. Polymer foams having pores in the micromet&0(@m)and in the millimeter ( 5 mm)

range were synthesized. Furthermore, closed- or open-cell structures are accessible. [And18a,
Stul8] The polymer matrix consists of a bulk polymer (pure monomer) or of a porous polymer

(monomer or polymer solution). The polymer matrix is porous since the solvent is removed.

! Source: [Raj93]. Reproduced from W. R. Palani Raj, M. Sasthau, Bheung, Formation of Polymeric Foams
from Aqueous Foams Stabilized Using a Polymerizable Surfactant, J. Apph.Rady. 1993, 49, 1453-1470,
with permission from Wiley. © 1993 John Wiley & Sons, Inc..

2 Source: [Sch12a). Reproduced from F. Schiiler, D. Schamel, A. Salonédrevtkhan, M. D. Gilchrist, C.
Stubenrauch, Synthesis of Macroporous Polystyrene by the Polymerizdtioamed Emulsions, Angew.
Chem. Int. Ed. 2012, 51, 2213-2217 with permission from YWWEH. © 2012 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.

3 Source: [van09]. Reprinted from Colloids Surf. A, 346, A. dan Net, A. Gryson, M. Ranft, F. Elias, C.
Stubenrauch, W. Drenckhan, Highly structured porous solids hquid foam templates, 5-10, Copyright
(2009), with permission from Elsevier).

4 Source: [Quel5]. Adapted from A. Quell, J. Elsing, W. Drenckha&tibenrauch, Monodisperse Polystyrene
Foams via MicrofluidicszA Novel Templating Route, Adv. Eng. Mater. 2015, 17, 60408 permission
from Wiley-VCH. © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

5 Source: [Els17a]. Adapted from ref. [Els17a] with permission fileelPCCP Owner Societies.
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Using the different types of continuous phases, polydisperse and monodisperse polymer foams
were synthesized. The respective liquid foam templates were generated in different ways
involving foaming with air or nitrogen, mechanical frothing and microfluidics. [And18a]
Monomers in Liquid Foam Templating. Here, the continuous phase consists of a monomer

or contains a monomer dissolved in a solvent [And18a]. In case a hydrophilic monomer such
as acrylamide is used, a surfactant is added to the continuous phase [van09]. Inacase of
hydrophobic monomer such as sodiu@-acrylamidoundecanoate (NaAAU) is used, particles

are needd for stabilizing the liquid foam [Fri87]. The continuous phase is generally foamed
via gas purging or in a mechanical way via frothing and the monomer is polymerized via radical
polymerization using a self-initiating initiator or radiation [And18a].

Polymers in Liquid Foam Templating. Here, an aqueous polymer solution, adydrogel

serves as continuous phase, which is further mixed with a surfactant. Foaming and cross-linking
of the hydrogel lead to a hydrogel foam. Possible continuous phases are aqueous solutions
containing e.g. alginate, gelatin, chitosan, or polyvinyl alcohol (PVAg.hydrogel foams are
further dried or freeze-dried. The hydrogel foams can be interconnected if the polymer shrinks
during cross-linking or if the liquid between the bubbles only consisted of the solvent. [And18a]
Dispersions in Liquid Foam Templating. Here, the continuous phaseasuspension or a
monomerin-water emulsion (see next section about foamed emulsion templating). If it is a
suspension, the solution contains solid polymer-based particles such as latex-particles. The
suspension is stabilized by a surfactant or by the latex-particles itself. A polymer matrix is
obtainable by removing the solvent and sintering the polymeric particles. The creation of

interconnections works like the pore-opening in polymer-containing solutions. [And18a]

2.2.3 Foamed Emulsion Templating

A foamed emulsion template consists of gas bubbles (dispersed phase) surrounded by a
monomerin-water emulsion (continuous phase) [Schl2a, StuHigure 2.16 (left) shows a
microscope picture of the liquid foamed emulsion template. A foamed emulsion template is
strictly speaking a dispersion-based liquid foam template [And18a]. The continuous phase, i.e.
the emulsion, is usually formulated via mechanical means and ultrasound homogenization
while foaming is carried out via mechanical stirring or microfluidics [Schl12a, Els16, Elsl7a,
Stul8]. Once the emulsioafoamed, the monomer droplets are polymerized [Sch12a, Quels,
Els16, Els17a, Stul8] (Figure 2.16, right).
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Figure 2.16: Synthesis of a polystyrene foam (right) by polymerizing a foamed stymene-
water emulsion (left) Adapted from [Els17a]. Adapted from ref. [Els17a] with permission
from the PCCP Owner Societies.

Thereby, polymer bridges between the monomer droplets/polymer globules are formed
enabling the creation of a polymer foam [Els16, ElI$1Campared to conventional emulsion

or liquid foam templating, foamed emulsion templating has some advantages: First, the foamed
emulsion is more stable than a conventional liquid foam since drainage, coarsening and
coalescence are reduced by the densely-packed monomer droplets within the liquid films
[Sall2, Sch1Za(see Section 2.1.3). Second, since the solid polymer iwagmthesized from

a liquid foam, pore sizes in the range of the bubbles are achievable [Sch12a, Els16, &ls17a].
closer look into refs. [Schl2a, Els16, Elsl7a] shows that pore diamet&8mium were
obtained by using mechanical mixing [Sch12a], while a pore size range between 115 pm and
588 um was reached via microfluidics [Els16, Els17a]. Third, the monomer content that can be
used in the liquid continuous phase of a foamed emulsion template§@gvol % styrene
[Schl12a, Els16, Els17a, Els17b]) is much larger in compataeshie monomer/polymer content

that can be used in liquid foam templating (e.g. 4 wt % chitosan [And18a]). So far, foamed
emulsion templates consisting of 65 vol % styrene [Sch12a, Els16, Els17a,|Elisl Kbown

Since the residual composition of the foamed emulsion consists of water and glycerol,

! Source: [Quel5]. Adapted from A. Quell, J. Elsing, W. Drenckhast@benrauch, Monodisperse Polystyrene
Foams via MicrofluidicszA Novel Templating Route, Adv. Eng. Mater. 2015, 17, 604-6088 permission
from Wiley-VCH. © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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polymerization leads to porous pore walls [EIs16, Els17a] (compare with Section 2.2.1). So far,
only styrene was used as monofmgioamed emulsion templating and the existing studies deal
with the control of the pore sizes, the pore size distribution, and the creation of a pore size
gradient [Els16, Els17a, Els17b].

2.3 Structures of Polymer Foams

The matrix or skeleton of a polymer foam (Figure 2.17) can be made from several polymers
determining the basic properties of the polymer foam. The network of pores can be differently

designeddetermining the ultimate properties of the polymer foam. [Stul8, Gib99]

polymer matrix

Figure 2.17:Tomography picture of an aluminum foam to view the three-dimensional structure
of a solid foam. Adapted from [Drel10]. Reprinted from Curr. Opin. Colloid Interface Sci., 15,
W. Drenckhan, D. Langevin, Monodisperse Foams in one to three dimensions, 341-358
Copyright (2010), with permission from Elsevier.

Since the synthesis of polymer foams via templating routes are discussed in Section 2.2, this
section outlines the structural variety of polymer foams: according to the porosity, the pore size

distribution (i.e. the polydispersity), the pore organization, the occurrence of a gradient, the

pore size, the pore connectivity including the pore shape, the texture of the pore wall and the
window size (if any) [Stul8]. The following figure schematically shows this structural variety.

Foam structures like the Kelvin or Weaire-Phelan foams [Mil07] are not part of this section.
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Figure 2.18:Schematic drawings of the structural variety of polymer foams: porosity (top left),
pore size distribution (top middle), pore organization (top right), gradient (middle left), pore
size (middle, middle), pore connectivity & pore shape (middle right), pore #thitkness+
(bottom left) and+sub-porosity+(bottom middle), and window size (bottom right) (drawn not

to scale). Drawn after being inspired by [Quel6a, Quel6b, Quel7b, Stul8, Elsl6, Elsl7a,
Els17b, And18a].

While some structural properties are adjustable by the way the template is generated, the other
depend on how the continuous and the dispersed phase were prepared prior to template

generation [Stul8].

Structures controllable by the Template Generation Method

Porosity. A polymer foam is highly (low density) or slightly (high density) porous [Stul8]. The
degree of porosity depends on the volume of the dispersed phase used to generate the liquid
template [Sil14].

Pore Size Distribution/Polydispersity. Depending on how much the pores (or the prior
droplets/bubbles in the liquid template) differ in size, the pores are widely distributed or
narrowly distributed and the polymer foamsscategorizedas polydisperse or monodisperse
accordingly [Stul8]. The polydispersity is given by the polydispersity indBX)( defined as
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1
3", 2.6
& psobwH sRUH (26)

with 1 EHLQJ WKH VWDQGDUG GHY bfihé/dréplet/ibubbla/poke didthetéd K P H W |
& 1 psopWmBed, qThe threshold limit value of thBDI that decides whether a polymer
foam/liquid template is polydisperse or monodisperse is 5%. Precisely, a polymer foam/liquid
template is defined to be polydisperse in case the threshold limit valueRDLtlereached or
exceededRDI - DQG PRQRGLVSHUVH LQ FDVd thWRCHisWI UHV KR C
reacled (PDI < 5%). [Drel0, Mael3] While polydisperse porous structures are obtainable by
any kind of template generation method [And18c, Stul8], it is much more time-consuming to
generate a monodisperse or a controllable polydisperse porous structure since membranes or
microfluidics are needed [Stul8].

Pore Organization. While a polydisperse, polymer foams cannot be ordered, a monodisperse
polymer foam (consisting of spheres) is either ordered (monodispere and hexagonally/cubically
close-packed) having a relative density ®0.26 or non-ordered (randomly close packed)
having a relative density 080.36 [Drel0, Mael3, Stul8].

Gradient. A gradient can be induced via differing pore sizes or porosities [Stul8]. While the
pores/droplets/bubblda one layer are monodisperse, the polymer foam becomes more and
more heterogeneous from layer to layer. The heterogeneity is given by the pore size, which
grows or shrinks, or the porosity, which runs from highly porous planes to low porous planes
or vice versa. [Quel6a, EIsl16, Els17b, SiuA8 shown in refs. [Quel6a, EIs16, Els17b], a

pore size gradient is adjustable by microflusd&raded polymer foams are of great importance

in tissue engineering to connect soft tissue such as cartilage with hard tissues as bones [Seill].
Pore Size.The pore/droplet/bubble size is referred to the pore/droplet/bubble diameter, and its
calculation forms the basis of the pore/droplet/bubble size distribution. In many studies, the
word pore size refers to the mean pore diameter calculated from a number of pores. Depending
on the liquid template used and the method of template generation, small pores ranging in the
nanometer-size and large pores ranging in the millimeter-size are obtainable. [Stul8, And18a]
Furthermore, polymer foams are nameable by their pore dz@mlymer foam is called
macroporous in case the pore size diamé&er 50 nm, mesoporous in case the pore size
diameter ise 2 nm but” 50 nm and microporous in case the pore size diamete ian but e

0.3 nm [Tholl].
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Structures controllable by the Template Formulation

Pore Connectivity and Pore ShapePolymer foams are either open- or closed-cell. In case of
open-cell polymer foams, the pores are interconnected via windows. In case of closed-cell
polymer foams, the pore walls consist entirely of the polymer (no interconnections). [Cam96,
Cam05, Sil14, Stul8] In case of monodisperse polystyrene foams, it was found that the pores
of open-cell polystyrene foams appear spherical, while the pores of closed-cell polystyrene
foams appear hexagonal [Quel6a, Quel6b]. The pore connectivity (and the pore shape) are
variable by the formulation of the liquid template, e.g. by the surfactant concentration [Cam96]
or by the locus of initiaton [Liv08, Git08, Gurl0, Gurll, Rob14, Quel6a, Quel6b, Koc21].
Pore Walls.Pore walls are also studied according to a porous polymer matrix or to the thickness
of the polymer matrix between two adjacent pores (closed-cell polymer foams) [Quel6a,
Quel6b, Quel7a, Quel7b, Elsl6, Elsl7a]. As foun@usll et al. [Quel6a, Quel6b], the
thickness of the pore walls in closed-cell polystyrene foams is adjustable by changing the water
content, the surfactant concentration, and the temperature which is used for initiation of the
monomer. In particular, they obtained thin pore walls (smaller than 3 um) at large water
volumes and surfactant concentrations or at low temperature [Quel6a, Quel6b]. Furthermore,
layers of different textures were found [Quel6a, Quel7b]. So far, an additional porosity or
3V XER U R M the/poére walls, i.e. small-sized pores inside the pore walls, were ohitained
polystyrene foams which were synthesized via emulsion [Hai91, Quel6a, Quel7a] and foamed
emulsion [EIs16, Elsl7a] templating. While the additional porosity is changeable but not
directly controllable in case of emulsion templating [Hai91, Quel6a, Quel7a, Stul8], one can
change the porosity of the pore walls in foamed emulsion templating since the porosity is equal
to the water content in the continuous phase of the foamed emulsion [Els16, Els17a].

Window Size.Windows are the characteristic voids interconnecting the pores in an open-cell
polymer foam [Cam96, CamO05, Sil14, Stul8]. Window formation was found to be aither
result of monomer/polymer shrinkage during polymerization [Cam96, CamO05] or an
unavoidable side effect that occurs during the polymer foam was purified and dried leading to

the rupture of the pore walls between adjacent droplets/bubbles [Men06b].
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3 Methods

This section deals with the description of the methods used as well as of the experimental and
evaluating work carried oun the thesis at hand and in the three publications, namely
Publication | [Dab20a], Publication Il [Dab20b], and Publication Il [Dab21]. The main
methods used irfPublication | to Publication Ill are microfluidics (Section 3.2), light
microscopy (Section 3.2), scanning electron microscopy (SEM; Section 3.2), micrograph
characterization (Section 3.4), and mechanical compression tests (Section 3.5). Beside, one part
of Section 3 deals #h micro-computed tomography (Section 3.3.3; results are not published).
Interfacial tension measurements were carried out only onBebfication Il (Section 2.5)

and thus are not further described here. The used chemicals and the sample preparations of the
emulsions and the foamed emulsions are shortly presented in the followingPGitication

I (emulsion templating) andublication 1l andlll (foamed emulsion templating) are part of

the thesis at hand, not all information about the experimental procedure which are given in the

papers will be repeated here, while other information is added.

3.1 Chemicals and Polymer Foam Synthesis

3.1.1 Chemicals

The following table gives an overview about the chemical structure of the monomer, the
surfactants, the initiators and other additives used. The chemical structures were drawn with
Chemdraw 19.XFrom PerkinElmer Moreover, the supplier and the purity are also given. For

all experiments, we used the chemicals as received, i.e. we did not purify the chemicals any

further. Note that bi-distilled water is further named water.
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Table 3.1:Chemical structures of all used components with the supplier/donater, their purity,
their molar mas#, and their density. Water is not included.

monomer
1,4-butanediol dimethacrylate (1,4-BDDMA)
(with 200 ppm to 300 ppm hydroquinone monomethyvlether (MEHQ))

o *1
)\’(o\/\/\o

(0]
Sigma Aldrich 95% purity M = 226.27 g mot; ! = 1.023 g mt (25 °C)
surfactants
emulsion templates foamed emulsion tentgtes
polyglycerol polyricinoleate (PGPR 4125) sodium dodecyl sulfate (SDS)

/

ol
OH
o \/\/\/\/\/\/O—S—Oe Na
. _ ||

o
o
o

OH

M/

Palsgaard technical surfactant; Sigma Aldrich * 99% purity;
M =933.43 g mot?, 1=0.958 g mi** | M =288.37 g mok; ! = 1.01 g mif (20 °C)
additives
emulsion templates foamed emulsion templates
glycerol

OH
- HO\)\/OH

Sigma Aldrich «99.5
M =92.09 g mot; !=1.26 g mf (20 °C)

initiators
oil-soluble water-soluble
berzoyl peroxide (BPO) potassium persoxodisulfate (KPS)
(Luperox® A75; remainder is water)
° o
(0} Oe—S—O
o || \o—ﬂ—oe
0 © M K@
Sigma Aldrich 75% purity Fluka; *99% purity
M =242.23 gmot; ! =1.33 gmf M = 270.32 g mot; ! =2.48 g mt

*1 Reproduced from ref. [Dab20a] with permission from the PCCP Owner Societies.
*2 Chemical structure redrawn from [Mog11].

*3 Calculated on the basis of the chemical structure.

*4 Measured using an Anton Paar Model DMA 5000 M density meter at 20 °C.
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The most important equations needed for preparing the continuous and the dispersed phase of
emulsions and foamed emulsions are given below. While the ma$ghe surfactant was

calculated using the equation for weight percent wt %

P:VXUIDFWDQW (3.1)
PPRQRPHU

the amounnh (mol) of initiator was calculated using the equation for mol percent mol %

LQLWLDWRU
PRO QLQLW (3.2)
QPRQRPHU
and the volum# of the single components (monomer, glycerol, or water) of a foamed emulsion

were calculated using the equation for volume percent vol %

9 FRPSRQHQW (3.3)

YRO
9wRrRwDO

3.1.2 Polymer Foam Synthesis

Emulsion Templating

The preparation of the continuous and dispersed phabeady described iAublication | but

will be repeated in the following for the sake of clarity. The components of the continuous and
the dispersed phase of all emulsion templates are listed with their specifications in Zable 3.
(for calibrations, the quantities of the components were doubled (see Publication I, Section 2.3
and 3.1, Figure 1)).
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Table 3.2: Components of the continuous and dispersed phases including their matbssis
amountn (mol), and their volum¥. Strictly speaking, the surfactant is no part of the continuous
phase.

components m/g n/ mol V/ ml
continuous 1,4-BDDMA 10 0.0442 9.78
phase
PGPR 4125 1 - -
(10wt %)
dispersed phas( bi-distilled 10 0.5552 10
water
NacCl 1 - -
(5 wt %)
initiators BPO 0.21 0.0009 -
(2 mol%)
KPS 0.60 0.0022 -
(5 mol %)

The masses of the monomer 1,4-BDDMA and bi-distilled water (called water) given in Table
3.2 were just set. The masses of the surfactant PGPR 4125 and of the salt natrium chloride
(NaCl) were calculated with respect to the mass of 1,4-BDDMA or water, respectively (using
Equation 3.1 and the weight percentage in Table 3.2). The amount (mol) of the initiators BPO
and KPS wascalculated with respect to the amount (mol) of the monomer 1,4-BDDMA (using
Equation 3.2 and the amount (mol) percentage in Table 3.2).

The continuous phase was prepared by filling 1,4-BDDMA into a 100 ml glass ISuttiet]

and adding PGPR 4125. The dispersed phase was prepared by filling bi-distilled water (called
water) into a 100 ml glass bottle (Schott) and adding NaCl to sediment the droplets. A magnetic
stirrer bar was placeid each glass bottle and the phases were mixed for 5 mgb80(rpm)

using a magnetic stirrer. Then, either the monomer-soluble initiator BPO was added to the
continuous phase or the water-soluble initiator KPS was added to the dispersed phase. The
respective phase was stirred for further 20 min using a magnetic st&&090 fpm)
Emulsification was carried out using microfluidics (Section 3.2Rmblication 1). All liquid
templates (@81.3 cm, 81 cm height (Section 4.1.1 aRdiblication |) or & 80.65 cm,§1.5

cm height (Section 4.1.2)) were radically polymerized for 6 h by illuminating vertically from
both sides (left and right) with UV lighHgraeus, MH-ModuR50 W Z4 XtLa 250 W and a
spectral range betweeg250 nm to 8500 nm) with the sample being in the center. The distance
between each lamp and the sample was 20 mm. The poly(1,4-BDDMA) foams were then
purified (Soxhlet extraction, 100 °C, ethanel]12 h) and dried for at least 72 h at 70 °C in an

oven.
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Foamed Emulsion Templating

The preparation of the foamed emulsion templateslescribed inPublication 11 and
Publication Il and will be repeated and complemented by some facts in the following for the
sake of clarity. WhilePublication Il deals with finding a suitable composition of the
continuous phase, i.e. of the 1,4-BDDMi#vwater emulsionPublication Il uses the optimum
emulsion composition found iRublication II. The optimum composition of the continuous
phase used iRublication Il andPublication Il for the synthesis of poly(1,4-BDDMA) foams

is listed with its specifications in Table 3.3.

Table 3.3: Components of the continuous phase including their magghsir amounh (mol)

and their volumé/, and indication of the dispersed phase. Strictly speaking, the surfactant is
no part of the continuous phase.

components m/g n/ mol V/ml
continuous 1,4-BDDMA 13.30 0.0588 13
phase (65 vol %)
bi-distilled 6 - 6
water
(30 vol %)
glycerol 1.26 0.0137 1
(5 vol %)
SDS 1.03 - -
(5wt %)
dispersed phasi nitrogen - - -
(N2)
initiators BPO 0.28 0.0012 -
(2 mol%)

The total volume of the continuous phase was set to lmal 20id needed to calculate the
volumes of the other components (using Equation 3.3 and Table 3.3). The volumes of the
components, in turn, were needed to calculate their masses. The mass of the surfactant SDS
was calculated with respect to the mass of the continuous phase (using Equation 3.1 and the
weight percentage in Table 3.3). The mass of the initiator BPO was calculated with respect to
the amount (mol) of the monomer 1,4-BDDMA (using Equation 3.3 and the amount (mol)
percentage in Table 3.3).

First, the monomer 1,4-BDDMA was weighed in a 50 ml beaker (small &, large)h&ilgén,

water, glycerol and SDS were added following this order. The role of glycerol is discussed in
Section 4.2.1 anBublication I, Section 3.1.1 and 3.1.2. After placing a magnetic stirrer bar
into the beaker and fixing the beakby @ stand equipped with a clip), the continuous phase

was emulsified for 30 min using a magnetic stirrLQ00 rpm). Then, the monomer-soluble
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initiator BPO was added and the emulsion was mixed for further 25 100 rpm), while
cooling in an ice-bath containing NaCl. The cold is necessary to prepare the emulsion for
homogenization, i.e. to cool the emulsion down. Homogenization is needed to reduce the size
of the monomer droplets which increasésK H H P Xs@aMlityRA3 fidmogenizer,Bandelin
SONOPULS HD2200Qltrasonic probe was used. The ultrasonic probe was centrally placed in
the continuous phase without contacting the bottom and the walls of the beaker, which is
important to transfer the ultrasonic wave into the emulsion and not into the glass of the beaker.
Due to the occurring heat dissipation during ultrasonication, the emulsion has toduiceel

bath containing NaCl) to prevent an undesirable polymerizatiorPulplication I, the
emulsion was ultra-sonicated once (Section 4.2.1Rarglication I, Section 3.1) or three
(Section 4.2.2 an@ublication Il, Section 3.2) times. IRublication Il , the emulsion was
ultrasonicated three times. Each time, a power880% and a duration of 40 s were set
(Publication I, Publication 111 ) with 2 min breaks in between to reduce the rising temperature
inside the emulsiarThe final emulsion was then filled into a ves@e@liblication I, Section

2.2) or into a 100 ml glass bottle froBthott(Publication Il , Section 4). For the latter, the
dispersed phaseas fixed to be nitrogen (). Foaming was carried out via mechanical stirring
using air (Section 4.2.1 arlblication 1) or using microfluidics (Sections 3.2 and 4.2.1 and
Publication III'). All liquid templates (& 8§ 1.3 cm, 8 3 cm height (Section 4.2.1 and
Publication 11) and @ §1.3 cm, 84 cm height (Section 4.2.2 afublication 111 )) were
radically polymerized for 4 h by illuminating vertically from both sides (left and right) with UV
light (Heraeus, MH-ModuR50 W Z4 Xt a 250 W and a spectral range betw&2b0 nm to

8500 nm) with the sample being in the center. The distance between each lamp and the sample
was 30 mm to reduce heat. The poly(1,4-BDDMA) foams were then purified (Soxhlet
extraction, 100 °C, ethanot,12 h) and dried fo® @ublication I, Section 2.2) or 72 h
(Publication Ill , Section 4) at room temperature (foamed emulsion templated poly(1,4-
BDDDMA) foams).

3.2 Microfluidics

Since microfluidics serves as main emulsificati®ulglication 1) and foaming Publication

[I') method in this thesis, the first part of this section outlines the basics of microfluidics
(dimensionless numbers, regimes, geometries of microfluidic chips) which are needed to
understand how monodisperse droplets and bubbles are generated. The second part, in turn,
deals with how microfluidic was actually used in the thesis at hand.
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In general, microfluidics is a technique in which micrometer-sized channels integrated in a tiny
chip are used a&hip laboratory to handle small volumes of liquids/gases [Whi06, Fra07].
Thusi,it is also called lab-on-a-chip technique [Fra07]. Microfluidics originated from molecular
analysis in which cheap and fast analysis methods that work with low sample volumes are in
demand [Whi06]The downscale of medical, chemical and biological analysis is motivated by
the facts that some substances are only available in small quantities. Furthermore, lower sample
quantities mean lower costs, and the toxicity of some samples is more harmful on a small scale.
[FraO7] Moreover, downscaling is often accompanied with a decrease in analysis time and an
increase in sensitivity and resolution [Whi06, Fra07]. However, one has to consider that liquids
behave differey on the microscale than on the macroscale [Fra07]. The physics liteisind

well described by dimensionless numbers [Fra07, Drel5b, Chr07b]. Although there are several
numbers [Drel5b], this section focusses on the Reynolds number, the Capillary number, the
Weber number, and the Bond number since these are the important ones in microfluidics
[Drel5b].

Dimensionless numbers

The dimensionless numbers are put together by the denddy(h€ YLVFRVLW\ Rl WKH (
LWV 10RZ )Mhe¢hieiFacl tersion, by L being the specific length of the considered

fluidic system, ang the gravitational force [Fra07, Drel5b]. These parameters can be put into
relation differently leading to the following dimensionless numbers [Drel5b, Zhul7].

Reynolds number.The Reynolds numbédRe puts the inertial force in relation to the viscous

force. It holds

L

5H — (3.4)
Depending on whether a rough threshaddexceeded or not, inertial forces (larége
macroscale) or viscous forces (smidk microscale) dominate. [FraO7] Depending on the
considered literature, the threshold value is said ®e)81000 [Fra07] oRe §2300 [Bee02].
In terms of smalRe values, which is given in case of microfluidics, turbulences within the
liquid are excluded so that only laminar flow takes place. Moreover, the friction between the
liquid and the channel wall is gaining in importance. [Fra07]
Capillary number. The capillary numbeCa puts the viscous force in relation to the interfacial

tension and is given by

&D — (3.5)
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Weber number. The Weber numbeWe puts the inertial force in relation to the interfacial

tension and is expressed by

t#l (3.6)

The Weber number can also be expressed by the Reynolds number and the Capillary number
H 5HD (3.7)

Bond number. The BondBo number puts the buoyancy in relation to the interfacial tension

and is definecs

aty/
% R

(3.8)

with G! gb - lp being the difference in density between disperkgdnd continuouslc
phase. [ChrO7b, Zhul7n case of the micro-sized dimensionsadtonfined microfluidic

geometryBois usually ' 1 since gravity plays a negligible role [Drel5b

Regimes for Droplet and Bubble Generation

Dimensionless numbers are important in droplet-based microfluidics and microfluidic bubbling

to classify the single regimes of droplet/bubble detachment since they describe the flow
conditions, i.e. the dominant forces. In general, one can distinguish between two regimes: the
quasi-static and the dynamic regime. While the quasi-static regime is referred to as the
squeezing regime, the dynamic regime is further divided into the dripping and the jetting
regime. [Drel5b, Zhul7] Which regime occurs depends on the flow velocities and flow rates
of the dispersed and of the continuous phases as can be seen in Figure 3.1 by considering each
regime using the example of a confined flow-focusing chip geometry [Drel0, Drel5b, Zhul7].
Moreover, the rough values of the relevant dimensionless numbers are addressed. The
droplets/bubbles are detached by viscosity induced shear forces [Drel5b, Zhul7]. The
dimensions of the chip and the ratio of flow rates (flow rate of the dispersed phase in relation
to the flow rate of the continuous phase) or pressures used to transport the dispersed and
continuous phases via the chip is highly related to the sizes of droplets/bubbles [Drel0, Zhul7].
Mostly, the flow rate of one phase is varied while the flow rate of the other phase is kept

constant [Dre10].
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/quasi-static regima dynamic regime

squeezing regime dripping regime jetting regime

o /

»
»
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Figure 3.1: Regimes for droplet/bubble detachment with increasing velocity exemplary shown
for bubbling with a flow-focusing chip geometry. Adapted from [Dre15b]. Reprinted from Adv.
Colloid Interface Sci., 222, W. Drenckhan, A. Saint-Jalmes, The Science of foamir2h228-
Copyright (2015), with permission from Elsevier.

Quasi-static Regime+Squeezing RegimeThe scenario: The dispersed phase (inner channel)
and the continuous phase (two outer channels) flow with low rates through the channels meeting
at the chip constriction [Drel5b]. As one can see in Figure 3.1 left, the dispersed pbhpsssocc

the whole constriction and keeps on growing while hindering the continuous phase to pass
which, in turn, gathers in front of the constriction [Drel5b, Zhul7]. When the arising pressure
gradient exceeds the pressure within the droplet/bubble, the dispersed phase is squeezed
through the constriction until a droplet/bubble is reached [Gar05, Drel0, Zhul7]. The further
generation of droplets/bubbles occurs periodically [Drgl15b

Since the flow velocity is negligible, this regime is known as quasi-static regime in which
surface tension plays a role, while dynamic force doesGwt (1, We ' 1) [Drel5b]. Since

only normal pressure has to be considered, the flow rates of both phases are crucial [Drel0,
Drel5b, Zhul7]. Moreover, very narrow droplet/bubble size distributions are obtainable, i.e.
very monodisperse droplets/bubbles. The generable droplet/bubble sizes exceed the dimension
of the channels (elongated droplets/bubbles). [Drel5b, Zhul7].

Dynamic Regime
The dynamic regime is similar to the quasi-static regime except that the flow velocities and

rates are larger. Increasing the flow velocity prevents the constriction from being temporary
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blocked by the dispersed phase which, in turn, affects the way of droplet/bubble detachment.
Dripping Regime. The first dynamic regime which is reached after the squeezing regime is
named dripping regime (Figure 3.1, middle). [Drel5b, Zhul7] In the dripping regime, the
spherical droplets/bubbles form periodically at the chip constriction [Dre10, Drel5b, Zhul7].
Due to inertia, this regime is highly dominated by viscous forces which is reflected by an
increase ofCa, while the other numberReandWe remain low. In other words, the viscosity
affects the sizes of the droplets/bubbles. The droplet/bubble sizes are further affected by the
flow rates of the dispersed and of the continuous phase, while their sizes are smaller compared
to the dimensions of the channel. The dripping regime allows the generation of monodisperse
droplets/bubbles but less monodisperse than in the squeezing regime. [Drel5b, Zhul7].

Jetting Regime. While considering the same scenario as given above, the second dynamic
regime is called jetting regime (Figure 3.1, right). This regime is named after the jet which
arises from the dispersed phase channel by further increasing the flow velocities or flow rates
[Drel5b] The droplets/bubbles break from the oldest part of theyjdie Rayleigh-Plateau
instability [Dre15b, Zhul7]. Compedto the dripping regime, inertia forces are more important
than viscous forces that leads to an increase of all considered dimensionless numbers [Drel5b].
Depending on the type of jetting, the droplets/bubbles are smaller (narrowing jetting, i.e. thin
jets) or larger (widening jetting, i.e. thick jets) than the constriction. As before, the
droplet/bubble size also depends on the flow rate with which the continuous and dispersed phase
are driven, while the resulting droplet/bubble size distribution is much wider compared to the
dripping and squeezing regime, i.e. polydisperse [Drel5b, Zhul7].

Geometries of Microfluidic Chips

Since only the confined flow-focusing chip geometry was used in the thesis at hand
(Publication | and Publication 11l ), the residual microfluidic geometries are only briefly
outlined here. As mentioned before, only confined microfluidic chips are focused. Beside the
flow-focusing chip geometry, other major geometries are the co-flow as well as the cross-flow
[Drel0, Drel5b, Zhul7]. Irrespective of the certain chip geometry, each chip is planar and links
the streams of at least two immiscible fluid streams [Ann16]. Each of the previously presented
regime is adjustable in all three chip geometries [Zhul7]. The following figure gives an

overview of the three chip geometries.
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flow-focussing

co-flow

Tr;

Q,

Figure 3.2: Confined microfluidic chips with a flow-focusing geometry (top).coflow
geometry (middle) ané cross-flow geometry (bottom). Bubble detachment is exemplary
shown withQgq as the flow rate of the gas a@Qdbeing the flow rate of the liquid. Adapted from
[Drel5). Reprinted from Adv. Colloid Interface Sci., 222, W. Drenckhan, A. Skintes,

The Science of foaming, 228-259, Copyright (2015), with permission from Elsevier.

Flow-focusing Chip Geometry.A classical flow-focusing chip geometry contains three inlet
channels meeting at a constriction and leading to one outlet channel (see Figure) 3.2, top
[Drel0, Seel2, Zhul7]. The constriction is used to focus and to accelerates the streams of the
dispersed phase (inner channel) and of the continuous phase (outer channels). Due to that, the
dispersed phase thins until a droplet/bubble breaks off. [Seel2, Ann16]

Co-flow Chip Geometry. A co-flow geometry is characterized by two channels, with the
smaller one lying inside the larger one (see Figure 3.2, middle). The dispersed phase (inner
channel; comparable with a capillary) and the continuous phase (outer channel) flow side by
side in the same direction. [ChrO7b] Depending on the used regime, droplets/bubbles form at
the end of the dispersed phase channel (dripping regime) or somewhere after that (jetting
regime). [ChrO7b, Drel5b].

Cross-flow Chip Geometry.The most commonly known cross-flow geometry of a chip is the
T-junction [ChrO7b, Drel0, Seell, Drel5b, Zhul7]. This geometry is made up of two channels
being orthogonal to each other, i.e. the channels are linked by a rectangular juncticgufsee F

3.2 bottom) [Ann16, Zhul7]. The dispersed phase flows upwards, while the continuous phase
flows from the cross-side [Drel0, Seel?2]. Thus, shear forces are created at the junction leading
to a detachment of droplets/bubb]8se12].
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In the thesis at hand or ratheiHablication | andPublication Il , emulsification and foaming

was always carried out by using the flow-focusing chip geometry of confined microfluidic glass
chips purchased fronbolomite The channels inside the chips are interconnected by a
constricted X- Junction (compare wRublication |, Section 3.3, Figure 7). Table 3.4 gives an

overview of the used chip specifications including the coating, if any.

Table 3.4: Specifications of the used Dolomite microfluidic chips [www]. Adapted from
[Dab21]. Adapted from M. L. Dabrowski, C. Stubenrauch, Methacrylate-Based Polymer Foams
with Controllable Pore Sizes and Controllable Polydispersities via Foamed Emulsion
Templating, Adv. Eng. Mater. 2021, 23, 2001013 (1-12)
(https://doi.org/10.1002/adem.202001013) under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH. Table 3.4 contains all information from the original
table from the publication and has been reformatted and extended by further information.

liquid microfluidic coating constriction channels
template chip
depth / width / depth / width /
um um um pum
emulsion | (100 x 105) | hydrophobic 100 105 100 300
um
foamed | (100 x 105)| no coating 100 105 100 300
emulsion um (hydrophilic)
foamed | (190 x 195)| no coating 190 195 190 390
emulsion um (hydrophilic)
foamed | (270 x 287)| no coating 275 280 275 475
emulsion um (hydrophilic)

The dimensions of the chip constriction determine the minima and maxima generable
droplet/bubble size, while the size range in between is adjustable by changing the pressure
settings with which the two phases are pushed through the chip (see Publication I, Section 4.1,
Figure 1 and Publication Ill, Section 2.1, Figure 1). The residual microfluidic set-up was fixed
and equal for the generation of emulsion and foamed emulsion templates. Although the
microfluidic set-upis precisely described iRublication | and Publication 1l , the most
important components will be repeated here. For visualization, a photo of the used set-up is
given in the figure below.
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Figure 3.3: Photo of the microfluidic set-up: 1 nitrogen source, 2 pressure controller, 3
microscope, 4 high-speed camera, 5 light source, 6 glass fibre, 7 microscope stage with
microscope chip on top, 8 stand ring for microscope glass slide(s) to take microscope pictures
of the monolayer (compare with [And18b]), 9 sealed glass bottle for the continuous phase, 10
sealed glass bottle for the dispersed phase, 11 inlet tubings, 12 outlet tubing, 13 sample tube,
14 computer with the respective software of the camera and the pressure controller.

The respective microfluidic chip was fixed in a chip interfabel¢mite, chip interface H

4- way (2.15 mm); having four linear connectors on each side) at which three tubings
(Dolomite FEP tubings @iter= 1.6 mm, @ner = 0.5 mm) were connected on the inlet-side of

the chip and one tubing at the outlet-si@lpmitg FEP tubing @iter = 1.6 mm, @ner =

0.5 mm orTechlabFEP tubing @iter= 1.6 mm, @ner = 0.8 mm) leading to the sample glass.
The inner inlet tubing (60 cm lohgvas further connected to the 100 ml glass bo8Eh6tt
borosilicate glass screwed withlvaplockGL45 cap) containing the dispersed phase, if so. The
two outer inlet tubings were connected to the 100 ml glass b8itleoft borosilicate glass
screwed with &aplockGL45 cap) containing the continuous phase. Here, the two inlet tubings
between chip and T-connector were 20 cm long, while the tubing between T-connector and
glass bottle was 40 cm long. It goes without saying that the usual accessories for microfluidics

were used, e.g. ferrules. Each glass bottle was, in turn, conneaird of two inlets of the
a7
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pressure controlleElveflow OB1 MKIII+by two suitable tubings. The pressure controller was
driven with nitrogen. The flow of the dispersed and continuous phase was pressure controlled
using the softwar&lveflow Smart InterfacéElveflow) by controlling the pressure of nitrogen.

The microfluidic chip, which was placed (and fixed) inside the chip interface and connected to
the named tubingsyas placed on amitos microscope stagésom Dolomite through which

the chip was illuminatedd Schott KL 1500 Compatialogen illuminator (150 W) served as

light source. To connect, a glass fibre was used. Droplet and bubble generation inside the
microfluidic chip was observable aNikon SMZ 745Tight microscope in combination with

a Mikroton EOSEN® CL MC1362high-speed camera using the associated softMikreton
MotionBlitz2® Director2 Kit (version 1.7.11). The latter equipment was also used to take
microscope pictures.

The outlet tubing (20 cm lopgvas placed that emulsions ran down the glass of the sample tube
and foamed emulsions dripped into the sample tube. Emulsion templ&eslication | and
foamed emulsion templateshublication Il andPublication Ill were collected in glass tubes
(VWR 44.6mmx 14.65mm, Gnner 81.3 mm). While emulsions were collected to a height of

81 cm (Section 4.1.1 arfublication I), foamed emulsions were collected to a heighg8f

cm (Section 4.2.1 anBublication II') or 84 cm (Section 4.2.2 arRRublication 111 ). Emulsion
templates used for compression tests in Section 4.1.3 were collected in smaller glass tubes
(VWR 40mmx 8.2 mm, @ner 86.5mm) to a height of§ FTiPe experimental procedure

of how to generate monodisperse and controllable polydisperse liquid templated is wel
described irPublication | (Section 2.3 and 3.3) arRlblication Il (Section 2.3 and 4).

3.3 Microscopy and Micro-computed Tomography

3.3.1 Light Microscopy

Light microscopy is used iRublication I, Publication Il andPublication Ill to observe and

to control the generation of droplets and bubbles inside the microfluidic chip and to characterize
the droplet sizes of the emulsion templates and the bubble sizes of the foamed emulsion
templates within the monolayer(s) of the liquid template(s). The functioning of an optical/light
microscope is briefly described below.

A light microscope is an instrument to view structures at resolutions $fmmm to 8200 nm

[Ehr20. Magnifications up to 1000 times or even 2500 times are possible. The most important

external components are the microscope stage on which the sample is fixed, the light source,
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which is either placed below (transmitted light microscope) or above (reflected light
microscope) the microscope stage and the ocular through which the scientist looks.,[Kam12
Ehr2Q Internally, the microscope is composed of many lenses and mirrors which are needed to
illuminate the sample. They are arranged in a way that the magnified structure of a sample is
illustrated in two-stages creating a real intermediate image in between (Figufieo3#k up

as many as possible information, as much light as possibleohraach the objective lens
[Ehr20]

ocular —»

intermediate

Y

lens ——— » W: \I/

final image

sample

Figure 3.4: Two-stage illustration in a light microscope. Redrawn from [Ehr20].

In the thesis at hand, the stereo microsédigen SMZ 745Was used. Here, a 5x magnification

is the highest adjustable magnification. The used microscope was outfitted Mikinoon
EoSen® CL MC1362high speed camera to make magnified pictures using the associated
softwareMotionBlitz® Director2 Kit (version 1.7.11) fronMikroton. The resolution of the
resulting microscope picturés (1280 x 1024) pixels. To illuminate the sample, a light source
(SchottKL 1500 Compagtl50 W) and a microscope sta@m(omite mitos microscope staye

having a optical fibre in between (see Section 3.2) were used.

3.3.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used as main mettiaclication |, Publication
II, andPublication Ill to characterize the porous structure of poly(1,4-BDDMA) foams. The

functioning of a SEM is outlined in a brief.
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SEMs are used in case higher resolutions and a high depth of field are required to make the
structure of a sample visible [Kam12]. Generally, resolutions between 10 mm and 0.1 nm are
reachable [Kam12, Ehr20]. Since electrons are used instead of light, the wavelength is reduced
which, in turn, benefits the resolution. The most important requirement for a sample
conductivity. If the sample does not conduct, it could be coated with carbon or sputtered with
gold. A SEM (Figure 3.5) consists of an anode (source for electrons), a cathode and
electromagnetic lenses through which the electrons pass. An aperture focusses the electrons on
the samplgV V X U | D mbegn¥tk lfi€ds being in a vacuumized sample chamber. A final
SEM picture originates by scanning the sample and detecting the electrons which are reflected

or/and transmitted (secondary electron imaging (SEI)) by the sample. [Kam12]

anode
cathode———»
<— monitor
electromagneti
lenses
electron beam _ _
aperture signal to monitor
sample___| ignal_ —
P T /av\ﬂ‘

=

vacuum

Figure 3.5: Scheme of a scanning electron microscope (SEM). Redrawn and slightly modified
from [Kam13.

In the present thesis, three different SEMs were used. Most of the SEM pictures in
Publication | and Publication 1l were taken with th&€amScan CS4&EM by detecting
secondary electrons (SEI) transmitted by the respective polymer foam. The accelettgey

was fixed at 5 kV. The final SEM pictures were made with the associated soffdaxe
Genesisand saved as TIFF-file(s). The resolution of the SEM pictures are (1024 x 800) pixels
The clseup SEM pictures irPublication | and Publication Il were taken byDr. Yaseen
Quawasmusing aZeiss GeminiSEM 506bombined with the user interfaGeartSEMZeiss.
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The close-up SEM pictures were imaged by using secondary electron imaging (SEI) and 3 kV
asaccelerating voltage. The SEM pictures were saved as TIFF-file(s).

The SEM pictures ifPublication Il were taken with FESCAN VEGAZBEM by working

with the user interface/softwaMegaTC Analogue toPublication I, the structures of the
poly(1,4-BDDMA) foams were imaged via SEI using an accelerating voltage of 5 kdaaad

as saved as TIFF-file(s) with a resolution of (1024 x 768) pixels.

Irrespective of the used SEM, all samples were prepared for SEM as follows. After drying, the
poly(1,4-BDDMA) foams were treated with liquid nitrogen in order to prevent frictional heat
while breaking or cutting the sample with a razor blade. Hereby, horizontally and vertically cuts
were made. Since the poly(1,4-BDDMA) foams are not conductive surface of the
poly(1,4- BDDMA) foams were coated with carboBEnfitech K550sputter coater). The
conductivity was further strongly enhanced by fixing the poly(1,4-BDDMA) foams with a
conductive silver glueRlano, Acheson 14150n the SEM specimen stub and by coating the

sD P S Gk vithout its surface) with this glue prior to carbon coating.

3.3.3 Micro-computed Tomography(u-CT)

Since SEM pictures only present a single section of the poly(1,4-BDDMA) foam structures and
since the sample needs to be broken for SB8surements, micro-computed tomography
(u-CT) was used as an additional characterization method. Due to the cost-intensive
measurements, only two poly(1,4-BDDMA) foams were characterized via u-CT: Sample 1
(open-cell, mean pore size of (102 + 5) um (note that only around 150 pores were taken into
account to determine the mean pore siP&)| of 5%) and Sample 2 (closed-cell, mean pore
size of (134 + 7) umPDI of 5%). However, these results were not published. The following
section gives a short insight in the method and how micro-computed tomography was used in
this thesis.

Micro-computed tomography is commonly known in biomedicine to make the inside of a
human body visible (tissue, bones, implants) [Sch12b]. Howéveralso a helpful tool in
research sincé enables one to see the structure inside a three-dimensional sample without
destroyingit [Sch12b, Orh20a, Orh20b]. Usually, structures are visualized with resolutions
between 70 um an@400 nm [Orh20b]. The functioning of a micro-computed tomography is
based on two steps: (a) the creation of two-dimensional radiographs, i.e. projections of the
VDPSOHTV LQWHUQDO VWUXFW X WHcras@sewianB) abd R Ghe¢ LR Q V

reconstruction of a three-dimensional image/digital model from the two-dimensional
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radiographs [Orh20a, Orh20b]. To reach this, a conventioneio-computed tomography
(Figure 3.6) consists of a X-ray generator, a detectorgpgSD camera and a sample holder
in between. [Orh20b]

— ]
—
-t
«— = X-ray
I source

detector :

sample holder

computer

Figure 3.6: Functioning of a micro-computed tomograph. Redrawn and slightly modified from
[Orh204.

The X-rays pass the sample, are converted to visible light, whereby, detectable shadow
projections arise. To image the sample digitalk good as possible, the X-ray source plus the
detector or the sample need to rotate over 180 ° or 360 ° while making projections at fine
angular steps. A back-projection algorithm is then used to reconstruct three-dimensional images
from the two-dimensional projections captured at different anjgek20b]

In the thesis at hand, the tomographs were taken and edit@drogen Favierfrom CNRS-
Institute de Charles Sadro(Strasbourg, France) using RXSolutions EasyTom 150/160
tomograph equipped with Hamamatsu Microfocus L10724-ray source and &lat Pannel
VARIAN PaxScan 2520D%:ray detector. The tomographs were made at a resolution of 1 um
using an X-ray energy of 70 kV. For each sample, 1792 projections (images that were taken all
around the sample (360),while 15 pictures have been taken and averaged for one projection.
The detector frame rate was either 1.8 images per second (sample 1) or 1.7 images per second
(sample 2). Thus, the scan duration took roughly four hours (sample 1) and roughly four hours
and a half (sample 2). The softw&&Solutions X-ACWere used for reconstruction and the
softwareVolumeGraphics VGStudio Maas used to visualize of images and videos. We thank

D. Favierfor giving us all needed experimental information and settings [Fav20].
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3.4 Characterization of Micrographs

Microscope Pictures of Liquid Templates
Optical micrographs are of fundamental importance isttiesis since they represent the base
for the characterization of the liquid templates, i.e. the droplet/bubble diameters, needed to
SURRI WKH 3WH P SidaMwhict@draphisl WdfaAalso taken during the calibration of
each microfluidic devicegachcontaining different microfluidic chips, and in the course of a
polymer foam synthesis via a liquid tentglaising the equipment and software presented in
Section 3.2. Experimentally, one (emulsion templating) or two (foamed emulsion templating)
microscope glass slide(d\i&rienfeld microscope slide, (76 x 52 ¥ inm) served as carrier
for the liquid templates. All two-dimensional microscope picture(s) were taken with 5x
magnification (if not otherwise mentioned) having a resolution of (1280 x 1024) pixels and
saved as PNG-file(s). The original micrographs were characterized with the sdfivages]
(version 1.52a and version 1.52q). Sifulication | to Publication 11l explain how to get
the droplet/bubble diameters, this Section focusses orirhageJwas used for this matter.
Calibration of the Light Microscope/High-Speed Camera. The determination of
droplet/bubble diameters via optical microscopy requires the calibration of the high-speed
camera at different magnifications of the optical microscope using the scale of a graticule
(Pyser-SGI LTD, Graticules, 01B19204EI @ 199 mm, 10 mm/0.1 mm DIV) in order to
define the number of pixels of the high-speed camera per micrometer. The graticule was placed
on the microscope stage rectangular to the microscope objective/high-speed camera and
microscope pictures (PNG-file) at each magnification were tdkegeJwas used to mark the
distance between the two furthest scale lines on the microscope picture of the graticule (end to
end or middle to middle) rectangulaB6 WUDLJKW /LQH 6andth Baeinri®@ t§ RROV”
length (via® P H DV X U HR N&IW five lines were drawn in each microscope picture and
the scale was determined by dividing the length of the respective line in pix&/ Ked SGLVWDQF
LQ SL[HO"™ E\ WKH 3iN QiBrdni2ted EYQIDM\FH "~ 36 Keapirtgralrnbtant
3SL[HO DV SHF WAftebwatdsiRd aftthmetic mean value was calculated. It goes without
saying, that the scale (per magnification, see Table 3.5) had to be set in the dofagmd
3$QDO\]H" 36 HWreglel@diminadidhIdR droplet/bubble siness carried out.
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Table 3.5: Determined scale at different magnifications of the optical microscope.

Magpnification Scale / pixel um
0.67x 0.0258
1x 0.0391
2X 0.0784
3X 0.1187
4x 0.1578
5x 0.1947

However, the 5x magnification was always set to take microscope pictures of the emulsion and
foamed emulsion templates, i.e. the scale was always 0.1947 pixels per micrometer (except of
Publication I, ESI, S3 (Figure S3.1 to S3)3)
Determination of Droplet Sizes in Emulsion Templates.The procedures for creating
monolayer(s) of emulsion templates, taking microscope picture(s), and determining the (mean)
droplet size(s)@; u R @Fendescribed in detail iublication | (Section 2.5) and will be briefly
repeated here in a qualitatiyavay while focusing on the handling witmageJ To clarify, the
determination of the size of the droplets from which the main pores of the polymer foam appear
are focused here. The first step was to collect one large droplet of the emulsion on a microscope
glass slide. In case of small drogleiithin the emulsion a monolayer arose by itself since the
distances between the droplets were large. In case of larger droplets within the emulsion the
droplets had to be separated by moving the microscope glass slide carefully. In case of even
larger droplets within the emulsion, the emulsion was diluted with the continuous phase to
separate the droplets. The separation of the droplets forming the emulsion is important for
characterizing the microscope pictures witimgeJ The droplet diameters were determined
via the droplet areas by treating the droplets as spheres using the respective equations (see
Publication |, Section2.5) 7KH GURSOHWY ZHUH HLWKHU PDQXDOO\ HQ
or automatically determined by preparing the microscope picture(s) as follows liSage]
GLIITHUV EHWZHHQ JUD\ VKDGHY WKH PLFURVFRSH SLFWXU
S0DNH %LQDU\" LQYHUWHG 3(GLW"~ 3, QYHUW"™ WKH KROHV
reflections, ZHUH ILOOHG 33URFHVV’™ and lthe Drdplets wekeOsepatae®d HV °
33URFHVV™ 3%LQDU\" 3:DWHUVKHG” 7KH SDUW Rl WKH
characterized was further marked (if applicablél J ZLWK 3RY Dand thel @opleW LR QV”’
DUHDV ZHUH DXWRPDWLFDOO\ GHWHUPLQHG E\ W&ase VRIWZD
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of monodisperse emulsion template® ORZHU DQG XSSHU OLPLW 3$QDO\]H
3V L(pikel2) © was set in the software to determine the area of each single droplet without
including the areas of two or more merged droplets or other inaccuracies in the microscope
picture(s). The limits were freely defined by considering the manually determined diameter of

at least one droplet (e.g. diameter + 20 ylhKH SFLUFXODULW\" ZDV NHSW LQ G
1.00) since the arrangement of pixels presenting one droplet are probably not all clearly
spherical and the identification of one dropletsvaready trusted by the given limits. After
determining all spherical areas withageJ the diameters of 200 droplets, the arithmetic mean

and its standard deviation as well asRi#swere calculated using commonly known equations
(Publication I, Section 2.4, 2.5)S5igmaPlot(12.5and14.0 from Systatwas used to plot the

droplet size distributions.

Determination of Bubble SizesThe procedures for creating foamed emulsion monolayer(s)
(compare with [EsI16]), taking microscope picture(s), and determining the (mean) bubble
size(s) &XEgsjqiescribed in detail iRPublication Il and extended iRublication Il . Thus,

the following description is kept short and only qualitatively and focusses on how to use
ImageJ Briefly, the monolayer was created by forming a sandwich of two equal microscope
glass slides after collectirmpmall volume of a foamed emulsion droplet on the top of the lower
microscope glass slide (for more information Beélication 11, Section 2.3, anBublication

I, Section4). " HSHQGLQJ RQ WKH IRDPHG HPXOVLE&Q@HUNEBER O\GLYV S
foamed emulsion droplets were taken. The space between the two microscope glass slides were
fixed using an adhesive tape with a thicknes§%6 pum (Tesafiln®, customer service). In case

of small bubbles, the bubbles were separated from each other. The larger the bublde size

the closer the bubbles were. Foamed emulsions were not diluted with the continuous phase.
Similar to the droplet sizes, the bubble size determination was also based on determining the
bubble areas. The bubbles were first treated as cylinders to calculate the diameter of the spheres
from the volume of the created cylinder, which was assumed to be equal to the volume of
sphere, i.e. the bubble. Rublication Il , we found that the bubbles consistadarge, clearly

visible inner bubble area (consideredRablication Il (Section 2.4) andPublication Il

(Section 4)) and a surrounding darker shell (consider@&iblication 1ll (Section 4)) being

the outer bubble area. ThusRablication Il , the bubble areas were determined in two ways.

The determination of the inner bubble area was either carried out manually (encircling the inner
bubble area) or automatically usitmgaged To prepare the microscope picture(s) for automatic
determination, the colors of the bubbles (appear white) and the surrounding emulsion (appears

black) in the microscope picture(s) were switched PDJH~ 3$GMXVW’ ~ 37KUHVKR
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SGDUN EDFNGJ to ReXsigeed).Krben, the part of the microscope pictures to be used for
HYDOXDWLRQ ZHUH JHQHUDOO\ PDUNTHe folldwihg ptacedpie 3SR O\J
and settings inmageJequals to wht was used for the droplet size determination. However,

WKH IUHHO\ GHILQHG OLPLWV 3$QDO\]H  3$QDI®\JH BDUWLI
50 um or larger). Concerning the determination of the outer bubble area, 20 bubbles were
selected and the inner area (automatically determined) was subtracted from the total area
(manually determined (by encircling the outer bubble area) after contrasting and brightening

the microscope picture) as a correction value. The arithmetic mean of 20 outer bubble areas
was then added to each inner bubble area in order to calculate the total bubble area. Finally, the
arithmetic mean diameter of 100 bubbles and its standard deviation as welP&igheere

calculated using commonly known equatioRslilflication 1I, Section 2.1 SigmaPlot(12.5

and14.0 from Systatwas used to plot the bubble size distributions.

SEM pictures of Polymer Foams

Determination of Pore and Window SizesFor evaluation, two-dimensional SEM picture(s)
taken at magnifications of 100¥P\blication | (CamScan CS44&EM); Publication Il
(TESCAN VEGA)3 or 20x @ublication I CamScan CS4&EM)) were used (see Section
3.3.2 or the respective publication). For the determination of the pore sizesptierical
areas were manually determined within the original SEM picturebnageJ X V L lygds

V H O H FNviig)Qhis data, each pore diameter was calculated and the arithmetic mean
diameter@,RQLZOO poresRublication I, Section 2.5) or 100 poreByblication Il (Section
2.4),Publication 11l (Section 4) including its standard deviation afiIs were determined.
SigmaPlot14.0 from Systa was used to plot the pore size distributions. The same procedure
applied to the window size@ L o g Wile in this case 5Pblication | (Section 2.5); at 250x
magnification) or 25 Rublication Il (Section 4); at 100x magnification) windows were
considered. The (mean) skin thicknafig ygre determined by measuring the width of the pore
walls XVLQJ 3VWUd thé kaiexCabh@at the thinnest part between neighboring pores
(Publication I ; at 500x magnifications). The width of 50 skins each were used to calculate the
arithmetic mean including standard deviation &fdis. All equations can be found in

Publication | andPublication Il .
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3.5 Mechanical Compression

Additionally to the structural characterization, the stiffness of the poly(1,4-BDDMA) foams
presented ifPublication | andPublication Il were measured via compression tests. Here, the
basics will be shortly described by explaining important parameters, which are necessary to
estimate the polymer foafstiffness.

Relative Density and Porosity
Relative Density.In the absence of a dispersed phase, the relative density of a polymer foam
Ris equal to its polymer content [Mil07]. Thus, the density of a polymer fhamis always

related to the density of its bulk polym&giymerresulting in

|

"IRDP
5 T—— (3.9)
*SRO\PHU

Typical values of!,oymer range between 900 kghand 1200 kg M. [Mil07] Polymer foams

are characterized according to their relative density. A polymer foam is said to have-an ultra
low density in cas® 80.001, a low density in cage< 0.1 and a high density in caRe> 0.3.
[Gib99, MilO7]

Porosity. It holdsforWKH SRO\PHU IRPRDPYV SRURVLW\

3 5 (3.10)

i.e. the porosityiFRUUHODWHG ZLW I rélaivie d8nRiy (G99 MIRT.P
Mechanical Compression Tests
Stress-Strain Curves.The mechanical strength of a polymer foam is usually measured by

applying a stress on the cross-sectional area of a polymer foam and monitoring theveespecti

strain. The stresg which acts on a polymer foam, is given by
1 —) (3.11)
$

with F being the normal force adthe cross-sectional area of the polymer foam. The s€ain

which is evoked by the stress, is defined as

.
0 — (3.12)
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Equation 3.12 correlates the height of the deformed jhaoff the polymer foam to the polymer
IRDP TV RUL JLhaQ@®HO9 KBAWOI]KT Wical stress-strain curves of solid foams are given

in Figure 3.7.
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Figure 3.7: Schematic drawings of typical stress-strain curves of elastomeric foams (top),

elastic-plastic foams (bottom left) and elastic-brittle foams (bottom right) measured via

compression. Adapted from [Gib99]. Cellular solids: Structure and properties, L. J. Gibson, M.
F. Ashby. Second edition © Lorna J. Gibson and Michael F. Asby, 1997, First paperpack edition
(with corrections), 1999. Reproduced with permission of The Licensor through PLSclear.

As can be seen in in Figure 3.7, the stress-strain curves have three regions named region of
linear elasticity, plateau or rather collapse region, and region of densification. The akgion
linear elasticity begins when the first stress is applied on the polymer foam. As the term implies,
the polymer foam reacts elastically to the low applied stress since the pore walls/edges (open-
cell plus closed-cell solid foams) or rather the faces (closed-cell solid foams) are able to bend
or to stretch, respectively. At a certain stress, the linear elastic region runs into the plateau or
collapse region in which the polymer foam deforms over a long time (absorbing energy), while
the stress is constant. Depending on which type of polymer foam is tested, different mechanism
inside the foam are evoked and the course of the stress-strain curves differ slightly from the
curve in Figure 3.7 (top). In case of an elastomeric foam (Figure 3.7 (top), e.g. a rubber), the
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walls of the pores buckle. In case of an elastic-plastic foam (Figure 3.7 (bottom lef), e.g.

metal), the walls of the pores yield whereat plastic hinges are created, while in case of a brittle
foam (Figure 3.7 (bottom right), e.g. ceramics), the walls of the pores crush in a brittle way.

After pore collapsing, the region of densification is reached in which the material the solid
IRDPTV PDWULJ[ LsvfuRierGcbimprgskdel. [Ash83, Gib99] As it was shown by
simulations fromDabo [Dab15], changing the polydispersity and pore organization of a
polymer foam affects the plateau region and the region of densification but not the region of
linear elasticity. This is different in case the porosity/density of a polymer foam is changed.
Here, each region of the stress-strain curve is affected. Furthermore, the simulations indicate
that a polymer foam is most resistant against compression in case the pore structure is
monodisperse or better monodisperse as well as ordered. [Dab15, And18b

<RXQJTV OR®KQ@hE Virst region of the stress-strain curves, 4t iR XQJTV PRGXO X\
(stiffness/elasticity of a material), can be calculated, which is the initial slope of the linear
elastic region [Gib99, Boy02]. KH <RXQJYV PRGXOXV HRHEpaborSKRIWMNMP HU [IRD
polymerEpoymeris defined as [Gib99, Boy02]

1 )/ (3.13)
(1roP sRORp Usa/
The example of polyurethane foams show how to interpret this value. The lower the \E&lue of
(< 70 MPa) the more elastic is the polyurethane foam and the higher the Val{xe %0 MPa)
the more rigid (stiff) is the material [Ash95]. Furthermore, Ashby and Gibson [Ash83, Gib99]
developed the following correlations between the relativie X Q J TV  PHR A&/ Bo&dnér dnd
the squared relative polymer foam denslitgm boymer IN case of open-cell polymer foams,

the correlation is given by

(iroP &F!'RDPG (3.14)
SRO\PHU !SRO\PHU

In case of closed-cell polymer foams, the volume fraction of the polymer, which is presented

in the polymerl R D RRfigés, is¥ « 1 and that in the faces (¥ 0. Thus, the equation changes

to
! !
(irDP &¥ IRDFG g : ¥ | IRDP (3.15)
SRO\PHU "SRO\PHU "SRO\PHU
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For both equations, one applies for the proportionality cons@rasid &-areC: 8 & §1.

[Gib99]

In the thesis at hand, compression tests were carried out using the universal testing machine
zwickiLine 5kNpurchased fronZwick/Roellcombined with the softwartestXpert Ill The
machine contains a 5 kN force transducer. The testing speed was set to 1 frandniormal

force was used. For compression tests, the poly(1,4-BDDMA) foamsHtdnication | and
Publication Il were reproduced by the Bachelor studenbittrich following the procedure

written in the respective publication. Each polymer foam was reproduced three times. In
contrary toPublication I, the dimensions of emulsion templated poly(1,4-BDDMA) foams
were changed for compression tests (Section 4.1.3) to a diameé§érsofnm using other glass

tubes YWR 40 mm x 8.2 mm) and a height 8.5 cm, while the dimensions of the polymer
foams inPublication Il were kept constant (@1.3 cm, 84 cm high) for compression tests
(Section 4.2.2). The poly(1,4-BDDMA) foams used for compression tests were only
characterized according to their droplet size (100 droplets) or bubble size (50 bubbles). The
bulk polymers with the respective dimensions were also synthesized. For the compression tests,
the lower and upper circular areas of each cylindrical sample were treated with a razor blade to
parallelize the bottom and the top of the sample as good as possible. The samples were
cooled/freezed with liquid nitrogen before. The exact dimensions (needed for the compression
tests), the weight, and the density(m V) of each poly(1,4-BDDMA) foam and of the bulk
polymer were determined to calculate the relative density (equation 3.9) and the porosity
(equation 3.10) of the poly(1,4-BDDMA) foams. For each parameter, the arithmetic mean
(three samples) and the maximum error (error between the arithmetic mean of the parameter
and the value of the parameter most deviating from the arithmetic mean) was calculated. The
enumerated steps were carried outSoyDittrich during her Bachelor thesis [Dit20]. Stress-
strain curves were measured ®yDittrichand me. The same applies to the determination of

the <RXQJTV PHRGReaNd their arithmetic meanfrpp srothesmean relative
<RXQJTV P Rgxt XMp the mean squared relative densityal Inolyme)? and their
arithmetic mean Q& p &Br o )é.sand theC. value (equation 3.14) of the poly(1,4-BDDMA)

foams from the linear part of the stress-strain curves. The stress-strain curves were plotted with
SigmaPlot 14.0
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4 Summary of Research

The present PhD thesis deals with the synthesis and characterization of tailor-made poly(1,4-
butanediol dimethacrylate (1,4-BDDMA)) foams which were synthesized via two templating
routes. This section summarizes the main results and discussions in brief. Most of the results
and discussions were previously publishdblication | [Dab20a] which is summarized in
Section 4.1.1 deals with the synthesis of poly(1,4-BDDMA) foams via emulsion templating.
Emulsification was carried out with microfluidics. The publication focuses on tailoring the
polydispersity, the pore connectivity (and the pore shape) and the pore size around 100 pum.
Publication Il [Dab20b]which is summarized in Section 4.2.1 dnablication 11l [Dab21

which is summarized in Section 4.2.2 deal with poly(1,4-BDDMA) foams synthesized via
foamed emulsion templating with the aim to increase the pore sizes from one hundred to a few
hundred micrometer. The first part®éiblication Il is about finding a suitable formulation of

the foamed emulsion. This publication is the only one in which microfluidics was not applied
since foaming was carried out via mechanical stirring. The second pRabbtation Il is

about the synthesis and the (finstructure of a solid poly(1,4-BDDMA) foanRublication

Il deals with the synthesis of poly(1,4-BDDMA) foams with different polydispersities and
pore sizes. Foaming was carried out via microfluidics. Two of them underwent mechanical
compression tests. In addition to the published work, this summary has two further sections
about unpublished results: These sections are about a tomographical characterization (Section
4.1.2) and the mechanical compression (Section 4.1.3) of poly(1,4-BDDMA) foams

synthesized via emulsion templating.

4.1 Poly(1,4-BDDMA) foams via Emulsion Templating

4.1.1 Publication I: Methacrylate-based polymer foams with controllable connectivity,

pore shape, pore size and polydispersity

In industrial purposes, polymer foams are used in many areas and are generally synthesized via
blowing agents or mechanical force in order to allow a large scale production [Liul4, Obil8,
Oko95]. However, polymer foams are also synthesizable via emulsion templating [MilO7].
Studies using styrene/DVB [Wil88b, Hai91, Cam96, Men06a, Ikell, Quel6b] or propylene
fumarate dimethacrylate (PFDMA) [Mogll, Rob14] as system deal with tuning the pore
structure in a controllable way. Open- and closed-cell polymer foams [Wil88b, Cam96,
Quel6b] as well as polydisperse [Wil88b, Hai91, CanvB#)06a, Ikell, Mogll, Robl4nd
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monodisperse [Quel6b, Quel7a] polymer foams were synthesized. While the pore connectivity
is tunable by the type of initiator [Rob14, Quel6b], monodisperse polymer foams can be
obtained via microfluidics [Quel6b]. One application in which open-cell and probably
monodisperse polymer foams are beneficial is tissue engineerfadr O &RV . 2T%U
Herein, polymer foams are the scaffolds, which are aspired to be used for tissue regeneration
[OD 2 1% Wne interesting system in the field of bone regeneration is based on
poly(propylene fumarate dimethacrylate (PFDMA)) [Mog11, Mog14, Rob14, Rob16, Whil7].
So far, only studies dealing with polydisperse poly(PFDMA) foams [Mogl1, Mogl14, Rob14,
Robl16, Whil7] having a mean pore size of 5 upi6x 3 um do exist [Mog14]. Inspired by

this background, the aim of this study is to synthesize monodisperse methacrylate-based
polymer foams with different pore connectivities, pore shapes, and pore sizes. Furthermore,
open- and closed-cell poly(1,4-BDDMA) foams with controllable polydispersities were
synthesized as counterparts. Instead of PFDMA, 1,4-butanediol dimethacrylate (1,4-BDDMA)
was chosen as monomer in the study and as scouting system for PFDMA for follow-up studies.
The synthesis of the poly(1,4-BDDMA) foams consists of two main steps: (1) the generation
of a waterin-1,4-BDDMA emulsion emulsified via microfluidics and (2) the polymerization of

the emulsion template (Figure 4.1).
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Figure 4.1: Scheme of the concept of synthesizing monodisperse polymer foams via emulsion
templating. (1) Generation of an emulsion template via microfluidics, and (2) its polymerization
in the continuous phase leading to an open-cell polymer foam or at the interface with leading
to a closed-cell polymer foam. (3, 4) Purification and drying. Not paPubfication I.

As a reminder, this publication is divided into two parts: (1) the synthesis of monodisperse
poly(1,4-BDDMA) foams and (2) (controllable) polydisperse poly(1,4-BDDMA) foams. Each

part addresses open- and closed-cell pore structures. Irrespective of the desired structure, the
emulsion tempaltes/polymer foams are all based on the same dispersed and continuous phases
and were equally synthesized and characterized (Section 3.1, Pdlaliwhtion |, Section 2).

The continuous phase of the emulsion template consisted of the monomer 1,4-BDDMA and
10wt % of the surfactant PGPR 4125, while the dispersed phase was given by an aqueous
solution that contained wt % NaCl (see Section 3.1 aRdblication I). To reach different

pore connectivities, the initiation took place either in the continuous phase by addin@§a mol

BPO (organic-soluble initiator) or at the interface by solving 5 mol % of KPS (water-soluble

initiator) in the dispersed phase. Since interfacial initiation was much slower compared to
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organic phase initiation, the amount (mol) of KPS needed to be increased to obtain an adequate

closed-cell polymer foanmPblication I, ESI, Section S2).

Generation of Monodisperse Emulsion Templates

Firstly, the microfluidic device was calibrated to learn how the pressure settings are correlated
with the droplet size. Calibration was carried out with a constant pressure of the continuous
phase (50 mbar), while the dispersed phase pressure was lgradicraased (in total from

31 mbar to 51 mbar). It was founduplication I, Section 3.1, Figure 1) that the droplet sizes
increase nearly linearly with the dispersed phase pressure (in totaBB06mm to 8180 um)

After the calibration, the study continues with the synthesis of monodisperse poly(1,4-
BDDMA) foams having three different pore sizes. The pore sizes were predefined to be
870 um in order to compare this study with an existing[@ue16b], 8100um, and 120 pum.

To take advantage of thdemplating effect, emulsion templates with the same droplet sizes
have to be generated by microfluidics and polymerized. The droplet sizes (see Table 4.1) were
determined from microscope pictures of the emulsion monolayers (see Section 3.4 and
Publication | Section 2.5). Three of which containing BPO are shown in Figure 4.2 (left). The
droplet size distributions are also shown in Figure 4.2 (right).

As Figure 4.2 and Figure S3 in the ESIRaiblication | reveal, the microscope pictures show
monodisperse droplets and the droplet size distributions are very narroROEegiven in

Table 4.1). Note that the monolayers of the emulsion templates are purposely not close-packed
since the sizes of separated droplets are easier to be measured (see SectidtuBlitaton

I). Each emulsion template was collected in a sample tube with finite dimensions up to a certain
height (see Section 3.1.2 aRdblication I, Section 2.2). In order to create dropletskedcas
densely as possible, the generated emulsion template were left alone for a certain time to allow
for droplet sedimentation. The final close-packed emulsion templates were polymerized via
UV-light (see Section 3.1.2 afiblication I, Section 2.2).
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Figure 4.2: Microscope pictures of monodisperse watef-4-BDDMA emulsions containing

BPO as monomer-soluble initiator. The droplet sizes&t@um (top left), §100pum (middle

left), and 8120um (bottom left). Comparable microscope pictures of emulsion templates
containing KPS as water-soluble initiator are given in the ESI (Figure S3)kdication I.

The corresponding droplet size distributions are given on the nght= 200.1,4-BDDMA

and PGPR 4125 (10 wt %) were used as continuous phase and water with NaCl (5 wt %) was
used as dispersed phase. Taken from [Dab20a]. Reproduced from ref. [Dab20a] with permission
from the PCCP Owner Societies. https://doi.org/10.1039/c9¢cp03606g
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Monodisperse Open-cell Poly(1,4-BDDMA) Foams

As mentioned above, open-cell poly(1,4-BDDMA) foams were reached via organic phase
initiation by solving BPO (2 mol %) in the continuous phase of the emulsion template initially.

Figure 4.3 shows three SEM pictures of monodisperse, open-cell poly(1,4-BDDMA) foams

with increasing pore sizes ranging fro70 um to 8120 um.
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Figure 4.3: SEM pictures of three monodisperse, open-cell poly(1,4-BDDMA) foams obtained
by organic phase initiation with BPO. The mean pore diameters arey#24 um (top left),
100pm+ 5 um (middle left) and 126m + 8 um (bottom left). The corresponding pore size
distributions are given on the rightotas = 200. Taken from [Dab20a]. Reproduced from ref.
[Dab20a] with permission from the PCCP Owner Sociehigss://doi.org/10.1039/c9cp03606g
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The SEM pictures in Figure 4.3 reveal the following findings (viewing from top to bottom): (1)
The polymerization of the emulsion templates shown in Figure 4.2 to poly(1,4-BDDMA) foams
was successful. (2) The poly(1,4-BDDMA) foams are monodisperse (see pore size distributions
in Figure 4.3 an@DIs given in Table 4)1(3) The pore sizes increase in analogy to the droplet
sizes and the respective mean pore and droplet diameter are nearly equal (see Table 4.1). This
results show that the emulsions stayed stable during generation and polymerization. The pores
are furthermore (4) partly ordered and partly non-ordered, (5) close-packed,s(herical

shape, and (7) interconnected via windows. The window sizes increase with increasing pore
sizes (see Table 4.1). As one can see in the closed-up SEM picRublication | (Section

3.2.1, Figure 4) that was taken Dy. Y. Qawasmi(8) the pore walls were found to be slightly
porous. While the pore packing and the pore organization is highly determined by how the
emulsionwas treated prior to polymerization (the longer the time to sediment is, the larger the
degree of packing and organization seems J)othe spherical pore shape and the window
formation is connected to the locus of initiatiamreported in refs. [Rob14, Quel6lf the
polymerization of 1,4-BDDMA is directly initiated in the bulk, the bulk phase becomes more
and more viscous with progressing polymerization. Since the monomer phase shrinks during
polymerization [Cam96], the thin film between adjacent droplets could rupture leading to a
window in the final poly(1,4-BDDMA) foam. However, another reason for window formation
(not mentioned irPublication |) is also conceivable: window formation takes place after the
synthesis of the polymer foam as an artefact during purification and/or drying [Men06b]. The
reason for the porous pore walls is the solubility of the surfactant and/or surfactant-stabilized
water droplets within 1,4-BDDMA, which are removed during Soxhlet extraction. Jealo

SEM picture, which reveals the sub-porosity of the vertex is shownlhiication | (Section

3.2.1, Figure 4). Comparing with a predecessor study [Quel6b], one sees that the results are in

agreement.

Monodisperse Closed-cell Poly(1,4-BDDMA) Foams

Closed-cell poly(1,4-BDDMA) foams were obtained via initiating at the interface by dissolving
KPS (5 mol %) in the dispersed phase of the emulsion template initially. The respective
monolayers of the emulsion templates are given in the EBublication | (Figure S3), the
monodisperse, closed-cell poly(1,4-BDDMA) foams with pore sizes ranging §00um to

8120 pum are shown in Figure 4.4.
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Figure 4.4 SEM pictures of three monodisperse, closed-cell poly(1,4-BDDMA) foams
obtained by interfacial initiation with KPS. The mean pore diameters gquen242 um (top
left), 107um = 5 um (middle left), and 12rm+ 5 pm (bottom left). The corresponding pore
size distributions are given on the rightta = 200. Taken from [Dab20a]. Reproduced from
ref. [Dab20a]  with permission  from the PCCP  Owner  Societies.
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Looking at Figure 4.4, one sees some special features (viewing from top to bottom): (1) The
polymerization of the emulsion templates showRublication | (ESI, Figure S3) to poly(1,4-

BDDMA) foams was successful. (2) The poly(1,4-BDDMA) foams are monodisperse (see pore
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size distributions in Figure 4.4 aRDIs given in Table 4.1). (3) The pore sizes increase in the
same way as the droplet sizes and the mean pore diameters corresponds to those of the droplets
(see Table 4.1). The pores are (4) close-packed and (5) arranged differently (nonamdered
ordered (see open-cell poly(1,4-BDDMA) foamsh contrast to the polymer foams in Figure

4.3, (6 the pores are hexagonally shaped, (7) the pore walls consist of a polymer skin
surrounding the pores and an inner porous part (see close-up SEM pidurgigation 1,
Section 3.2.2, Figure 6 that was takenly Y. Qawasn)i Additionally, (8 the pores are
completely or partly filled with merged particles. These results also match with those given in
Quell et al. [Quel6b]. While the occurrence of the hexagonal pore shape is not yet fully
understand, the occurrence of the layered pore walls dhe pérticles inside the poressmore
clarified. We assume the follongrmechanism. Since initiation takes place at the water/1,4-
BDDMA interface a polymeric skin is formed around each droplet. This skin prevents the
surfactant/surfactant-stabilized water droplets that diffused into in the continuous phase from
moving back into the dispersed phase and the 1,4-BDDMA droplets that are slighly solubilized
in the water droplets to move back into the continuous phase. In the progress of polymerization,
the surfactant/surfactant-stabilized water droplets moved in the interior of the vertex leading to
a porosity afterwards (after Soxhlet extraction), while the polymer skin consists more or less of
polymer. The mechanism leading to layered pore walls was more extensively developed in ref.
[Koc21b], while their conclusion is in line with the explanation given here. Beyond, the
particles inside the pores result from polymerized monomer dropletwdfeataptured in the

water droplets when polymerization starts.

Polydisperse Open- and Closed-cell Poly(1,4-BDDMA) Foams

The second part of this study deals with polydisperse poly(1,4-BDDMA) foams. The novelty
is the fact that the average pore sizes of the polydisperse polymer foams are the same as those
of the monodisperse counterparts. To the best of our knowledge, no study about emulsion
templating on the synthesis of polymer foams with a controllable polydispersity exists. This
opens up new areas since it allows a direct comparison of polymer foams with different
polydispersities. Experimentally, the polydispersity was controlled according to an approach
developed byAndrieux et al. [And18c] (more information about this can be found in
Publication |, Sections 2.3 and 3.3). Since the pore diameters of the monodisperse
poly(1,4-BDDMA) foams are not far apart from another, one polydisperse;oafi and one
polydisperse, closed-cell poly(1,4-BDDMA) foam was synthesized. The mean droplet diameter

was chosen to be 9&m £ 25 um. Figure 4.5 shows a microscope picture of a monolayer of a
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polydisperse BPO-containing emulsion template and the droplet size distributions of emulsion

templates containing either BPO or KPS.

—= BPO| |
KPS

n/ ntotal
o
&1

0 80 90 100110120 130140150:

Figure 4.5: Microscope picture of a polydisperse 1,4-BDDMA-based emulsion template which
contains BPO as monomer-soluble initiator (left). The mean droplet diameters arex85um

um (BPO-containing emulsion) or 102 ptn 18 um (KPS-containing emulsion). The
comparable microscope picture of the emulsion template containing KPS as water-soluble
initiator are given in the ESI d?ublication | (Figure S4). 1,4-BDDMA and PGPR 4125 (10

wt %) were used as continuous phase and water with NaCl (5 wt %) was used as dispersed
phase. The droplet size distributions of 1,4-BDDMA-based emulsion templates containing
either BPO or KPS are given on the righta = 200. Adapted from [Dab20a]. Adapted from

ref. [Dab20a] with permission from the PCCP Owner  Societies.
https://doi.org/10.1039/c9cp036069g

As one can see in Figure 4.5 and Table 4.1 the average droplet sizes of the polydisperse
emulsion templates resemble that of the monodisperse counterparts. Polymerization of the
polydisperse emulsion templates led to the following polydisperse poly(1,4-BDDMA) foams

in Figure 4.6.

The polydisperse poly(1,4-BDDMA) foams (Figure 4.6) have the same structural features as

their monodisperse counterparts with the exception that the pore structure is (1) polydisperse
and (2) non-ordered as intended. The broad pore size distributions (Figure 4.6, right) seem to
have no impact on the window sizes in open-cell or on the skin thickness in closed-cell poly(1,4-

BDDMA) foams as can be seen in Table 4.1.
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Figure 4.6: SEM pictures of polydisperse open-cell poly(1,4-BDDMA) foams with a mean
pore diameter of 8@m+ 15 um (top left) and closed-cell poly(1,4-BDDMA) foams with a

mean pore diameter of 1Q0n =+ 18 um (bottom left). The corresponding pore size distributions

are given on the rightiotas = 200. Taken from [Dab20a]. Reproduced from ref. [Dab20a] with
permission from the PCCP Owner Societies. https://doi.org/10.1039/c9cp036069g

Table 4.1:Mean droplet diameter&; ,, r 3agRP!s of the emulsion templates (containing BPO
or KPS), mean pore diametef r, RDIs, mean window diameter@LQGF@fld mean skin

thickneses \§\, @f monodisperse and polydisperse, open- and close-cell poly(1,4-BDDMA)
foams. Adapted from [Dab20a]. Adapted from ref. [Dab20a] with permission from the PCCP
Owner Societies. https://doi.org/10.1039/c9cp03606g

pore structure emulsion template polymer foam
polydisperistyl ~ pore | &yrbo| PDI | &r{um|PDI/ | &, 5| Wnigm
connectivity um ! % % [ um
66+ 2 3 72+ 4 6 10+2 -
open-cell 97+1 2 100+ 5 5 12+ 3 -
monodisperse 119+ 2 1 126+ 8 6 16+ 3 -
67 +2 3 74 +2 3 - 0.7+0.2
closed-cell 98 + 2 2 107 +5 5 - 1.1+04
122 +2 1 127 £ 5 4 - 1.1+05
polydisperse | open-cell 87+15 | 17 94+14 | 15 | 11+3 -
closedcell | 102+ 18 18 | 101+£20| 20 - 1.3£0.6
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In conclusion, poly(1,4-BDDMA) foams with different but controllable polydispersities
(monodisperse and polydisperse), pore connectivities (open-cell and closed-cell), pore shapes
and pore walls (spherical, slightly porous and hexagonal, layered) and pore sizes (70 um, 120
pm and 95 pm = 25 um) were successfully synthesized via emulsion templating in combination
with microfluidics. The tunability of the pore structure allows two important things: (1) Since

it is now possible to synthesize monodisperse and polydisperse polymer foams with equal mean
pore diameters, one is one step closer to determine the influence of the polydispersity on the
SRO\PHU rmecbhdifdl properties. (2) Since the pore structures and thus the polymer
IRDPYV SURSHUWLHYV DUH VL P &ibkrdde@aymer fbawms or diffeFedtR | O X L C
areas as tissue engineering are accessible. (3) Furthermore, microfluidics is nottéiraited
specific monomer since it can be used for emulsion fmg, liquid foam templating, and

foamed emulsion templating.

4.1.2 Micro-computed Tomography(u-CT)

Micro-computed tomography is an important non-invasive technique to visualize the three-
dimensional structure of a sample [Sch12b, Orh20a, Orh20Db]. In the thesis at hand, tomography
was used to image the overall structure of poly(1,4-BDDMA) foams without being litaiged

small section of the sample as is the case with SEM measurements. Since tomography is an
expensive method, only one monodisperse open-cell (Sample 1, mean pore size of 1®2 um *
pm) and one monodisperse closed-cell (Sample 2, mean pore size of 134 um + 7 um) poly(1,4-
BDDMA) foam were characterized. While | synthesized the respective poly(1,4-BDDMA)
foams,D. Favier from the CNRSInstitute de Charles Sadron in Strasbourg (France) made
(Section 3.3.3) and edited the microcomputed tomography pictures as shown in Figure 4.7 and
Figure 4.8. The results are not published elsewhere. Starting with the open-cell poly(1,4-
BDDMA) foam FHgure 4.7 shows a three-dimensional view on the sample and three two-

dimensional cuts in different planes (x, y, z).
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Figure 4.7: Three-dimensional micro-computed tomography picture of an open-cell
poly(1,4-BDDMA) foam with a mean pore diameter of 102 um + 5 pm (top right) and two-
dimensional micro-computed tomography pictures from different planes. The microcomputed
tomography pictures were taken and editedCoyFavier from CNRS-Institute de Charles
Sadron (Strasbourg, France). Around 150 pores were used for determining the mean pore
diameter.

The three-dimensional and two-dimensional micro-computed tomography picturesashow
highly porous polymer with one main feature: a non-ordered pore structure of non-uniform
spherical pores. Such a pore structure originates from a similar droplet structure (compare with
[Drel0, Mael3]). The way of droplet packing is responsible for a dispersed phase volume of
around 64%, i.e. a randomly close-packing [Dre20]. The disordered structure could possibly
affect the degree of window formation within the poly(1,4-BDDMA) foam. Besides the pore
organization, the poly(1,4-BDDMA) foam seems to be not monodisperse all across the sample.
The most obvious explanation for this feature is given by the occurrence of disintegrating
mechanisms (see Section 2.1.1). Furthermore, some pores seem to be filled with large particles
highly responsive to the X-rayBigure 4.7, bottom right). So far, we cannot explain this feature
but we assume that these particles are polymer debris. In contrast to the micro-computed
tomography pictures of the open-cell poly(1,4-BDDMA) foams, the micro-computed
tomography pictures of the closed-cell poly(1,4-BDDMA) foams show a different pore shape
and pore packing. The Figure 4.8 gives an overview about the three-dimensional structure of
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the closed-cell poly(1,4-BDDMA) foam and shows two-dimensional cuts of different planes

inside the sample.

Figure 4.8: Three-dimensional micro-computed tomography picture of a closed-cell
Poly(1,4-BDDMA) foam with a mean pore diameter of 134 um = 7 um (top right) and two-
dimensional micro-computed tomography pictures from different planes. The microcomputed
tomography pictures were taken and editedCoyFavier from CNRS-Institute de Charles
Sadron (Strasbourg, France).

The theedimensional view shows that the closed-cell poly(1,4-BDDMA) foam is, in contrary

to the open-cell one, close-packed. However, much more interesting are the two-dimensional
micro-computed tomography pictures showing cross-sections of the poly(1,4-BDDMA) foam.
As one can see in the micro-computed tomography pictures, the shape of the pores depends on
the cut. At one two-dimensional cut, the poly(1,4-BDDMA) foams seems to consist of an
ordered close-packed (Figure 4.8, top left) or less ordered close-packed (Figunettdra,

right) arrangement of small and large hexagons, while another cut shows densely packed
squares with flattened edges (Figure 4.8, bottom left). These three two-dimensional cuts show
that one cut is not meaningful but that several cuts create a picture of the three-dimensional
shape of the pores: a rhombic dodecahedra [Dre20]. These results nicely reflect the importance
of characterizing polymer foams with different complementary methods. In case of simple
geometries as the spheres in Figure 4.7, SEM is adequate for characterization, while in case of

more complex geometries as in Figure 4.8, further methods are needed to visualize the three-
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dimensional structure of a polymer foam. The fact that the SEM pictures only reveal hexagonal
shaped pores indicates that the most unstable part of the pores is always located at the same
point. The small, accumulated particles in the pores (known form SEM pictures) are highly

responsive to the X-rays.

4.1.3 Compression Tests

After characterizing the porous structure of the poly(1,4-BDDMA) foams using two
complementary methods (Sections 4.1.1 and 4.1.2), the next aim was to measure whether the
pore size and the porosity of the poly(1,4-BDDMA) foams influence their mechanical
properties against compression. The stress-strain curves of all poly(1,4-BDDMA) foams
synthesized via emulsion templating were measured as described in Section 3.5. The poly(1,4-
BDDMA) foams and the bulk polymer needed for the mechanical measurements were
synthesizedtthree timestand characterized by the Bachelor stud&mdittrich However, the
poly(1,4-BDDMA) foams and the bulk polymers were synthesized with smaller dimensions
than inPublication | due to time reasons. The diameter of the cylindgicgsiiaped samples are
around 0.65 cm, while the height was around 1.5 cm. The pore sizes of the polymer foams were
trusted to have the same diameter as the droplets of the respective emulsion templates. Since
the mean droplet diameters match the intended sizes (see Section Rdbliaation 1), they

are not shown here. The main parameter to be extracted from the stress-strain curves was the
<RXQJTV PReélowng figures show exemplary sectiorts ( 1 WR 1 0

to 8%) of one stress-strain curve for each sample divided into open-cell and closed-cell
poly(1,4-BDDMA) foams.
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Figure 4.9: Stress-strain curves of open-cell poly(1,4-BDDMA) foams (left) and closed-cell
poly(1,4-BDDMA) foams (righ) with different polydispersities and pore sizes.
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As one can see in Figure 4.9 all curves have more or less the shape of a brittle elastic material
a(partly linear) initial slope that runs into a fluctuating plateau region [Gib99]. The initial slopes

of the stress-strain curves of all open-cell poly(1,4-BDDMA) foams are nearly equal. The same
holds true for all closed-cell poly(1,4-BDDMA) foams except the poly(1,4-BDDMA) foam

with a mean pore diameter &70 pm. However, the initial slopes of the stress-strain curves of
open-cell poly(1,4-BDDMA) foams are more steeply compared to the initial slopes of the
stress-strain curves of closed-cell poly(1,4-BDDMA) foams (see Table 4.2). Concerning the
plateau regions, the fluctuations are more intensive in case of open-cell poly(1,4-BDDMA)
foams. The stres# WUDLQ FXUYHV RI DOO VDPSOHV ZHUH XVHG WR
WKH UHODWLYH <RXQJTBDPDRA oans. RHe Yedults iscRiding the relative

density are given in Table 4.2.

Table 4.2: Mean density§ , ; the mean relative densiti , { & 5 plhg Mean<RXQJ TV

moduli #prpand the meanUHODWLYH <R X0 J %k R g disperse and
polydisperse poly(1,4-BDDMA) foams with different pore sizes. The mean density of the
polymer is 114&gm3+8kg m* 7KH PHDQ <RXQJfV PRGXOXV RI W
351 MPa + 13 MPa.

pore pore connectivity
o & i
N .S size / open-cell closed-cell
8_8 MM B L Brod Wrok| Wrop Broh Brop Wrok| ®roe
= T 3 3
S kgm® | Bpoq MPa | Papog kam® | B MPa | PR,
©
870 499 0.43 120 0.34 545 0.47 53 0.15
+ + + + + + + +
26 0.02 14 0.04 29 0.02 31 0.09
(D]
N
= 8100 | 396 0.35 129 0.37 476 0.41 31 0.09
2 + + + + + + + +
o 32 0.03 15 0.04 37 0.03 10 0.03
(@)
E §120| 343 | 030 | 85 | 024 | 473 | 041 | 34 | 010
+ + + + + + + +
27 0.02 38 0.11 39 0.03 4 0.01
& 895 365 0.32 85 0.24 449 0.39 22 0.06
> ’g + + + + + + + + +
2 2 25 16 | 0.01 | 26 007 | 28 | 0.02 | 14 0.04

Looking at Table 4.2, one sees the following trends: (1) The mean (relative) densities (and

porosities) of the monodisperse, open- and closed-cell poly(1,4-BDDMA) foams with pore
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sizes of around 70 um are too high (too low; 57% or 53%), i.e. these poly(1,4-BDDMA) foams
seem to be not close-packed. While the poly(1,4-BDDMA) foams with pore siz&800fim
are further treated as artefacts, the mean (relative) densities of all residual open-cell and the
mean (relative) densities of all residual closed-cell poly(1,4-BDDMA) foams are nearly equal
within the experimental error. The mean (relative) densities of the open-cell poly(1,4-BDDMA)
foams indicate a monodisperse but disordered pore packing (randomly close-packing) in which
the relative density is about 0.36 as explained in refs. [Drel0, Mae13] for emulsions and liquid
foams. The mean (relative) density of the closed-cell poly(1,4-BDDMA) foams, in turn, do not
seem to beas close-packed as the open-cell ones since their absolute values are larger (i.e. a
porosity of 61%). The same applies to the polydisperse counterparts. (2) In analogy to the mean
UHODWLYH GHQVLWLHV WKH PtheDm@nodidpedse, \bie-ldnd <IBsEdR J TV P
cell poly(1,4-BDDMA) foams with pore sizes &70 um are also treated as artefacts. While
WKHUH LV D GLITHUHQFH EHWZHHQ W K He &pdria@Il poyItb WL Y H
BDDMA) foams with a mean pore size of roughly 100 ym &ANdlKH PHDQ UHODWLYH
moduli of the two residualone8y KH PHDQ UHODWLYH <RX@PHY(IRIRGXOL R
BDDMA) foams are nearly equal within the experimental error. Comparing the absolute values
of open- and closed-cell poly(1,4-BDDMA) foamsWKH PHDQ UHODWLYH <RXQJ
open-cell poly(1,4%''0$ IRDPV H[FHHG WKH PHDQ UHODWLYH <RXC(
cell poly(1,4-BDDMA) foams around four timet RPSDULQJ WKH PHDQ UHODW
modulus with the mean (relative) density, one findsthedKk H PHDQ UHODWLYH <RXQ
all closed-cell poly(1,4-BDDMA) foams are much too small in relation to their mean (relative)
densities. From a physical point of view, this makes no sense. Therefore, all closed-cell
poly(1,4-BDDMA) foams are not further discussed, while the open-cell ones are focused on
Comparing to literature [Gib99], where it holds for open-cell polymer faagm§1 showing a
GLUHFW SURSRUWLRQDOLW\ EHWZHHQ WKH UHODWLYH <RX(
a polymer foam (see equation 3.14), we determedhlues betweerg1.8 and83.1 (Table
4.3).
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Table4.3:0HDQ UHODWLY H ¥RMOINMdaRGua@d.densiti(, 4 B w0 0o 1y

and C. constant of monodisperse and polydisperse, open-cell poly(1,4-BDDMA) foams with
different pore sizes.

pore size pore size Wrop Brop e Cc
distribution Propnu I_EBS_ G
RO\PHU
870 0.34 0.19+0.02 1.82+£0.30
+
0.04
8100 0.37 0.12+0.02 3.10+0.28
monodisperse +
0.04
8120 0.24 0.09 £ 0.01 2.67 £1.00
+
0.11
8§95 0.24 0.10+0.01 2.38+0.56
polydisperse + +
25 0.07

TheC. values are larger th Q VLQFH WKH <RXQJYV PRGXOL DUH H[FHS
a result of the high density (the low porosity). Since the stress-strain curves were not long
enough monitored and due to their elastic brittle shape, we cannot determine whether the

polydispersity affects the mechanical properties.

4.2 Poly(1,4-BDDMA) foams via Foamed Emulsion Templating

This section summarizes two publications dealing with poly(1,4-BDDMA) foams synthesized
via foamed 1,4-BDDMAin-water emulsionsPublication Il is about the formulation and the
polymerization of polydisperse foamed 1,4-BDDNi#water emulsions, whil®ublication

[ll is about the synthesis and characterization of monodisperse and controllable polydisperse
poly(1,4-BDDMA) foams with pore size from 100 um ®500 pum via foamed emulsion

templating.

4.2.1 Publication Il: Formulation and polymerization of foamed 1,4-BDDMA#n-water

emulsions

For the synthesis of polymer foams via templating routes in general, and for the synthesis of
polymer foams via templating routes for tissue engineering in particular, emulsions or foams
can be used as templates [BarO5a, BarO5b, ChrO07a, Rob14, Bar09a, Mirl3a, Mirl3b, Vill2,
Cos14. However, one can also combine emulsions with foams [Sal12, Sch12a]. This allows to
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use hydrophobic monomers which are usually not foamable [Sch12a]. Thus, one goes the other
way round, emulsifies the hydrophobic monomer first and foams it in a second step [Sch12a
Figure 4.10 summarizes the main steps: (1) the generation of a liquid foam from an emulsion

and of a polymer foam from the foamed emulsion [Sch12a].

1) (2)
—_—
[ 1PRQR VXUIDFWDQW VWDEL () sR
] zD" & vxuiDFwbpQw vwi

Figure 4.10: Scheme of the concept of synthesizing polydisperse polymer foams via foamed
emulsion templating. The monomierwater emulsion is first (1) generated, then (2) foamed,
(3) subsequently polymerized, and finally (4) purified and dried. Taken from [Dab20b].
Reproduced from M. L. Dabrowski, M. Hamann, C. Stubenrauch, Formulation and
polymerization of foamed 1,4-BDDM#As-water emulsions, RSC. Adv. 2020, 10, 8917-8926
(https://doi.org/10.1039/d0ra002%4bnder the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported (CC BY-NC 3.0) License
(https://creativecommons.org/licenses/by-nc/3.0/). This journal is © The Royal Society of
Chemistry 2020.

Since foamed emulsions are rarely investigated in literature, only a few studies exist. Here, we
focus on two of them: The studies $alonenet al. [Sall0, Sall2, Sch17] deal with the
fundamentals of foamed emulsions, while the studgabiuleret al. [Sch1Zjis about the use

of foamed styrene-based emulsions as template for polystyrene foams. Inspired by these
studiesPublication Il reports on the synthesis of methacrylate-based polymer foams using the
approach (developed [8chuleret al. [Sch12a]) seen in Figure 4.10. LikdPublication I, the
monomer of choice is 1,4-BDDMA. While. Oztiirkmade important preliminary work during
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her internship [Oez18], most of the experiments in Publication Il were carried dut by

Hamann[Ham18] andS. VarytimiadoyVar19] during an intership and were evaluated by me.

Formulation of Foamed 1,4-BDDMA{n-Water Emulsions

The first part of this study is related to the formulation of a 1,4-BDDNvater emulsion,

i.e. the continuous phase of the foamed emulsion template. The 1,4-BDiDater emulsion

has to meet the following requirements: (1) be stable, (2) be foamable, (3) forming a stable
foamed emulsion, (4) be polymerizable, and (5) forming a stable poly(1,4-BDDMA) foam. In
order to reach this goal, the starting point was to formulate 1,4-BDDM#ater emulsions in
analogy to the styrene-based foamed emulsioSdhileret al. [Sch1l2a]. The latter was
composed of 65 vol % styrene, 20 vol % water and 15 vol % glycerol. As stabizé&6SDS

was used. While the emulsion was generated via stirring, the emulsions were foamad with
commercidly available milk frother attached to a KPG-stirrer. [SchB&d]uleret al.[Sch12§

found that 1600 rpm as stirring speed and 4 min as stirring time was best to generate foamed
styrene-based emulsions. The present study followed this approach by using the same emulsion
composition and the same experimental procedure and sefnbgkcétion 11, Section 2.2).

For comparison, the foamed styranewater emulsions from ref. [Sch12a] was reproduced by

us (Publication I, Section 3.1.1, Figure 1). Both emulsions were studied over a time of 4 h
and it was found that the 1,4-BDDMA-based emulsion decomposed, while the styrene-based
emulsion stayed stable. The reaserthie two-fold role of glycerol in the 1,4-BDDMA-
containing system which acts as thickener and as co-surfactant as interfacial tension
measurements indicatByblication I, Sections 3.1.1, 3.1.2). Thus, the emulsion composition
used in ref. [Sch12adid not work with 1,4-BDDMA and thus needed to be changed. It is
obvious that the glycerol content was decreagedbl{cation Il, Section 3.1.2). The results
show that a large volume of glyceral% vol %) affects the emulsion stability negalywbut it
improves the stability of the foamed emulsion because it increases the viscosity of the emulsion
resulting in a reduction of drainage and coalescence in the foamed emulsion amg$Ba¥lr2,
Schl2a]. Thus, a compromise had to be found which allows to form a stable emulsion and to
generate a stable foamed emulsion. The compromise was found teti8é §lycerol. Thus,

the final composition of the 1,4-BDDMA-based emulsion was 65 vol % 1,4-BDDMA,

30 vol % water and 5 vol % glycerol. As in ref. [Sch12ajNt®%6 SDS served as stabilizéy.
microscope picture of the foamed emulsion that was takém. idamann[Ham18] is given in

Figure 4.11.
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Figure 4.11:Microscope picture of a foamed 1,4-BDDMA-water emulsion consisting of the

final composition: 65 vol % 1,4-BDDMA, 30 vol % water and 5 vol % glyceralt% SDS

was used for stabilization. The foamed emulsion was generated by stirring at 1600 rpm for
4 min. Adapted from [Dab20b]. Adapted from M. L. Dabrowski, M. Hamann, C. Stubenrauch,
Formulation and polymerization of foamed 1,4-BDDNAwater emulsions, RSC. Adv. 2020,

10, 8917-8926 (https://doi.org/10.1039/d0ra0095uler the terms of the Creative Commons
Attribution-NonCommercial 3.0 Unported (CC BY-NC 3.0) License
(https://creativecommons.org/licenses/by-nc/3.0/). This journal is © The Royal Society of
Chemistry 2020. Figure 4.11 shows one of four microscope pictures from the original figure in
the publication.

Polymerization of a Foamed 1,4-BDDMAmn-Water Emulsion

The second part dPublication Il is about polymerizing the foamed emulsion with the final
composition emulsion (the respective foamed emulsion template can be fdewolication

II, ESI, Section S3, Figure S3.1, middle left} in Publication I, 2 mol % BPO were used to
polymerize the monomer via UV-light. The poly(1,4-BDDMA) foam was synthesize8. by
Varytimiadouduring her internship [Var19]. As shown in Figure 4.12, the polymerization was

successful.
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Figure 4.12: SEM pictures ofa poly(1,4-BDDMA) foam consisting of the final emulsion
composition (left) and the corresponding bubble and pore size distributions rfrght);100.
Taken from [Dab20b]. Reproduced from M. L. Dabrowski, M. Hamann, C. Stubenrauch,
Formulation and polymerization of foamed 1,4-BDDNtAwater emulsions, RSC. Adv. 2020,
10, 8917-8926 (https://doi.org/10.1039/d0ra0025#taler the terms of the Creative Commons
Attribution-NonCommercial 3.0 Unported (CC BY-NC 3.0) License
(https://creativecommons.org/licenses/by-nc/3.0/). This journal is © The Royal Society of
Chemistry 2020.

bubble/pore

Comparing the microscope picture of Figure 4.11 with the respective SEM picture in Figure
4.1.2, one sees the following: (1) The polymerization worked but (2) disintegrating mechanism
have occurred since the pore sizes exceed the bubble sizes. Since monodisperse bubbles foamed
with nitrogen are of interest in the follow-up study, the disintegration was not further studied

The pores are (3) non-ordered but (4)selpacked and (5) spherically shaped. Moreover, (6)

the poly(1,4-BDDMA) foam is open-cell and (7) the pore walls are sub-porous. To tiagera

look on the sub-porosity of the pore walls and to answer the question how it is possible to create

a polymer foam made from many monomer droplets, the finestructure was analyzed. Some

close-up SEM pictures taken By. Y. Qawasmare given in Figure 4.13.
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Figure 4.13: SEM picture of a vertex of a poly(1,4-BDDMA) foam (left) and close-up SEM
pictures of the texture of the vertex (right). Taken from [Dab20b]. Reproduced from M. L.
Dabrowski, M. Hamann, C. Stubenrauch, Formulation and polymerization of foamed 1,4-
BDDMA-in-water emulsions, RSC. Adv. 2020, 10, 8917-8926
(https://doi.org/10.1039/d0ra002%4bnder the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported (CC BY-NC 3.0) License
(https://creativecommons.org/licenses/by-nc/3.0/). This journal is © The Royal Society of
Chemistry 2020.

Looking at Figure 4.13one sees that the polymer matrix consists of ewrgolydisperse
poly(1,4-BDDMA) globules. Since the poly(1,4-BDDMA) globules are not overall merged
with the neighboring ones, small voids exist between adjacent poly(1,4-BDDMA) globules.
These considerations make sense since the continuous phase of the foamed emulsion consisted
of many small, close-packed 1,4-BDDMA droplets (leading to the merged poly(1,4-BDDMA)
globules after polymerization) surrounded by water (leading to the voids between adjacent
polymer globules after drying). These results confirm the hypothesiHisinget al. [Els17a]

that the polymer globules stick together by polymer chains and that the volumetéjacent

voids should corresponds to the volume of water in the foamed emulsion. To conclude, in
Publication Il a suitable emulsion composition of 65 vol % 1,4-BDDMA, 30 vol % water, and

5 vol % glycerol was found which meets all requirements and a poly(1,4-BDDMA) foam with
large pore sizes (33 um £ 91 um) was synthesized successfully and characterized according to
its (fine-) structure. Thus, the synthesis and characterization of monodisperse and controllable
polydisperse poly(1,4-BDDMA) foams via foamed emulsion templating was possible.
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4.2.2 Publication Ill: Methacrylate-Based Polymer Foams with Controllable Pore Sizes

and Controllable Polydispersities via Foamed Emulsion Templating

The last publication focusses on monodisperse and controllable polydisperse poly(1,4-
BDDMA) foams with larger pore sizes. Since foamed emulsions are dispersion-based liquid
foams [And18a], the accessible bubble sizes are compamtiiese of conventional liquid
foams and, thus, the pore sizes [And18a, Stul8]. In comparison to liquid foams, a foamed
emulsion usually contains more monomer than a liquid foam contains polymer [Schl2a,
And18a], which improves the stability of the resulting polymer foam. Pioneering work was
carried out bySalonenet al. [Sall0, Sall12] and bB$tubenrauchand co-workers [Schl2a,
Quels5, Els17a, Els17b]. While the first used non-polymerizable oils [Sal10, Sal12], the second
used a polymerizable monomer, namely styrene [Schl2a, Quel5, Elsl7a, Els17b]. So far,
polydisperse polystyrene foams witB 20 um to 8 200 um sized pores [Schl2a] and
monodisperse polystyrene foams with pore sizes between 115 um and 588um [Els17a] do exist.
Since the polymerization of foamed emulsion templates usually leads to porous pore walls, this
templating route could be interesting for applications such as tissue engineering in which
interconnections are needed to ensure the cell sufply [ 2 § %o Bublication Il ties in
wherePublication Il ends, namely by synthesizing monodisperse poly(1,4-BDDMA) foams
with different pore sizes«100 pm to8500 um) and their polydisperse counterparts via foamed

1,4-BDDMA-in-water emulsions. The concept using microfluidics is given in the figure below.
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Figure 4.14: Scheme of the concept of synthesizing monodisperse polymer foams via foamed
emulsion templating. (1) The formulated monormewater emulsion is foamed via
microfluidics, (2) polymerized, (3) dried, and (4) purified. Taken from [Dab21]. Reproduced
from M. L. Dabrowski, C. Stubenrauch, Methacrylate-Based Polymer Foams with Controllable
Pore Sizes and Controllable Polydispersities via Foamed Emulsion Templating, Adv. Eng.
Mater. 2021, 23, 2001013 (1-12) (https://doi.org/10.1002/adem.202001013) under the terms of
the Creative Commons Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH.

As visualized in Figure 4.14, the polydisperse 1,4-BDDMAvater emulsion consisting of

65 vol % 1,4-BDDMA, 30 vol % water, and 5 vol % glycerol, and stabilized witth & SDS

is foamed with nitrogen in a microfluidic flow-focussing set-up (Section 3.3 aidication

11, Section 4). The monodisperse foamed 1,4-BDDMAvater emulsion template is
collected and polymerized using 2 mol % BPO which was dissolved in the continuous phase
before Note that only organic phase initiators are usable. After purifying and drying (Section

3.1.2 andPublication Il , Section 4), a sub-porous poly(1,4-BDDMA) foam is obtained.
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Monodisperse Poly(1,4-BDDMA) Foams

The first part ofPublication 1l is about the synthesis of monodisperse poly(1,4-BDDMA)
foams with increasing pore sizes. To reach this goal, three microfluidic chips of different
dimensions were use®(blication 11l , Section 4). To work efficiently, each microfluidic set-

up was calibratedRublication Il , Sections 2.1 and 4). As continuous phase served 65 vol %
1,4-BDDMA, 30 vol % water, and 5 vol % glycerol with 5 wt % SDS for stabilization, while
nitrogen served as the dispersed phase. The procedure, which was used for the calibration of
one chip, equals the procedure describeBublication | (Sections 2.3 and 3.Bxcept that
different chips and pressure settings were used Harkli¢ation Il , Section 2.1 and 4).
Following this approach, it was possible to create bubble sizes ranging fram 68 pum

(using the chip with the smallest dimensions) to gi#®+ 3 um (using the chip with the largest
dimensions). ThéDI of the bubbles never exceeds 5%. According to [Drel0, Mael3], the
foamed emulsions are thus monodisperse. Then, three monodisperse foamed emulsion
templates with bubble sizes c100pum, 8200um, and 8400 um were generated and
polymerized. Figure 4.15 shows microscope pictures of the foamed 1,4-BOBDMAter
emulsion templates with their bubble size distributions. The exact mean bubble diameters can
be found in Figure 4.15 and in Table 4.4. As one can see in Figure 4.15, the bubbles are
monodisperse (left) and the bubble size distributions (right) are very narroR¥tegiven in

Table 4.4).

The resulting poly(1,4-BDDMA) foams were obtained by polymerizing the foamed emulsion
templates via UV-light. Figure 4.16 shows the resulting SEM pictures of the monodisperse
poly(1,4-BDDMA) foams (left) and their pore size distributions (right).
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Figure 4.15: Microscope pictures of monodisperse foamed 1,4-BDDiNvater emulsions

(left). The mean bubble diameters areu®@+ 1 um (top left), 19m £ 2 um (middle left),

and 39um = 5 um. The corresponding bubble size distributions are given on thenrght

100. 65 vol % 1,4-BDDMA, 30 vol % water, and 5 vol % glycerol with 5 wt % SDS were used
as continuous phase and nitrogen was used as dispersed phase. 2 mol % BPO was used as
initiator. Taken from [Dab21l]. Reproduced from M. L. Dabrowski, C. Stubenrauch,
Methacrylate-Based Polymer Foams with Controllable Pore Sizes and Controllable
Polydispersities via Foamed Emulsion Templating, Adv. Eng. Mater. 2021, 23, 2001013 (1-12)
(https://doi.org/10.1002/adem.202001013) under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH.
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Figure 4.16: SEM pictures of three monodisperse, open-cell poly(1,4-BDDMA) foams (left).
The mean pore diameters are 10@+ 15 um (top left), 19m+ 8 um (middle left), and
389um = 31 um (bottom left). The corresponding pore size distributions are given on the right
Nwotar = 100. Taken from [Dab21l]. Reproduced from M. L. Dabrowski, C. Stubenrauch,
Methacrylate-Based Polymer Foams with Controllable Pore Sizes and Controllable
Polydispersities via Foamed Emulsion Templating, Adv. Eng. Mater. 2021, 23, 2001013 (1-12)
(https://doi.org/10.1002/adem.202001013) under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH.
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Figure 4.16 reveals the following findings (viewing from top to bottom): (1) The polymerization

of the foamed emulsions to poly(1,4-BDDMA) foams was successful. (2) The poly(1,4-
BDDMA) foams are nearly monodisperse. However, tR8its slightly exceed th@Dls of the

liquid templates (Table 4.4). (3) The pore sizes increase in analogy to the bubble sizes and the
mean pore sizes correspond to the mean bubble sizes of the respective templates. The pores are
(4) clearly non-ordered, (5) close-packed (except the poly(1,4-BDDMA) foam with ilesm

mean pore size (Figure 4.16, top left)), (6) spherically shaped, and (7) interconnected via
windows (except the poly(1,BDDMA) foams with the smallest mean pore size (Figure 4.16,

top left)). In analogy to the pore sizes, the window sizes increase. (8) As shBulslization

II', the pore walls are porouBuyblication Il , Section 2.2.2, Figure 4).

Polydisperse Poly(1,4-BDDMA) Foams

In order to create comparable counterparts, microfluidics was also used to foam 1,4-BDDMA-
in-water emulsions with periodically changing bubble sizes as it was ddpebircation |
(Sections 2.3 and 3.3). The mean pore diameters of polydisperse poly(1,4-BDDMA) foams
were chosen to equal the mean pore size of the monodisperse counterparts + Z200i.e.

pum £ 25 um,8200 um £ 50 um, an@400 um = 100 um (the exact values are given in Figure
4.17 and in Table 4.4Figure 4.17 shows three of which and the respective bubble size
distributions. As shown in the microscopes picture in Figure 4.17, the bubbles are polydisperse
(seePDls given in Table 4.4). The bubble size distributions are wide and the bubble sizes are
nearly in the intended range (Table 4.4).

After polymerization, the polydisperse poly(1,4-BDDMA) foams shown in Figure 4.18 were

obtained.
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Figure 4.17: Microscope pictures of polydisperse foamed 1,4-BD¥Oin-water emulsions

(left). The mean bubble diameter are 108+ 26 pum (top left 231um £ 40 um (middle left)

and 414m+ 73 um (bottom left). The corresponding bubble size distributions are given on
the right nwotal = 100. 65 vol % 1,4-BDDMA, 30 vol % water, and 5 vol % glycerol with 5 wt

% SDS were used as continuous phase and nitrogen was used as dispersed phase. 2 mol % BPO
was used as initiator. Taken from [Dab21]. Reproduced from M. L. Dabrowski, C. Stubenrauch,
Methacrylate-Based Polymer Foams with Controllable Pore Sizes and Controllable
Polydispersities via Foamed Emulsion Templating, Adv. Eng. Mater. 2021, 23, 2001013 (1-12)
(https://doi.org/10.1002/adem.202001013) under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH.
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Figure 4.18 SEM pictures of polydisperse poly(1,4-BDDMA) foams (left). The mean pore
diameters are 133m = 32um (top), 24Qum=+ 44 um (middle), and 444m+ 121 pym
(bottom). The corresponding pore size distributions are given on thenight 100. Taken

from [Dab21]. Reproduced from M. L. Dabrowski, C. Stubenrauch, Methacrylate-Based
Polymer Foams with Controllable Pore Sizes and Controllable Polydispersities via Foamed
Emulsion  Templating, Adv. Eng. Mater. 2021, 23, 2001013 (1-12)
(https://doi.org/10.1002/adem.202001013) under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH.
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Figure 4.18 reveals overall the same findings as were obtained for monodisperse poly(1,4-
BDDMA) foams except that the polymer foams are polydisperse. For details see Table 4.4. In
contrary to monodisperse poly(1,4-BDDMA) foams, all polydisperse counterparts are close-
packed. Moreover, more and larger windows were found for each polydisperse poly(1,4-

BDDMA) foams compared to the monodisperse ones (Table 4.4).

Table 4.4: Mean bubble diameter& y g.zan¢PDIs of the monodisperse and polydisperse
foamed emulsion templates, mean pore diame®&is RDIs, and mean window diameters
@ZLQGQE the monodisperse and polydisperse poly(1,4-BDDMA) foams. Adapted from
[Dab21]. Adapted from M. L. Dabrowski, C. Stubenrauch, Methacrylate-Based Polymer Foams
with Controllable Pore Sizes and Controllable Polydispersities via Foamed Emulsion

Templating, Adv. Eng. Mater. 2021, 23, 2001013 (1-12)
(https://doi.org/10.1002/adem.202001013) under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License

(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH. Table 4.4 contains all information from the two
original tables from the publication and has been reformatted.

polydispersity] foamed emulsion template polymer foam
QXEéém PDI /% @R()Hm PDI /% @LQG/Psz
monodispersg 99+ 1 1 107 + 15 14 217
199+ 2 1 196 + 8 4 44 + 6
399+5 1 389 +31 8 107 £ 27
polydisperse| 108 * 26 24 133 + 32 24 34+8
231 + 40 17 240 + 44 18 68 + 18
414 + 73 18 444 + 121 27 159 + 78

Mechanical Compression

The last part oPublication Il deals with the mechanical properties of the poly(1,4-BDDMA)
foams. Therefore, all the poly(1,4-BDDMA) foams and bulk polymers (cylinde81@ cm,

and 84 cm high) were synthesized and treated as described in SectionPaillioation IlI

Section 4. Unfortunately, due to the fragile character of the poly(1,4-BDDMA) foams, only the
polymer foams with a mean pore size 8400 um could be measured (Section 3.5 or
Publication 1l , Section 4). At this pointwe want to mentiorthat the Bachelor studerg.

Dittrich determines the dimensions, the weight, the densities, and the porosities of the samples
used for mechanical compression tests. Furthermore, she measured and analyzed the stress-
strain curves of the polymer foams together with me. Figure 4.19 shows exemplary sections (

1 WR 1 O oMRe stress-strain curve of each polydispersity.
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Figure 4.19: Relation between stres§ DQG VWUDLQ 0 LQ PRQRGLVSHUV]
poly(1,4-%''0$ IRDPV ZLWK D 4B juhtd TekehkroR [D&b21]. Reproduced from

M. L. Dabrowski, C. Stubenrauch, Methacrylate-Based Polymer Foams with Controllable Pore
Sizes and Controllable Polydispersities via Foamed Emulsion Templating, Adv. Eng. Mater.
2021, 23, 2001013 (1-12) (https://doi.org/10.1002/adem.202001013) under the terms of the
Creative Commons Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH.

The shape of the stress-strain curves in Figure 4.19 corresponds to that of elastic brittle foams
[Gib99]. The values ofl D Q¢adnfirm that the poly(1,4-BDDMA) foams are were fragile.

Although the linear part of both curves is equaW KH <RXQJTV PRGXOXV RI WKH
poly(1,4-BDDMA) foam is slightly higher than that of the polydisperse counterpart (Tahle 4.5)
Looking at Table 4.5, one recognizes that the mean (relative) density of the monodisperse
poly(1,4-BDDMA) foams is also slightly higher compared to the polydisperse ones (the
porosities are inverse). The same applie$M&KH PHDQ UHODWLYPleaseR¥t® JTV PR
that the maximal errors for the mean density and the meBRX QJTV PRGXOXV Rl WEK
polymer and the monodisperse sample differ from the values lisReblitation 11l to a minor

extend. Due to the porous matrix, the mean porosity is larger than 74 vol % (87% for the
monodisperse and 90% for the polydisperse poly(1,4-BDDMA) foams). Compared to literature,
WKH PHDQ UHODWL YHhe pokQ,3- BUDMAR GAMsLare proportional to the

squared mean relative density, i@ 8 1.2. In comparison, th€. of the polydisperse
counterparts is roughly 1.7. However, due to the shape of the stress-strain curves, the influence

of the polydispersity is not determinable.
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Table 4.5: Mean density§ , ; the mean relative densitf . {0\ pyWKH PHDQ <RXQJ

moduli PrpD QG WKH PHDQ UHODWYHL <R XQudhvdispdred XamiL
polydisperse poly(1,4-BDDMA) foams. The mean density of the polymer is
1118 kgm3*+37kgm® 7KH PHDQ mddud afftve polymer is 275 MPa + 28 MPa.
Adapted from [Dab21]. Adapted from M. L. Dabrowski, C. Stubenrauch, Methacrylate-Based
Polymer Foams with Controllable Pore Sizes and Controllable Polydispersities via Foamed
Emulsion  Templating, Adv. Eng. Mater. 2021, 23, 2001013 (1-12)
(https://doi.org/10.1002/adem.202001013) under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/). © 2020 The Authors. Advanced Engineering
Materials published by Wiley-VCH GmbH. Table 4.5 contains all information from the original
table from the publication and has been reformatted.

monodisperse polydisperse
8 g ok Brop| Wrok Wrop 8 R ok Brop| Wrok Wrop
3 =3
w Browp| MPa Parowe| M Browp| MPa Parop
140 0.13 5.3 0.019 115 0.10 4.7 0.017
+ + + + + + + +
12 0.01 1.3 0.004 11 0.01 0.2 0.001

In summary, poly(1,4-BDDMA) foams with (1) different and controllable polydispersities
(monodisperse and polydisperse), (2) increasing pore sizes (between 107 um £ 15 um to 444
um £ 121um), increasing window sizes (between 21 pm £ 7 um to 159 um + 78um), and (3)
sub-porous pore walls were successfully synthesized via foamed emulsion templating
combined with microfluidics using different chip dimensions. If one compares the pore and
window sizes of poly(1,4-BDDMA) foams obtainedRablication 11l with those obtained in

Publication | via emulsion templating, both are significantly larger.
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5 Conclusion and Outlook

This PhD thesis demonstrates how the structure of polymer foams can be easily tailored. The
concepis based on templating routes in which the structure of a polymer foam is predetermin

by the structure of its liquid template [Stul8]. In the thesis at hand, two different templating
routes, namely emulsion and foamed emulsion templatie@, used to have access to diffdren

pore sizes. The same hydrophobic monomer can be used to pursue both templating routes,
namely 1,4-butanediol dimethacrylate (1,4-BDDMA). The structure of the poly(1,4-BDDMA)
foams was tuned by controlling the structure of the liquid template via microfluidics. Regarding
the two types of templates, the thesis is subdivided into two parts: (1) The synthesis and
characterization of poly(1,4-BDDMA) foams with controllable structures via emulsion
templating. (2) The synthesis of poly(1,4-BDDMA) foams with controllable structures via
foamed emulsion templating. Most of the results of this thesis are publisRedlination |
(emulsion tempalting)Publication Il and Publication Il (foamed emulsion templating),
while other parts have not been published.

(1) Thefirst poly(1,4-BDDMA) foams were generated via emulsion templating. The results are
published inPublication | ertitled Methacrylate-based polymer foams with controllable
connectivity, pore shape, pore size and polydispetsityis study primarily focusses on tuning

the structure of monodisperse poly(1,4-BDDMA) foams via microfluidics. The pore
connectivity (open- and closed-cell) as well as the pore shape (spherical and hexagdoeal) ca
varied by the locus of initiation [Liv08, Git08, Gurl0, GurRbp14, Quel6b]. Thus, open-cell
poly(1,4-BDDMA) foams were obtained by initiating the polymerization of 1,4-BDDMA in

the continuous (organic) phase using the oil-soluble initiator benzoyl peroxide (BPO). Closed-
cell poly(1,4-BDDMA) foams were obtained by initiating the polymerization of 1,4-BDDMA

at the interface using the water-soluble initiator potassium peroxodisulfate (KPS). The pore
sizes, in turn, can be controlled by the droplet sizes. For each initiator, three poly(1,4-BDDMA)
foams with pore sizes of§70 um, 8100 —P D Q& ub were synthesized. The
polymerization of the three BPO-containing emulsions led to close-packed, spherical, and open-
cell poly(1,4-BDDMA) foams with pore sizes that correspond to the respective droplet sizes.
The window sizes increase in analoythe pore sizes; they rangé HW Z HeI|@n &nd

816 um. Moreover, the pore walls are porous to a minor extend. The polymerization of the
three KPS-containing emulsions led to densely-packed, hexagonal, closed-cell poly(1,4-
BDDMA) foams, and the pore sizes are equal to the respective droplet sizes. In contrast to the

open-cell poly(1,4-BDDMA) foams, the pore walls are layered having different textures and
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the pores are filled with a large quantity of polymer particles. These structural features (partly
also given for open-cell poly(1,4-BDDMA) foams) result from chemical processes that occurr

in the emulsion template, i.e. the minor solubility of surfactant and/or (emulsified) water and
1,4-BDDMA in the other phase, respectively, andHarr IUHH]HG~ GXULQ.JINSRO\PHL
addition, the same procedure (same microfluidic set-up, same composition of the continuous
and dispersed phases) was successfully used to synthesize polydisperese poly(1,4-BDDMA)
foams with the same average pore sizes as their monodisperse counterparts since the average
pore size is equal. One polydisperse poly(1,4-BDDMA) foam was successfully synthesized for
each pore connectivity. The mean pore sizes&®um+ 25um. What was not reported in
Publication | is the fact that one open-cell and one closed-cell poly(1,4-BDDMA) foam was
characterized via micro-computed tomography. While the pores of the open-cell poly(1,4-
BDDMA) foams are randomly close-packed throughout, the pores of the closed-cell poly(1,4-
BDDMA) foams have a rhombic dodecahedral shape in three dimensions. Moreover, all
emulsion template polymer foams were tested via mechanical compression. The measurements
of the closed-cell poly(1,BDDMA) foams seem to be erroneous. As regards the open-cell
poly(1,4-BDDMA) foams, no dependendel| WKH <R X Q Jdh\Mhd’@i@ Xiz2 X¥nbn the
polydispersity was found.

(2) The results of the second part of this thesis dealing with poly(1,4-BDDMA) foams
synthesized via foamed emulsion templating to extent our research to larger pore sizes were
published in two papers. The first one, whicRislication Il of the thesis at hand; entitled
Formulation and polymerization of foamed 1,4-BDDMWA~ater emulsion$ The first part

of this study is about trying to find an optimum emulsion formulation. After some experiments
which were carried out using mechanical stirring for foaming, the best composition was found
to be 65 vol % 1,4-BDDMA, 30 vol % water, and 5 vol % glycerol. The second part of this
study deals with both the polymerization af foamed emulsion template and the
characterization of the (fine)structure of the resulting poly(1,4-BDDMA) foam. Due to the type

of template, the pore structure of the polymer foam consists of open-cell pores with a spherical
shape. As already shown for polystyrene foams in literature [Els17a], the pore walls of the
poly(1,4-BDDMA) foamsDUH KLJKO\ SRURVRVKW\3VXKEF XUV VLQFH W
phase (the emulsion) of the foamed emulsion template does not fully consist of the monomer.
The residual components are water and glycerol. Both components are non-polymerizable and
were removed during purification. The last part of this thesis is abvethacrylate-Based
Polymer Foams with Controllable Pore Sizes and Controllable Polydispersities via Foamed

Emulsion Templatingusing the founded emulsion compositi®ublication 11). The results
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were published irPublication Il . Following the same experimental proced(reluding
calibration of the microfluidic set-upgs in Publication |, three monodisperse, open-cell
poly(1,4-BDDMA) foams with mean pore sizes 8100 — P 2@ — P D @OGur8 were
synthesized by generating and polymerizing monodisperse foamed emulsion templates with the
same mean bubble sizes. The resulting poly(1,4-BDDMA) foams are close-packed and highly
interconnected (except the poly(1,4-BDDMA) foam with a mean pore si&100 um). The

window sizes grey with growing pore sizes frong20 pm, over840 um, up to8110 um. Like

in Publication I, the polydisperse counterparts were also synthesized (same experimental set-
up, same composition of the continuous phase). To prawdenterpart for each monodisperse
poly(1,4-BDDMA) foam, three controllablpolydisperse poly(1,4-BDDMA) foams were
successfully synthesized. The mean pore sizes correspond to the mean pore sizes of the
monodisperse poly(1,4-BDDMA) foams =+ 25%. Mechanical compression tests of
monodisperse and controllable polydisperse poly(1,4-BDDMA) foams with a mean pore size

R 1 490 um were performed to measure strgs¢/ UDLQ FXUYHV LQ RUGHU WR GH
moduli. 7KH PHDQ UHODWLYH <R Xqeaf \(rel&tiRe} Xeénsity DDQBe WKH
monodisperse poly(1,BDDMA) foams exceeds that of the polydisperse poly(1,4-BDDMA)
IRDPV VOLJKWO\ 7KH UHODW.L Y-Hndc ¢toseg-t§IMoRR G-RODMAR | WKH
foams are proportional to their squared relative density. Thus, the results are in line with the
literature [Gib99]. However, no conclusion can be made about the relation between

polydispersity and mechanical.

This PhD thesis provides approaches as to how one can reach very different polymer foam
structures without changing the monomer or any major components of the experimental set-up.
If one wants to synthesize polymer foams from hydrophobic monomers, emulsion and foamed
emulsion templating combined with microfluidics are the perfect tools to tune the pore
structures in a controlled way. As explained in the Introduction, the monomer 1,4-BDDMA
was chosen sindé is known to be a scouting system for propylene fumarate dimethacrylate
(PFDMA) [Mog14, Rob16]. Poly(PFDMA) foams are intended to be used as scaffold material
in bone tissue engineering [Mogl1, Mogl4, Rob14, Rob16]. To the best of our knowledge,
only polydisperse poly(PFDMA) foams with pore sizes small for tissue engineering exist
[Mogll, Mogl4, Rob14, Rob16]. Since this study demonstrates how the required pore sizes
(50 um to 500 um [Stul8]) and polydispersities are obtainable, the measurements can be
repeated with PFDMA. Especially foamed emulsion templating is expected to be of interest for

tissue engineering since the porous pore walls may facilitate the transport of nutrients
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5 Conclusion and Outlook

throughout the scaffold. However, emulsion and foamed emulsion templating needs to be
improved since the mechanical properties of the respective polymer foams are not suitable for
bone tissue engineering, yet. The mechanical properties can perhaps be improved by adding
additives. Irrespective of the used type of template, if microfluidics is to be used on an industrial
scale, one has to find a way to scale-up the volume of the generated emulsions or foamed
emulsionsNisisakoet al. [Nis12], who designed a microfluidic set-up containing severa chip

to enlarge the production rate, made a first step towards this direction. However, upscaling is
not only important in industry but also in research to be able to synthesize a large amount of
polymer foams for subsequent characterization, e.g. measuring the mechanical properties, cell
seeding efficiency (tissue engineering), acoustic or thermal properties. Another possibility to
increase the production rate of emulsions, foams, and foamed emulsions without loosing control
over the pore structure is to use membranes for emulsification [Kos05, Sti07, Dra08, Gas08,
EQi08, Hol10, Sil17] and foaming [BalO3a, Bal03b, Mue07]. It was shown that 1,4-BDDMA-
in-water emulsions are also foamable with a membrane (dispersion cell) leading to foamed

emulsions with controllable bubble sizes [Car20].
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Polymer foams are becoming increasingly important in industry, especially biodegradable polymer foams
are in demand. Depending on the application, polymer foams need to have characteristic properties,
which include connectivity and polydispersity. We show how polymer foams with tailor-made structures

can be synthesized from water-in-monomer emulsions which were generated

via microfluidics. As

monomer we used 1,4-butanediol dimethacrylate (1,4-BDDMA). Firstly, we synthesised monodisperse
open- and closed-cell poly(1,4-BDDMA) foams with either spherical or hexagonal pore shapes by
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varying the locus of initiation. Secondly, we were able to control the pore diameters and obtained
polymer foams of both connectivities and pore shapes with pore sizes from B 70 mm up to B 120 mm by
means of one microfluidic chip. Finally, we synthesized poly(1,4-BDDMA) foams with controllable

polydispersity. Here, the mean droplet diameter was the same as that of the monodisperse counterparts

rsc.lilpccp

1. Introduction

Polymer foams have numerous advantageous properties and
are therefore used in a wide range of applications such as
insulation, transportation, packaging and space applications.
Another emerging field is the biomedical sector. ? On a large
scale, the porous structure is obtained by foaming polymeric
materials either with the help of blowing agents or with the use
of mechanical energy. Another method is the generation and
subsequent polymerization of an emulsion ¢ which, so far, has
been used on a small scale only. The advantage of emulsion
templating is a much better control over the structure of the
resulting polymer foam. For emulsion templating one can use
either an oil-in-water (o/w) or a water-in-oil (w/0) emulsion. The
internal phase is called the dispersed phase, while the external
phase is defined as the continuous phase®-®Such emulsions
are called high internal phase emulsions (HIPES) if the dispersed
phase is equal to or larger than 74 vol% and the resulting polymer
foam is called polyHIPE.®2 A common monomer for emulsion
templating is styrene, often combined with the cross-linker

2Institute of Physical Chemistry, University of Stuttgart, Pfa enwaldring 55,
70569 Stuttgart, Germany. E-mail: cosima.stubenrauch@ipc.uni-stuttgart.de;
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in order to be able to compare the properties of the resulting polymer foams.

divinylbenzene (DVB)2-*3In particular, the synthesis of both
open- and closed-cell polymer foams is of great interest.
Williams et al.® were able to synthesize open- and closed-cell
styrene/DVB-based polymer foams by varying the surfactant
concentration. Cameron et al.*! studied the pore opening of
styrene/DVB-based polymer foamsvia cryo-scanning electron
microscopy. This method allowed them to follow the monomer
to polymer conversion process, which showed that the shrinkage
of the system during polymerisation leads to window for-
mation. Quell et al.**® studied how the pore connectivity of
styrene/DVB-based polymer foams is influenced by the locus of
initiation. Qualitatively, their results are in line with those of
Robinson et al.*® who studied propylene fumarate dimethacrylate
(PFDMA)-based polyHIPEs. In both @ses, initiation in the monomer
phase with a monomer-soluble ini tiator led to open-cell polymer
foams, while initiation at the interface with a water-soluble initiator
led to closed-cell polymer foams.*-*8rrespective of the monomer
and the initiator, all studies on emulsion templating deal with
polydisperse emulsions and thus with polydisperse polyHIPEs. 1116
Quell et al2*1>178\ere the first to synthesize monodisperse wio
emulsion templated polymer foams via microfluidics. Microfluidics

is a well-known technique for the generation of monodisperse gas
bubbles or droplets and is used in different areas such as chemical
synthesis or bioanalysis.*® Note that a system (emulsion/liquid
foam/polymer foam) is considered to be monodisperse if the
polydispersity of the dispersed phase (droplets/bubbles/pores)
is less than 5%.2%2% In recent years*?-2hicrofluidic techniques

Phys. Chem. Chem. Phys., 2020, 22, 155-168 | 155
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have been used to synthesize scaffolds for tissue engineering.
In this emerging field, bio-based, three-dimensional and highly
porous matrices are used as scaffolds with the view of enhan-
cing and facilitating tissue growth. 28:2° Interesting candidates
as scaffold materials are open-cell and monodisperse polymer
foams.?*-2"2°The interconnection of pores is necessary for the
supply of nutrients, 2*-2"?hile a monodisperse pore architecture
may facilitate a homogeneous and uniform nutrient supply and
cell growth throughout the scaffold. 2*-->Polymer foams for tissue
engineering can be synthesised by foaming an aqueous polymer
solution and subsequent cross-linking of the polymer. 2%-+-24:26:27
Alternatively, one can generge a water-in-monomer HIPE and
polymerize the monomer if the monomer is hydrophobic 62 and
can thus not be foamed.* In the first case, aqueous solutions of
hydrophilic polymers like gelatin, 2* polysaccharides’®?"3132and
polyvinylalcohol?* are used. In the latter case, hydrophabic
monomers like propylene fumarate diacrylate, ** propylene fuma-
rate dimethacrylate (PFDMA)63*-3and 1,4-butanediol dimetha-
crylate (1,4-BDDMAY>® have been used. However, to the best of
our knowledge, only polydisperse PFDMA- and 1,4-BDDMA-based
scaffolds have been reported so far. The mean pore diameters of
poly(PFDMA) foams and poly(,4-BDDMA) foams are around
6mM 3 mmand 14 mm 6 nm.>® Note that the continuous
phase of the methacrylate-based water-in-monomer emulsion
consists solely of the monomer. Therefore, monodisperse PFDMA-
based or 1,4-BDDMA-based polymerdams are expected to have very
good mechanical properties and thus be used as scaffold materials
in bone tissue engineering. 163437

Our aim was to synthesize and characterize monodisperse,
methacrylate-based polymer foams with (1) open- and closed-cell
pore structures, (2) dierent pore diameters, and (3) controllable
polydispersity. We used the purchasable 1,4-BDDMA as a scouting
monomer for PFDMA.*** Once the general concept is developed
we will synthesize PFDMA and the respective polymer foams as

View Article Online

Scheme 1 Molecular structure of 1,4-butane diol dimethacryla te (1,4-BDDMA).

inhibitor hydroquinone monomethylether (MeHQ), benzoyl per-
oxide (BPO, LuperoX A75, 75%) and ammonium peroxodisulfate
(APS,Z 98%) were purchased from Sigma Aldrich and potassium
peroxodisulfate (KPS, Z 99%) was purchased from Fluka. The
technical surfactant PGPR 4125 was kindly donated by Palsgaard.
Bi-distilled water (in the following called water) and NaCl were
used for all emulsion templates. Ethanol was used for Soxhlet
extraction. All chemicals were used as received without further
purifications. A detailed study of the biodegradability of
1,4-BDMMA-based polymer foams was carried out. The results
are presented in the ESI;t Section S1 (Fig. S1).

2.2 Emulsion generation and polymer foam synthesis

Monodisperse and polydisperse polymer foams are synthesised
in three steps: (1) the generation of a liquid w/o emulsion
template via microfluidics, (2) the subsequent polymerization
of the w/o template, and (3) the washing and drying of
the synthesized polymer foam. (1) For the generation of the
emulsion template via microfluidics, we used 1,4-BDDMA (10 g)
and 10 wt% PGPR 4125 (1 g) as the continuous phase and an
aqueous phase (10 g) with 5 wt% NaCl (0.5 g) as the dispersed
phase. NaCl needs to be added to increase the density of the
dispersed phase (ESIf Fig. S2.1 and S2.2). Each solution was
mixed with a magnetic stirrer (5 min, 500 rpm). For the
synthesis of open-cell polymer foams, 2 mol% of the oil-
soluble initiator (further called a monomer-soluble initiator)

ref. 34...37, since PFDMA-based polymer foams degrade much faster BPO (0.21 g) was dissolved in the continuous phase. For the

than 1,4-BDDMA-based polymer foams as will be shown in the
study at hand (ESH, Section S1). The polymer foam synthesis is
based on the generation of a w/o-emulsion template via micro-
fluidics and the subsequent polymerization of the hydrophobic
monomer while retaining the template structure. (1) To obtain
open- and closed-cell pore structures, we used a monomer-soluble
initiator for initiation in the organic phase and a water-soluble
initiator for initiation at the interface as described in ref. 14...16.
(2) For the synthesis of polymer foams with different pore sizes we
generated emulsion templates with different droplet sizes by varying
the pressure settings and polymerized them. (3) Finally, polymer
foams with controllable polydispersity were generated via the same
microfluidic device but with another pressure profile for the
generation of the emulsion templates as described in ref. 38.

2. Experimental part
2.1 Materials

1,4-Butanediol dimethacrylate (1,4-BDDMA, 95%), see Scheme 1
for molecular structure, containing 200 ppm...300 ppm of the

156 | Phys. Chem. Chem. Phys., 2020, 22, 155-168

synthesis of closed-cell polymer foams, 5 mol% of the water-
soluble initiator KPS (0.60 g) was added to the dispersed phase.
Note that Cosgri-Hernandez et al.'®3* used APS as a water-
soluble initiator which did not work for our system. The
respective phase was stirred with a magnetic stirrer (20 min,
500 rpm) to ensure a homogeneous distribution of the initiator.
The masses of the surfactant, salt and initiator were calculated
with respect to the mass or amount (mol) of the 1,4-BDDMA
monomer. All emulsion templates were generated via micro-
fluidics (Section 2.3). The final emulsion was collected in a
glass tube (VWR, 44.6 mm 14.65mm, + i,ner E 1.3 cm). Due
to gravity the droplets sedimented and ordered themselves in a
hexagonal closed-packed structue. Simultaneously, a continuous
1,4-BDDMA excess phase was formed on top of the sample.
A nearly transparent excess phase and a flat emulsion surface
indicated the end of the droplet sedimentation process. After
removing the excess phase, one obtained a w/o HIPE with a
dispersed phase volume of 74%. The final emulsion height
was B 1 cm. The emulsion was then polymerized for 6 h via
UV-polymerization by placing the emulsion template in the
centre between two UV-lamps Heraeus MH-ModuR50 W Z4 XL,

This journal is © the Owner Societies 2020



Published on 03 December 2019. Downloaded on 4/30/2021 12:03:C

spectral range from B 250 nm...500 nm) which face each other.
Then, the glass tube was broken to remove the polymer foam.
The polymer foam was purified via Soxhlet extraction with
ethanol at 100 1C for at least 12 h and dried in an oven at
70 1C for B 72 h to remove residual water.

2.3 Microfluidic device for emulsion generation

The main part of a microfluidic device is the microfluidic chip.
For the generation of each emulsion template we used a glass
chip from Dolomite with a hydrophobic coating. We only used
the flow-focussing chip geometry (X-junction) with a constric-
tion of a depth of 100 mm and a width of 105 nm. The channel
depth is 100 mm and the channel width is 300 nm. The two
phases were placed in 100 ml glass bottle from Schottequipped
with a GL45 capfrom Vaplock which was connected with the
pressure controller and the microfluidic chip. The latter was
connected by FEP tubingg1/16°° 0.5 mm) from Dolomite. The
flow of both phases was pressure controlled with an Elveflow
OB1 MKIIll+ pressure controller. The pressure of nitrogen
was set with the software Elveflow Smart Interfaceprovided by
Elveflow For the generation of monodisperse droplets, we used
the esconstantes pressure profile (within the software) for both
phases. The continuous phase was pumped through the two
outer inlet channels and the dispersed phase was pushed
through the inner inlet channel. By selecting an appropriate
pressure setting for the dispersed phase (Section 3.1 and Fig. 1),
droplets were formed at the chip constriction. The final
emulsion left the microfluidic chip through an outlet channel.

A Nikon SMZ745Toptical microscope equipped with a Mikroton
EoSens CL MC1362igh speed camera was used to follow
the droplet generation. The microfluidic chip was placed on a
Dolomite mitos microscope stageshich was connected via an
optical fiber with a Schott KL 1500 Compactiight source.
Microscope pictures were taken by using the software Motion-
BLITZ Director2 Kitfrom Mikroton.

Calibration is necessary to determine the pressure range
which can be used to produce droplets of uniform sizes with
di erent diameters. Here, the used quantities of substances
were double of quantities shown in Section 2.2, a glass chip
with and without a hydrophobic coating was used and the
pressure for the continuous phase was kept constant at 50 mbar,
while the pressure of the dispersed phase was stepwise varied in
order to generate di erent sizes of uniform droplets (Section 3.1
and Fig. 1). At each pressure combination of the two phases, a
micrograph of the monolayer of the emulsion was taken.

The final monodisperse emulsion templates were generated
following the same procedure. The pressure of the continuous
phase was fixed at 50 mbar, while the selected pressure setting
for the dispersed phase depended on the droplet diameter
(Fig. 1). For the generation of the final emulsion templates
with a controllable polydispersity, the same experimental setup
was used but we changed the pressure profile of the dispersed
phase to a sesinees profile. Thus, the pressure of the dispersed
phase ran periodically through a sine curve, beginning from a
minimum over a maximum back to a minimum. The pressure
of the continuous phase was also kept constant at 50 mbar.

This journal is © the Owner Societies 2020
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One period t took 10 s (Fig. 7, top left). In the case of the
BPO-containing emulsion the pressure of the dispersed phase
was varied from 33 mbar to 45 mbar (Fig. 7, top right), therefore
the mean pressure of the dispersed phase wasB 39 mbar. In
the case of the KPS-containing emulsion the pressure was
varied from 34 mbar to 47 mbar, the mean pressure of the
dispersed phase wasB 41 mbar. The following steps were the
same as those used for the generation of the monodisperse
emulsion templates. The characterization of the final mono-
disperse and polydisperse emulsion templates is described in
Sections 2.4 and 2.5.

2.4 Optical microscopy and scanning electron microscopy
(SEM)

Emulsions were characterized via optical microscopy using the
set-up described in Section 2.3. Here, one droplet of the w/o
emulsion was collected on a microscope glass slide (76 mm
52 mm 1 mm) that was rotated carefully to isolate the water
droplets, which facilitates the determination of droplet diameters.
Finally, a microscope picture (resolution: 1280  1024) of the
monolayer was taken. Note that the monolayers with very large
droplets (at high dispersed phase pressures, beginning at
B 48 mbar) had to be diluted in the continuous phase earlier
to isolate the water droplets. The latter was not necessary for
taking microscope pictures of the monolayers. The mean
droplet diameters were determined as described in Section 2.5.
Polymer foams were characterized via scanning electron
microscopy (SEM). The samples were broken or cut horizontally
and vertically with a razor blade into small specimens after
being frozen in liquid nitrogen to protect the structure from
frictional heat. Please note that a few samples broke vertically
already during the removal of the glass tube. The specimens
were fixed on a SEM specimen stub with a conductive silver
glue from Plano (Acheson 141pand coated with carbon (from
Plang) in an Emitech K550sputter coater. The morphology of the
polymer foams was characterized with a CamScan CS441)
scanning electron microscope (SEM) using Secondary Electron
Imaging (SEI) and a voltage of 5 kV (SEM pictures in Fig. 3, 5
and 8). SEM pictures were taken by using the software Edax
Genesisat a resolution of 1024  800. Additionally, a Zeiss
Gemini (2) SEM 500SEM using SEI and a voltage of 3 kV (SEM
pictures in Fig. 4 and 6) was used to characterize the fine
structure of polymer foams at higher magnifications ( i.e.4 500 ).
The user interface is called SmartSEM The pore diameters,
window diameters and skin thicknesses were determined with
SEM pictures of polymer foams made with SEM (1)CamScan CS44
SEM by using the original micrographs. Afterwards, the software
ImageJwas used to improve the contrast and brightness of the
SEM pictures in Fig. 3, 5 and 8 and to add the scale bars into all
plain micrographs.

2.5 Determination of droplet diameters, pore diameters,
window diameters, skin thicknesses and PDles

The mean droplet and pore diameters were determined as
follows. A fixed number of droplet and pore areas were deter-
mined in the original microg raphs by using the software ImageJ

Phys. Chem. Chem. Phys., 2020, 22, 155-168 | 157
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The droplet areas Ayropler Were determined automatically by the
software or manually by encircling each droplet in the two-

dimensional microscope picture (s) of the monolayer of the emul-
sion templates. The pore areas Ay,e Were determined by encir-
cling each pore manually in the two-dimensional SEM pictures of

specimens of polymer foams (made with SEM (1)). The mean
droplet and pore diameters dyoplevpore Were calculated with
eqn (1). The arithmetic mean &fg,omeupore (egn (2)) and the
standard deviation of the mean droplet or pore diameter s
(egn (3)) were then calculated both for a total number of droplets

and pores Ny of 200.
r

Adro
plet=pore
ddroplet:pore Va2 ———— (1)
Dotal
ddroplet:pore Ya ddroplet;i:pore;i (2)
otal i
S P 5
S Y, ddroplet:pore ddroplet:pore (3)
Notar 1

The droplet and pore size distributions were plotted using the
software SigmaPlof with n being the number of droplets and pores
of the same diameter range and nyy being the total number of
determined droplet and pore diameters. The polydispersity
index PDIwas calculated by using egn (4) which is in line with
the literature. °

PDI %i—> 100 4)
droplet=pore

Note that we only used the mathematically calculated mean
diameter and its standard deviation for the quantitative char-
acterization of emulsions and polymer foams within this paper.
Thus, in a few cases, the calculated mean diameter does not
completely match with the estimated mean diameter in the
droplet and pore size distributions. Additionally, systematically
and randomly made errors were neglected by considering only
the mathematically calculated standard deviation.

For calibration, the areas of 200 droplets for each monolayer
were determined and all pressure combinations, which lead
to a monolayer with a PDI of r 5%, were considered. The
calibration was then repeated twice and a mean diameter of
600 droplets with standard deviation (Fig. 1) and PDI was
calculated. For the calculation of the mean droplet diameter
daropler With PDI of the final emulsion templates the areas
of 200 droplets for each monolayer within the microscope
pictures (at 5 magnification) were determined and for the
calculation of the mean pore diameter dyore with PDIthe areas
of 200 representative pores in dierent areas of the sample
(horizontally and vertically cut) within the SEM pictures
(at 100 magnification) were determined. For the pore size
determination, both spherical pores (BPO-initiated polymeriza-
tion) and hexagonal pores (KPS-initiated polymerization) were
treated as spheres.

ImageJwas also used for the determination of the mean
window diameters (BPO-initiated polymerization) and the

158 | Phys. Chem. Chem. Phys., 2020, 22, 155-168
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mean skin thicknesses at di erent locations in the sample
(KPS-initiated polymerization) in the SEM pictures made with
SEM (1). For this purpose, only adjacent pores were taken into
account. The window diameters were determined in the same
way as the mean droplet and pore diameters. Note that some
parts of the windows are clearly open, while other parts show
thin remains of polymeric skins. For the determination of the
window diameters, only the areas of clearly open parts of
50 windows were analysed with SEM pictures (at 250 magni-
fication). For measuring the thicknesses of the skin, which
surrounds each pore of the closed-cell polymer foams, the
mean thickness and its standard deviation were measured at
two locations using the SEM pictures (at 500 magnification).
50 skin thicknesses at the vertex (area between three pores in a
two-dimensional SEM picture) and 50 skin thicknesses at
the estimated thinnest point between two adjacent pores were
determined.

3. Results and discussion

3.1 Generation of monodisperse water-in-1,4-BDDMA
emulsion templates

Calibration of a microfluidic device. In ref. 14, 15, 17 and
18 polystyrene foams with a pore diameter of around 70 mm to
75 mm were synthesized. The focus of the present study is to
synthesize 1,4-BDDMA-based polymer foams with dierent
pore diameters. Therefore, calibration of the microfluidic
device was carried out as described in Section 2.3. Our aim
was to generate droplets with di erent diameters in a monomer
matrix and to subsequently polymerize the monomer in order
to obtain polymer foams with pores that are equal to the
droplet size. The continuous phase was 1,4-BDDMA with
10 wt% PGPR 4125 and the dispersed phase consisted of an
aqueous phase with 5 wt% NacCl. The calibration was carried
out (1) without any initiator, (2) with 2 mol% BPO in the
continuous phase, and (3) with 5 mol% KPS in the dispersed
phase. The pressure of the continuous phase was kept constant
at 50 mbar (Section 2.3), while the pressure of the dispersed
phase was increased to generate droplets with increasing sizes.
We obtained a uniform and continuous single-row and double-
row flow of spherical droplets which become larger by increas-
ing the pressure and deform until a certain pressure was
reached, i.e. a certain droplet diameter is reached caused by
the restricted area of the channels. Finally, each pressure
combination leads to monodisperse and spherical droplets.
Please note that microfluidics is a very sensitive method. Even
the slightest change in the experimental device may a ect the
pressure settings for the generation of each droplet diameter.
Therefore, the three calibration curves were measured three
times in order to have a reliable guideline for the adjustment of
the dispersed phase pressure. Finally, an overall mean droplet
diameter of 600 droplets with its standard deviation (Fig. 1) and
PDI were calculated as described in Section 2.5. The graph in
Fig. 1 shows how the mean droplet diameter increases with
increasing pressure of the dispersed phasepgp.

This journal is © the Owner Societies 2020
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Fig. 1 Calibration curves of the base system, 1,4-BDDMA containing
10 wt% PGPR 4125 as the continuous phase and an aqueous phase
containing 5 wt% NaCl as the dispersed phase, without any initiator, with
2 mol% BPO in the continuous phase and with 5 mol% KPS in the dispersed
phase. The masses of the surfactant, salt and initiator were calculated
with respect to the mass or amount (mol) of the monomer 1,4-BDDMA.
The pressure of the continuous phase was kept constant at 50 mbar.

It can be seen that there is a nearly linear trend between the
droplet diameter and pressure of the dispersed phase. Without
any initiator we generated droplets from 54 mm 7 mm
(PDI= 13%) to 176 nm 4 mm (PDI = 3%). The same droplet
sizes (54mm  5mm, PDI=8% and 181mm 20 mm, PDI= 11%)
were obtained in the presence of the initiator BPO, while in the
presence of the initiator KPS a slight drift towards smaller
droplet sizes was observed with increasingpgp (57 Mfm 3 mm,
PDI= 6%, and 157nm 3 nm, PDI = 2%). However, the values
are still within the experimental error. In general, the lower
boundary for droplet generation is determined by both the
microfluidic chip constriction and our optical microscope. Due
to the limited magnification of the microscope very small
droplets cannot be characterized. The upper boundary for the
droplet generation is the dropletse own weight.

Monodisperse monolayers. For the synthesis of monodis-
perse polymer foams, we generated three w/o emulsion tem-
plates with droplet diameters of B 70 nm, B 100 nm, and
B 120 nm by using our microfluidic device (Section 2.3). The
calibration curve (Fig. 1) was used as a guideline. As the
continuous phase and dispersed phase, we used our base
system 1,4-BDDMA containing 10 wt% PGPR 4125 and an
aqueous phase containing 5 wt% NaCl (Section 2.2) with either
2 mol% BPO dissolved in the continuous phase or 5 mol% KPS
dissolved in the dispersed phase. Fig. 2 shows the three
obtained monolayers of the emulsion templates.

The left-hand side of Fig. 2 shows the resulting monolayers
with increasing droplet diameters from top to bottom. In this
case, the template contained BPO as the initiator. In case KPS
was used, the monolayers look nearly the same (ESH Fig. S3).
The right-hand side of Fig. 2 shows the corresponding droplet
size distributions of BPO- and KPS-containing templates. Both
the microscope picture and the droplet size distributions reveal

This journal is © the Owner Societies 2020
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a high monodispersity of droplets. The mean droplet diameters
with standard deviation and the PDI of the BPO- and KPS-
containing templates are listed in Tables 1 and 2. The mean
droplet diameters of our templates do not match exactly with
our calibration curve for a given pressure combination but are
in line with the calibration within the experimental error.

3.2 Monodisperse poly(1,4-BDDMA) foams

To synthesize monodisperse polymer foams with di erent pore
sizes the emulsion templates (Fig. 2) were subsequently poly-
merized and characterized as described in Sections 2.2 to 2.5.
Initiation with BPO in the continuous phase led to open-cell
poly(1,4-BDDMA) foams (Fig. 3), while initiation with KPS at the
interface led to closed-cell poly(1,4-BDDMA) foams (Fig. 5).

3.2.1 Open-cell poly(1,4-BDDMA) foamsvia continuous
phase initiation. For the synthesis of open-cell poly(1,4-BDDMA)
foams 2 mol% BPO was dissolved within the continuous phase.
Fig. 3 shows the resulting poly(1,4-BDDMA) foams with increasing
pore diameter from top to bottom (Fig. 3, left) and the corres-
ponding pore size distributions listed in the same order (Fig. 3,
right).

The polymer foam seen in Fig. 3 (top left) has a closed-
packed structure of spherical pores with a mean pore diameter
of 72 mMm 4 mm. In some parts of the sample the pores are
highly ordered, while in other parts there are not. The degree of
order of the pores increases from the outside to the inside of
the sample. According to the SEM picture, to the pore size
distribution (Fig. 3, top right), and to the calculated PDI
(Table 1) the polymer foam is monodisperse. To sum up, the
polymerization of a liquid emulsion template with a mean
droplet diameter of 66 Mmm 2 nm and a PDI of 3% led to a
polymer foam with a mean pore diameter of 72 mm 4 nm and
a PDI of 6%. Comparing the values one sees that the pore
diameter is in the same range as the droplet diameter. The
slightly higher PDI of the polymer foams was probably caused
by an irregular, not perfect equatorially broken sample. Addi-
tionally, in some parts of the polymer foam the closed-packed
pores of the polymer foam are interconnected via so-called
windows, while in other parts they are not. The mean window
diameter of this sample is 10 nm 2 nm. Finally, a closer look
at the pore walls (Fig. 4) reveals an additional porosity. We will
come back to this point further below.

If one compares the open-cell poly(1,4-BDDMA) foam in
Fig. 3 (top, left) with the open-cell styrene/DVB-based polymer
foams in ref. 14 and 15 one sees an agreement related to the
pore size, the spherical pore shape as well as the window
formation. The SEM pictures of the other two samples tell the
same story but for larger pore diameters. The mean pore
diameters of 100 nm 5 nm with a PDI of 5% (Fig. 3, middle)
and 126 nm 8 mm with a PDI of 6% (Fig. 3, bottom) were
obtained from the mean droplet diameters of 97 mm 1 mm
(PDI = 2%) and 119 nm 2 mm (PDI = 1%). The window
diameters are 12mm 3 mm and 16 mm 3 mm, respectively.
Thus the window diameter increases simultaneously with the
pore diameter (Table 1). The spherical and in most cases
interconnected pore structure of all poly(1,4-BDDMA) foams
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Fig. 2 Microscope pictures of monolayers of monodisperse emulsion templates with droplet diameters of around 70 mm (top), 100 nm (middle) and
120 mm (bottom) for emulsion templates containing 2 mol% BPO in the continuous phase (left) and the corresponding droplet size distributions with
Notar = 200 (right). The droplet size distribution for the KPS-containing samples is also shown (right), while the microscope pictures of the monolayers
containing 5 mol% KPS in the dispersed phase are shown in the ESIt (Fig. S3). The continuous phase of the emulsion template consisted of 1,4-BDDMA
containing 10 wt% PGPR 4125, the dispersed phase was an aqueous phase containing 5 wt% NaCl. The masses of the surfactant, salt and initiator were
calculated with respect to the mass or amount (mol) of the monomer 1,4-BDDMA.

is a result of the locus of initiation. If the monomer-soluble the continuous phase. During polymerization the viscosity of
initiator BPO is used the initiation of 1,4-BDDMA takes place in  the continuous phase increases. Eventually windows are
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Fig. 3 SEM pictures of specimens of monodisperse, continuous phase initiated poly(1,4-BDDMA) foams with 2 mol% of the monomer-soluble initiator
BPO with pore sizes of around 70 nm (top left), 100 mm (middle left) and 120 nm (bottom left) and the corresponding pore size distributions with Ny =
200 (right). The continuous phase of the emulsion template consisted of 1,4-BDDMA containing 10 wt% PGPR 4125, the dispersed phase was an aqueous
phase containing 5 wt% NaCl. The masses of the surfactant, salt and initiator were calculated with respect to the mass or amount (mol) of the monomer
1,4-BDDMA.

formed at the contact point of two closed-packed droplets contact or the emulsion templates are not closed-packed, no
caused by the shrinkage of the continuous phase. In case windows form and we observe a more or less thick polymeric
neighbouring droplets of the emulsion template do not directly matrix between two pores. There are two possible explanations

This journal is © the Owner Societies 2020 Phys. Chem. Chem. Phys., 2020, 22, 155-168 | 161



Published on 03 December 2019. Downloaded on 4/30/2021 12:03:C

Fig. 4 Close up SEM picture of the fine structure of a specimen of a
monodisperse, continuous phase initiated poly(1,4-BDDMA) foam by using
2 mol% of the monomer-soluble initiator BPO. The continuous phase of
the emulsion template consisted of 1,4-BDDMA containing 10 wt% PGPR
4125, the dispersed phase was an aqueous phase containing 5 wt% NaCl.
The masses of the surfactant, salt and initiator were calculated with respect
to the mass or amount (mol) of the monomer 1,4-BDDMA. The SEM
picture was exemplary made for all three polymer foams at a pore
diameter of 100 nmm 5 nm.

for the additional porosity of the pore walls. Firstly the presence

of a surfactant (10 wt% relating to 1,4-BDDMA) and secondly
the presence of emulsified water droplets in the continuous

phase which are both removed during Soxhlet extraction. While
the first explanation is obvious, we have no experimental
evidence for the second one yet.

Table 1 Mean droplet diameters &’gmmet and PDlIs of the monolayers of
the emulsion templates containing BPO as initiator as well as the mean

pore diameters Gﬁore, its PDIs and the mean window diameters &Qingow Of
all three open-cell poly(1,4-BDDMA) foams

Emulsion template Polymer foam

a{qroplet/nm PDV% &?%re/rTm PDV% &(?/indow/nm
66 2 3 72 4 6 10 2
97 1 2 100 5 5 12 3
119 2 1 126 8 6 16 3

3.2.2 Closed-cell poly(1,4-BDDMA) foamsvia interfacial
initiation.  For the synthesis of closed-cell poly(1,4-BDDMA)
foams 5 mol% KPS was dissolved within the dispersed phase.
Fig. 5 shows the resulting poly(1,4-BDDMA) foams with increasing
pore diameter from top to bottom (Fig. 5, left) and the corres-
ponding pore size distributions listed in the same order (Fig. 5,
right).

The first polymer foam (Fig. 5, top left) has a closed-packed
structure of hexagonal pores which are highly ordered in many
parts of the sample. The mean pore diameter of the polymer
foamis 74mm 2 mm, which is equal to the droplet diameter of
67mMm 2 nm. To simplify the comparability with the spherical
pores (BPO-initiated polymerization), the hexagonal pores
were treated as spheres and their diameter was calculated as
described in Section 2.5. The corresponding pore size distribu-
tion is illustrated in Fig. 5 (top right), the PDI is listed in
Table 2. Both the pore size distribution and the PDIconfirm the
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monodispersity of the poly(1,4-BDDMA) foam. Interestingly,
the pores are filled with small particles. In contrast to the
open-cell poly(1,4-BDDMA) foams, every pore is surrounded by
a skin. The skin has a unique thickness of 1.0 mm 0.5 nm,
while the total thickness of the pore walls varies: first, the pore
walls are the thinnest between two pores. In some cases the
thinnest part of the pore wall at the contact point between two
pores consists solely of the skin (i.e. of two skins, which are
merged), while in other cases a porous inner layer is observed
between two skins (Fig. 6). This additional layer appears if the
neighbouring droplets of the emulsion template do not directly
contact or if the polymer foam is not closed-packed which has,
in turn, an impact on the pore wall thickness. The structure of
this porous layer is very similar to that found for the BPO-
initiated polymer foams (see Fig. 4 for comparison). In sum-
mary, the pore walls of the KPS-initiated polymer foams are
layered and got thicker the more one approaches the vertex as is
clearly seen in Fig. 6. Note that for determining the thickness of
the pore skin we only analysed the thinnest part of the pore wall
between two adjacent pores which has no inner layer. We will
come back to this point further below.

Comparing the closed-cell poly(1,4-BDDMA) foam in Fig. 5
(top, left) with the results of the styrene/DVB-based polymer
foams in ref. 14, 15, 17, and 18 one sees that the structural
properties including the pore size, the hexagonal shape,
the formation of particles in the pores as well as the skin
formation and the porous pore walls do agree with those of
Quell et al.**1®1718 The SEM pictures in Fig. 5 show that the
closed-cell pore structures, the hexagonal shapes and the
presence of small particles inside the pores do not depend on
the pore size. The same independence was found for the
thickness of the skin, while the thickness of the pore wall again
depends on the location (between two pores vs. vertex).
Characteristic details of the KPS-initiated poly(1,4-BDDMA)
foams with larger sizes (Fig. 5, middle left, bottom left) can
be found in Table 2.

In case of interfacial initiation with KPS, we hypothesize that
the resulting polymer foam structure is caused by a couple of
di erent mechanisms that occur either simultaneously or con-
secutively. Since there is a measurable solubility of the mono-
mer in water polymerisation of the monomer inside the water
droplets leads to the formation of small particles on the pore
walls and within the pores. The unique distribution of these
particles is interesting. Therefore, we assume that the particles
are movable as long as they are encircled by water. At the
same time the polymerization is initiated at the interface by a
peroxodisulfate radical. As a result, a polymer skin around the
droplet is formed in which the solubility of possibly emulsified
water droplets as well as the surfactant is lower compared to the
monomer phase. These water droplets and the surfactant
diuse to the interior of the pore walls, which causes the
additional porosity in the middle of the pore walls after Soxhlet
extraction (Fig. 6). The constant and homogeneous skin
thickness observed in all samples can be explained by structure-
independent polymerization kinetics. Once a certain poly-
merisation degree is reached ... and this happens obviously
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Fig. 5 SEM pictures of specimens of monodisperse, interfacial initiated poly(1,4-BDDMA) foams with 5 mol% of the water-soluble initiator KPS with pore
sizes of around 70 mm (top left), 100 mm (middle left) and 120 mm (bottom left) and the corresponding pore size distributions with Ny = 200 (right). The
continuous phase of the emulsion template consisted of 1,4-BDDMA containing 10 wt% PGPR 4125, the dispersed phase was an aqueous phase
containing 5 wt% NaCl. The masses of the surfactant, salt and initiator were calculated with respect to the mass or amount (mol) of the monomer
1,4-BDDMA. Whether the pores are filled with particles or not depend on the considered specimen of the sample.

always after the same time ... water and the surfactant are a hexagon indicates that the skin was elastic until the poly-
expelled leading to dense outer polymer-rich and porous inner  merisation was finished. Initiation of the polymerization at the
polymer-poor layers. The droplet deformation from a sphere to  interface leads to polymerization of the continuous phase from
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Fig. 6 Close up SEM pictures of the fine structure of a specimen of a

monodisperse, interfacial phase initiated poly(1,4-BDDMA) foam by using

5 mol% of the water-soluble initiator KPS. The continuous phase of the

emulsion template consisted of 1,4-BDDMA containing 10 wt% PGPR
4125, the dispersed phase was an aqueous phase containing 5 wt% NacCl.
The masses of the surfactant, salt and initiator were calculated with respect

to the mass or amount (mol) of the monomer 1,4-BDDMA. The SEM

picture was exemplary made for all three polymer foams at a pore

diameter of 107 5 mm.

the monomer/water interface to the interior of the films until
the continuous phase is completely polymerized. We assume
that skin formation is faster than the shrinkage of the contin-
uous phase which, in turn, prevents hole formation.

Table 2 Mean droplet diameters &@,Omet and PDlIs of the monolayers of
the emulsion templates containing KPS as an initiator as well as the mean
pore diameters 8/30,8, its PDIsand the mean thicknesses of the skins ¥4, of
all three closed-cell poly(1,4-BDDMA) foams

Emulsion template Polymer foam

@8ropler/mm PDI% BBore/nm PDI% % /rm

67 2 3 74 2 3 07 02
98 2 2 107 5 5 11 04
122 2 1 127 5 4 11 05

However, there is still one open question: Which mechanism
leads to the deformation of the droplets? Quell et all#1%1718
synthesized closed-cell polystyrene/-DVB foamsvia interfacial
initiation of the polymerisation and obtained polymer foams
of the same structural properties as the interfacial initiated
1,4-BDDMA-based polymer foans. They hypothesised that the
hexagonal shape was a result of an osmotic transport within the
continuous phase caused by di erent reaction kinetics of styrene
and DVB, which lead to a concentration gradient.**® Quell
et al}**517"185rqued that a second monomer is the prerequisite
for the formation of hexagonal pores. However, the poly-
(1,4-BDDMA) foams were synthesized from one monomer only
and thus the osmotic transport cannot be the reason for the
conversion of a spherical droplet into a hexagonal pore. Pre-
liminary experiments with the water-soluble initiator APS may
help in understanding the deformation of droplets. One of our
first poly(1,4-BDDMA) foams had a porous structure with
spherical pores that are not closed-packed (ESI Fig. S2.2).

View Article Online

pore structure and the hexagonally shaped pores. We keep
searching for an explanation.

3.3 Poly(1,4-BDDMA) foams with controllable polydispersity

As mentioned in the introduction, most polymer foams are
polydisperse ®*116 Moreover, the polydispersity can be con-
trolled only to a very limited extent. If one wants to study the
influence of polydispersity on the properties of polymer foams
it needs to be tunable. In addition, if one wants to compare the
properties of monodisperse and polydisperse polymer foams
the latter must have the same mean pore diameter. To fill this
gap, we synthesized polydisperse counterparts of the mono-
disperse poly(1,4-BDDMA) foams with both initiators. However,
the pore sizes of poly-1,4-BDDMA foams synthesizedvia the
polymerization of polydisperse w/o-emulsions generated in a
speed mixer are about 14mm 6 mm.3® Hence, these dimensions
are not comparable with the pore dimensions of the mono-
disperse poly(1,4-BDDMA) foamssynthesized in the present study
which are between 70mm and 120 mm as described in Section 3.2.
Andrieux et al*® developed a method for the generation of
bubbles with controllable polydispersity which we used to
generate droplets of the same mean diameter but dierent
polydispersities. We used the same experimental setup as in
Section 3.2 and changed the pressure profile of the dispersed
phase with the software as described in Section 2.3. Thus, mono-
disperse droplets with dierent diameters were generated peri-
odically (Fig. 7, top) leading to a polydisperse sample. The
periodically changing pressure was set such that droplets with
diameters of 95 mm 25 nm were generated.

The mean droplet diameter of the BPO-containing mono-
layer in Fig. 7 is about 87 mm 15 nm with a PDlof 17%. The
corresponding KPS-containing emulsion template looks similar
but with a few larger droplets (ESI,t Fig. S4) and thus with a
mean droplet diameter of 102 nm 18 nm and a PDI of 18%.
The droplet diameters shown in Fig. 7 and listed in Table 3 are
slightly di erent due to the following reasons. Firstly, the time
of one period t was set equal to 10 s, while it only took a few
seconds to collect a monolayer of water droplets. Secondly, it is
not possible to collect a monolayer of water droplets of exactly
one period t. Thus, the monolayer did not contain all droplet
diameters but a larger number of the same droplet diameters
(Fig. 7, bottom left). However, this misconception is of no
relevance for the pore sizes of the polymer foam since sample
collection for the subsequent polymerization took 4 10 s. Fig. 8
shows the corresponding polydisperse BPO-initiated poly-
(1,4-BDDMA) foam (top left) and the polydisperse KPS-initiated
poly(1,4-BDDMA) foam (bottom left) with plots of the corres-
ponding pore size distributions listed in the same order (right).

The SEM picture of the BPO initiated poly(1,4-BDDMA) foam
(Fig. 8, top left) shows a closed-packed, non-ordered structure
of spherical pores with a mean pore diameter of 94 mm 14 mm
and a PDI of 15%. Comparing the droplet diameter (87 mm
15 nm) with the pore diameter, one clearly sees that neither the
pore size nor the pore shape nor the PDI charged significantly.
The mean window diameter is 11 nm 3 mm and thus compar-

Therefore, we assume a relation between the closed-packed able with that of the monodisperse counterparts. The other SEM
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Fig. 7 Schematic drawing of a sine profile (top left), microscope pictures of the droplet generation inside the microfluidic chip during one period with
di erent pressures of the dispersed phase pq, (top right). A microscope picture of the resulting liquid monolayer containing 2 mol% BPO in the

continuous phase (bottom, left) and the corresponding droplet size distributions of monolayers containing either BPO or KPS with

Niotar = 200 (bottom,

right) are also shown. A microscope picture of the KPS-containing monolayer is placed in the ESI, 1 Fig. S4. The continuous phase of the emulsion
templates consisted of 1,4-BDDMA containing 10 wt% PGPR 4125, the dispersed phase was an aqueous phase containing 5 wt% NaCl. The masses of the
surfactant, salt and initiator were calculated with respect to the mass or amount (mol) of the monomer 1,4-BDDMA.

picture in Fig. 8 (bottom left) shows the KPS initiated poly(1,4-
BDDMA) foam with a closed-packed and non-ordered structure
of non-spherical but rather hexagonal pores. In this case, the
mean pore diameter of 101 mm 20 mm is nearly the same
as the mean droplet diameter of 102 nm 18 nm. The mean
skin thickness was found to be 1.3 mm 0.6 nm which again is
very close to the value found for the monodisperse counter-
parts. According to Andrieux et al.,*® the PDI can be tuned by
varying the amplitude and the period which we will use to
produce polymer foams of di erent polydispersities in future
studies.

The capability to generate polydisperse droplets of the same
mean diameter as the monodisperse emulsion templates and
the fact that the resulting pore sizes correspond to the droplet
sizes enable us to compare the properties of monodisperse
emulsion templates and monodisperse polymer foams with
their polydisperse counterparts. First and foremost we will
focus on the mechanical properties of the resulting polymer

This journal is © the Owner Societies 2020

foams with the view of finding a relationship between the

structure and properties. If we find such a relationship we will

have the means to study the influence of one structural para-
meter at a time on the properties of polymer foams, namely the
polydispersity.

4. Conclusions and outlook

This paper deals with the synthesis and characterization of
polymer foams with tailor-made structures. As the monomer we
used hydrophobic 1,4-butanediol dimethacrylate (1,4-BDDMA).
The polymer foam synthesis is based on the generation and
polymerisation of w/o emulsion templates via microfluidics. By
varying the initiator or adjusting the pressure settings during
template generation, we were able to synthesize polymer
foams with di erent (1) pore connectivities and pore shapes,
(2) pore sizes, and (3) polydispersities. (1) We changed the pore
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Fig. 8 SEM pictures of specimens of a polydisperse, continuous phase initiated poly(1,4-BDDMA) foam by using 2 mol% of the monomer-soluble
initiator BPO (top left) and of a polydisperse, interfacial initiated poly(1,4-BDDMA) foam by using 5 mol% of the water-soluble initiator KPS (bottom left)
and the corresponding pore size distributions with  ny, = 200 (right). The continuous phase of the emulsion template consisted of 1,4-BDDMA
containing 10 wt% PGPR 4125, the dispersed phase was an aqueous phase containing 5 wt% NaCl. The masses of the surfactant, salt and initiator were
calculated with respect to the mass or amount (mol) of the monomer 1,4-BDDMA.

Table 3 Mean droplet diameters doper @and PDIs of monolayers of the
emulsion templates containing either BPO or KPS as an initiator as well as
the mean pore diameters . and its PDIs. For BPO-initiated poly(,4-
BDDMA) foams the mean window diameters d3.qow are also listed, while
for KPS-initiated poly(1,4-BDDMA) foams the mean thicknesses of the skin
P44 are given

Emulsion template Polymer foam
Initiator  dfopiee/mm  PDV%  dfo/mm  PDV% dfnaow/mm  %in/mm

BPO 87 15 17* 94 14 15 1 3 N
KPS 102 18 18 101 20 20 " 13 06

@ Pressure was set such that droplets of 95 25 nm diameter are

generated with a PDI of 26%.

connectivity and the pore shapes of the monodisperse poly(1,4-
BDDMA) foams by varying the initiator and thereby the locus of
initiation as described in ref. 14...16 and 18 at a constant pore
diameter of around 70 nm. Monomer phase initiation with the
monomer-soluble initiator BPO led to open-cell poly(1,4-

166 | Phys. Chem. Chem. Phys., 2020, 22, 155-168

BDDMA) foams with spherical pores, while interfacial initiation
with the water-soluble initiator KPS led to closed-cell poly(1,4-
BDDMA) foams with hexagonal pores. Furthermore, in the
latter case each pore was surrounded by a polymer skin of a
unique thickness. Therefore, our results are in agreement with
those of Quell et al**®1718 and qualitatively with those of
Robinson et al.® (2) In analogy to Quell et al.,*1517:18 e
started with a pore diameter of about 70 nm. Additionally, we
were able to increase the pore diameters by increasing the
pressure settings of the dispersed phase. With this approach we
synthesized open- and closed-cell poly(1,4-BDDMA) foams with
around 100 mm and 120 mm pore diameters, while retaining
the pore connectivities and the pore shapes. Thus, between
70 mm and 120 mm the droplet diameter had no effect on
the resulting polymer foam structure. The mean window dia-
meter in the monodisperse open-cell poly(1,4-BDDMA) foams
increased with the pore diameters, while the skin thickness in
the monodisperse closed-cell poly(1,4-BDDMA) foams was
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unchanged, i.e. it was independent of the pore diameter.
(3) The last part of this paper deals with the synthesis of poly-
(1,4-BDDMA) foams with tunable polydispersity via microfluidics
in order to synthesize a polydisperse counterpart to the mono-
disperse samples. The mean pore diameter, the mean window
diameter in the open-cell poly(1,4-BDDMA) foam as well as the
mean skin thickness in the closed-cell poly(1,4-BDDMA) foam
were in line with the values of the monodisperse polymer
foams, which allowed us to compare both polymer foams. In a
follow-up study we will study the influence of the polydispersity
on the mechanical properties of the polymer foams and will
compare the results with those obtained for the monodisperse
counterparts. Furthermore, we are currently working on the
synthesis of poly(1,4-BDDMA) foams with much larger pore sizes
and higher pore wall porosities via the polymerization of foamed
emulsions.3°3%40 |t goes without saying that the mechanical
properties of these polymer foams will be studied as well. The
final goal is to have a broad variety of different structures to get
an overall picture about structure...property relations of this
material. Finally, we are planning to synthesise the same set of
materials using PFDMA as the monomer to generate biodegrad-
able polymer foams.
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S1 Biodegradability of poly(1,4-BDDMA) foams

Previously, accelerated degradation studies by Whitely et al. (M. E. Whitgly ‘®revention

of oxygen inhibition of poly-HIPE radical polymerization using a thiol-based cross-liAKEs"
Biomaterials Science & Engineering017,3, 409) demonstrated the hydrolytic degradation of
poly(PFDMA-(pentaerythritol tetrakis)) foams with a complete loss of the integrity after 3
weeks in 0.5 M NaOH aqueous solution at@7Poly(PFDMA) foams displayed a reduced rate
of hydrolytic degradation with a mass loss of 41.0 =+ 1.6 % after 4 weeks. Poly(1,4-BDDMA)
foams initially demonstrated negligible levels of mass loss at 0.5 M NaOBkktoudéing study.

This lack of degradation was attributed to the reduced number of ester groups in ther polym
backbone as compared to PFDMA. To determine if poly(1,4-BDDMA) foams are
hydrolytically degradable, we carried out a full study at a higher NaOH concentratidv of 1
to further accelerate the degradation rate and monitor mass loss over 4 weeks.

The following experiments were conducted on polymer foams fabricated using the protocol as
described by Moglia et al. (R. S. Moglia et al., "Injectable polymerized high ihteinase
emulsions with rapid in situ curin@iomacromolecule2014,15, 2870). Briefly, the polymer
foams were made with 1,4-BDDMA and+ H R®GPR 4125 as continuous phase and an

aqueous solution of Cag(1 wt%) as dispersed phase. The redox initiators benzyoyl peroxide

and trimethylaniline were used at a ratio of 1:1 at 1 wt% of the organic phaiseceemThe gel
fraction was quantified to assess the extent of network formation of the poly(1,4-BDDMA)
foams. After curing for 24 hours at 37 °C, the samples were sectioned into 25 to 35 rag piece



The specimens were vacuumed dried for 48 hours and the initial mass was recorded. The
specimens were incubated in dichloromethane at a ratio 10 mg to 1 mL for 48 hotivemand
vacuum dried until a constant mass was achieved. After correcting the initial vegitire 10

wt% surfactant, the final mass was divided by the initial mass and reported as the gel fraction.

(%) = 100%

o1 (S1.1)

1.1
Accelerated degradation testing was performed on poly(1,4-BDDMA) foam specimens that
were sectioned using an Isomet® bone saw into 1 mm thick sections. Specimetisasldio
48 hours and dry mass recorded. Specimens were then incubated in 1 M NaOH aqueous solution
at a ratio of 1 g to 20 mL solution, secured with Teflon weights, and placeshaker table at
37 °C. The solutions were changed every three days with time points every week for four weeks.
At each time point, the specimens were washed twice with reverse osmosis (ROandate
then incubated for 1 hour in 1 mL RO water to remove any salts. The specimens wkre drie
under vacuum at 50 °C for 24 hours and were then placed in dichloromethane at ali@tio of
mg to 1 mL for 24 hours to remove any surfactant or uncured monomer. Finally, the specimens
were dried under vacuum at 50 °C for 24 hours and the dry weights were recorded. After
correcting the initial weight for 10 wt% surfactant, the percent mass loss was deteiyi
using equation (S1.2). Note that our results (Figure S1) are based on 3 batches of foams
fabricated separatelN(= 3). Each batch of foam provided 3 samples9 samples in totah(
= 9) were observed in the accelerated degradation study. We used the statestiical m
ANOVA to analyze the differences among group means in a sample. We set our ANOVA tests
at a 95% confidence interval € 0.05). After each comparison between the average mass loss
of each week, thg@-values were found to be > 0.05. Therefore, there was no significant

difference between any two week’s average mass loss.

%) = 100%
(%) = 100% 01 (S1.2)

Poly(1,4-BDDMA) foams displayed a gel fraction of 94.5 + 0.9% after removal of unreacted
monomer. Unlike the previous poly(PFDMA) foam degradation studies, the percent mass loss
did not change over the 4 week accelerated degradation testing ranging from ge av8r@
+1.7%to 5.1 £ 1.7% (Figure S1). Given that this mass loss is comparable to the measured sol

fraction for these poly-HIPE foams, we attribute the mass loss to the removal of eshreact

2



monomer rather than to degradation. These results indicate that poly(1,4-BDDMA) did not
display degradation under the selected conditions and suggest a much slower hydrolytic degra-
dation than the previously studied PFDMA-based foams. Therefore, PFDMA-(pentaerythritol

tetrakis) will be used in future experiments to fabricate biodegradable polymer foams.

Figure S1:Accelerated degradation analysis of poly(1,4-BDDMA) foams in 1 M NdQzta
is presented as a mean with SD error bae(3,n = 9). No significant difference across all
groups determined with multiple comparison ANO\fAs 0.05.

S2 Emulsion generation and polymer foam synthesis

First experiments were made with 1,4-BDDMA and 10 wt% PGPR 4125 (calculated with
respect to the mass of 1,4-BDDMA) as continuous phase and pure water as dispersed phase. As
initiators we used the same as in Robinson et al. (J. L. Robinsorlé&sale Engineering: Part

A, 2016,22, 403) but at a lower concentration. Robinson et al. obtained an interconnected pore
structure if the monomer-soluble initiator BPO was used and a closed-cell pore sifubtire
water-soluble initiator APS was used. To find out whether we can also control the cotynectivi
of monodisperse polymer foams simply by changing the type of initiator we generated
monodisperse emulsion templates containing either 2 mol% BPO in the continuousmhase

2 mol% APS in the dispersed phase via microfluidics. The initiator concentrations were
calculated with respect to the amount of 1,4-BDDMA. These templates were thaicétly
polymerized for 24 h at 70 °C, washed, and dried. We obtained a low-porous polymer with a
closed-cell structure if we used BPO for the polymerization (Figure S2.1, left) and a very
inhomogeneous, polydisperse porous polymer with particles inside the pores with APS (Figure
S2.1, right). The low porosity of the BPO initiated polymer is due to the fact thdeisey of

water is lower ;P=0.997 gmt at 25 °C) than that of the monomer 1,4-BDDMA

; P=1.023 g mt at 25 °C). This prevents droplet sedimentation and therefore the creation of a

3



closed-packed structure. The phase density problem was solved by adding 5 wt% NaCl to the
dispersed phaseP= 1.032 g mt at 25 °C). The mass of salt was calculated with respect to the
mass of water. In case of APS initiated samples, however, the main problem seemad to be
destabilisation of the emulsion template due to a too slow polymerisationtratetrean the
missing density difference. The polymerisation rate was increased by adding 5 mol% APS
(without NaCl) to the dispersed phase (Figure S2.2). However, due to unknown reasons the
presence of APS in the dispersed phase did not allow us to generate monodisperse templates
with one pressure setting. Therefore, APS was substituted by KPS for all follow-up studies.
Note that for all further experiments, UV-polymerization was used instead of thermal
polymerization because the polymerization via UV-light is “softer”, especiallytter
polymerization of emulsion templates with large droplets.

Figure S2.1:SEM pictures of an organic phase initiated poly(1,4-BDDMA) foam containing
2 mol% BPO (left) and an interfacial initiated poly(1,4-BDDMA) foam containing 2 mol%
APS (right). The continuous phase consisted of 1,4-BDDMA containing 10 wt% PGPR 4125,
the dispersed phase was water (left) or an aqueous phase containing 2 mol% APS.

Figure S2.2: SEM pictures of an interfacial initiated poly(1,4-BDDMA) foam containing 5
mol% APS. The continuous phase consisted of 1,4-BDDMA containing 10 wt% PGPR 4125,
the dispersed phase was an aqueous phase containing 5 mol% APS.



S3 Generation of monodisperse water-in-1,4-BDDMA emulsion templates

Figure S3: Microscope pictures of monodisperse monolayers with droplet diameters of around
70 um (top), 100 um (middle) and 120 um (bottom) for samples containing KPS in the
dispersed phase. The continuous phase of the emulsion templates consisted of 1,4-BDDMA
containing 10 wt% PGPR 4125, the dispersed phase was an aqueous phase containing 5 wt%
NaCl.



S4 Poly(1,4-BDDMA) foams with controllable polydispersity

Figure S4:Microscope picture of the resulting liquid monolayer for a sample containing KPS

in the dispersed phase. The continuous phase of the emulsion template consisted of 1,4-
BDDMA containing 10 wt% PGPR 4125, the dispersed phase was an aqueous phase containing
5 wt% NacCl.
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Emulsion and foam templating allow the synthesis of tailor-made polymer foams. A complementary
templating route is foamed emulsion templating. The concept is based on the generation of
a monomer-in-water emulsion which is subsequently foamed. After polymerization of the foamed
emulsion, one obtains open-cell polymer foams with porous pore walls. In the paper at hand, we
generated foamed emulsions and synthesized polymer foams which are based on the monomer 1,4-
butanediol dimethacrylate (1,4-BDDMA). The main challenge was to  nd the optimal composition of the
emulsion by varying the components systematically. We will discuss that the composition of the
monomer-in-water emulsion is key for the stability of the foamed emulsion and thus for the structure of
the resulting polymer foam. The nal composition of the continuous phase was found to be 65 vol% 1,4-
BDDMA, 30 vol% water and 5 vol% glycerol. We foamed and polymerized this emulsion to check the

Recei h 202 . - . .
eceived 9th January 2020 foamed emulsion's suitability as a template for solid polymer foams. We generated a foamed emulsion
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with a mean bubble diameter of 151 mm
with a pore mean diameter of 366 nmm
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rsc.lifrsc-advances within the pore walls.

1. Introduction

The synthesis of tailor-made polymer foams gains increasing
attention focusing on polymer foams with speci c¢ properties
for di erent applications. One of these applications is tissue
engineering in which polymer foams are used as sca olds for
the seeding and growing of cells.* For tissue engineering
purposes, polymer foams have to meet the following require-
ments. The sca old itself has to be highly porous with inter-

connected pores around 50 nm to 500 nm and the material of
the matrix has to be biodegradable, biocompatible and cyto-
compatible.*® A large number of studies tackle the synthesis
and characterization of polymer foams for tissue engineering
via liquid templating routes, namely emulsion templating and

foam templating. Emulsion templating is usually carried out

with water-in-oil or oil-in-water emulsion. In the  rst case, the
hydrophobic continuous phase consists of monomers such as
propylene fumarate® and propylene fumarate dimethacrylate
(PFDMA)’® In the second case, the hydrophilic continuous
phase usually consists of polymers such as alginates? modi ed
gelatin,***2 chitosan,**** furfuryl alcohol ** or dextran-

alnstitute of Physical Chemistry, University of Stuttgart, Pfenwaldring 55, 70569
Stuttgart, Germany. E-mail:
+49-711-685 64470

cosima.stubenrauch@ipc.uni-stuttgart.de;  Tel

90 mm and obtained a highly porous poly(1,4-BDDMA) foam
91 mm. Furthermore, the polymer foam has a “sub-porosity ”

methacrylate.’**® For foam templating, on the other hand,
liquid foams are used as structuring templates for the synthesis
of solid foams. Typically, aqueous solutions of (bio-) polymers
such as chitosan*?? or (modi ed) gelatin®*2® that contain
a surfactant and a crosslinking agent are used for this tem-
plating route. In the  rst step, the aqueous solution is foamed
via bubbling, stirring, or micro uidics. A er foaming, the
crosslinking reaction sets in and solidi es the foam's contin-
uous phase. As a result, a solid polymer foam with the porous
structure of the initial liquid foam is obtained.

Salonenet al. and Schiller et al. created the novel concept of
foamed emulsion templating combining emulsion and foam
templating. 2°*° The former study deals with the fundamental
physics of foamed oil-in-water emulsions by using non-
polymerizable oils, whereas the latter study focuses on the
synthesis of polymer foams using styrene as monomer. The
overall concept was described in detail in ref. 30 and will be
brie y explained in the following (Scheme 1). (1) The rst step
is the preparation of a monomer-in-water emulsion, which is
the continuous phase of the foamed emulsion. Here, the
emulsion consisted of styrene, water, the surfactant sodium
dodecylsulfate (SDS), and glyceol. The emulsion is ultrason-
ically homogenized and (2) foamed with a KPG stirrer equip-

.ped with a commercial milk frother. Note that the surfactant is
used to stabilize both the monomer-in-water emulsion and the

bInstitut Charles Sadron, CNRS UPR22, Univessitle Strasbourg, 23 Rue Du Loess, foamed emulsion. The next steps are the polymerization (3)

67200 Strasbourg, France
T Electronic  supplementary
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information  (ESI) available. See DOI:

This journal is © The Royal Society of Chemistry 2020

and puri cation (4) of the polymer foam. Following this
concept, foamed styrene-in-water emulsions with a mean
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Scheme 1 Concept of the synthesis of polymer foams via foamed
emulsion templating, redrawn and extended from ref. 30. (1) Prepa-
ration of the monomer-in-water emulsion, (2) foaming of the emul-
sion, (3) polymerization of the monomer within the emulsion, and (4)
puri cation and drying of the polymer foam.

bubble diameter of 46 mm 12 nm and highly porous poly-
styrene foams with a mean pore diameter 76 nm 30 mm were
obtained.®* What makes Schiler's study particularly intriguing
is a “sub-porosity” in the pore walls caused by the removal of
water of the continuous phase a er solidi cation.®* Porous
pore walls may be quite advantageous for some applications
such as tissue engineering, becatse the mobility of substances
may be facilitated by the porosity of the pore walls.

To the best of our knowledge, the synthesis of a polymer
foam via foamed emulsion templating was only carried out
with styrene.?*3* We aim at synthesizing polymer foams via
foamed emulsion templating by using a biodegradable
monomer in order to provide a biocompatible counterpart to
the styrene-based polymer foans. The biodegradable PFDMA
is assumed to be suitable for this application. However,
PFDMA is not purchasable, i.e. it has to be synthesized at

rst. Therefore, we chose the purchasable monomer 1,4-
butanediol dimethacrylate (1,4-BDDMA) as scouting system
for PFDMA as it was used for the synthesis of polymer foams
via emulsion templating. "#*® The monomer 1,4-BDDMA is
indeed biodegradable®® but, unfortunately, the polymer is
not.3® The studies in ref. 29 and 30 served as general guide-
lines for the study at hand. The rst goal was to formulate
a stable 1,4-BDDMA-in-water emulsion whose foaming led to
a stable foamed emulsion. For this purpose, the water-to-
glycerol ratio and the monomer content were varied.
Having found a suitable emulsion composition, we foamed
the 1,4-BDDMA-in-water emulsion by using di erent stirring
speeds and stirring times with the view to adjust the bubble
diameters of the foamed emulsion and hence to control the
pore diameter of the resulting polymer foam. We successfully
synthesized a polymer foam using a foamed emulsion
template with a mean pore diameter of 366 mm 91 nmm.
Having synthesized the desired material, we had a closer look
at the nestructure of the pore walls and on the mechanism
via which it is formed.

8918 | RSC Adv., 2020, 10, 8917-8926
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2. Experimental part
2.1 Materials

1,4-Butanediol dimethacrylate (1,4-BDDMA, 95%) containing
200 ppm to 300 ppm hydroquinone monomethylether (MEHQ),
styrene (99%), sodium dodecylsulfate (SDS,$ 99%) and ben-
zoylperoxide (BPO, Luperox® A75, 75%) were purchased from
Sigma Aldrich. Glycerol, bi-distilled water (further called water),
and ethanol (for Soxhlet extraction) were used. All chemicals
were used as received without further puri cation.

2.2 Formulation, foaming, and polymerization of 1,4-
BDDMA-in-water emulsions

The continuous phase of the foamed emulsions was prepared by
mixing 1,4-BDDMA, water, glycerol (if applicable) and SDS (calcu-
lated with respect to the total mass of the continuous phase of the
foamed emulsion), following this order, with a magnetic stirrer for
30 min. The total emulsion volume was 20 ml. Glycerol was added
to increase the emulsion'’s viscosity and thus its stability as reported
in Schiller et al*°In case the polymerization of the foamed emulsion
was intended (Section 3.2), 2 mol% of the initiator BPO calculated
with respect to the amount (mol) of polymerizable monomer was
dissolved in the continuous ph ase by stirring the emulsion for
another 25 min on a magnetic stirrer. Note that no initiator was
added to those foamed emulsions whose polymerization was not
intended (Section 3.1). The 1,4-BDDMA-in-water emulsion was then
treated with a Bandelin SONOPLUS HD-2200 ultrasonic homoge-
nizer for 40 s at a power of z 30% once (Section 3.1) or three times
(Section 3.2) to obtain a homogeneous 1,4-BDDMA-in-water emul-
sion. For foaming, the emulsion w as placed in a vessel and whipped
with a KPG stirrer which was equipped with a commercial milk
frother. Further below, the mech anical energy used for emulsion
foaming is expressed by the stirrer speed. Unless otherwise speci-

ed, a stirring speed of 1600 rpm and a stirring time of 4 min was
used. Then a microscope image was taken and the foamed emul-
sion was transferred to a small glass vial (VWR, 44.6 mm
14.65 mm, Bjnner z 1.3 cm) which was lled to a height of z 3 cm.
The free radical polymerization of the foamed emulsion template
was induced by UV-light (Heraeus, MH-Modul 250W Z4 XL, a
250 W, spectral range from z 250 nm to z 550 nm) for z 4 h
(Section 3.2). In both cases, the two radiation sources were posi-
tioned vis-a-vis and the foamed emulsion template was placed in
between. The poly(1,4-BDDMA) foam was puried via Soxhlet
extraction with ethanol at 100 C for a period of at least 12 h and
dried at room temperature for at least 48 h.

2.3 Optical microscopy and scanning electron microscopy
(SEM)

The monolayers of the foamed emulsion templates were
characterized via optical microscopy with a Nikon SMZ745T
microscope equipped with the high-speed camera Mikroton

EoSens CL MC1362. The monolayers were illuminated with an
external halogen light source from Schott (KL 1500 Compact)
with a power of 150 W connected to a mitos microscope stage
from Dolomite via an optical bre. To improve the observ-
ability of a monolayer, we followed a procedure described in

This journal is © The Royal Society of Chemistry 2020
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literature.®* Brie y, for the formation of one monolayer,
a small amount of the foamed emulsion was con ned between
two microscope glass slides (76 mm 52 mm 1 mm) with
a de ned distance in between. The distance was set by two
strips of an adhesive tape at both ends of the lower microscope
glass slide which served as spacers (ESI, Fig. $). The thick-
ness of the spacer depended on the used adhesive tapes, which
was either z 52 mm (Sections 3.1.1 and 3.1.2) orz 55 mm
(Sections 3.1.3, 3.1.4 and 3.2) (Tesdm®, costumer service)
because we changed the type of the adhesive tapes once (ESI,
Fig. S1f). A erwards, a microscope picture with a resolution of
1280 1024 was taken with the high-speed camera associated
so ware MotionBLITZ® Director2 Kit (Mikroton). By con ning
the gas bubbles of the foamed emulsion between the two
microscope glass slides, the initially spherical bubbles were
deformed to cylindrical bubbl es. Taking this change of shape
into account one can calculate the sizes of the originally
spherical bubbles. The bubble diameters of the foamed
emulsions were evaluated using the original microscope
pictures and the so ware ImageJ (Section2.4). For character-
izing the poly(1,4-BDDMA) foam via scanning electron
microscopy (SEM), the polymer foam was cut or broken by
using a razor blade. Due to the fragile character of the samples
cutting or breaking had to be carried out very carefully. The
samples were frozen in liquid nitrogen before treating with
a razor blade (cutting or breaking of the sample). An Emitech
K550 sputter coater was used to coat the samples with carbon
(from Plano), a er the samples were xated on a SEM spec-
imen stub using a silver glue from Plano (Acheson 1415) in
order to enhance the sample's conductivity for SEM
measurements. The characterization of the poly(1,4-BDDMA)
foam in Section 3.2.1, Fig. 4 was carried out with a CamScan
CS44 scanning electron microscge (using secondary electron
imaging (SEI) and an accelerating voltage of 5 kV). The SEM
pictures were taken with the so ware Edax Genesis at a reso-
lution of 1024  800. The pore diameters of the polymer foams
were determined from the original SEM pictures taken with
the CamScan CS44 SEM and the soware ImageJ (Section 2.4).
The nestructure of one poly(1,4-BDDMA) foam in Section
3.2.2, Fig. 5, was characteried with a Zeiss GeminiSEM 500
SEM using SEI and an acceleréing voltage of 3 kV combined
with the user interface SmartSEM from Zeiss. The so ware
ImageJ was further used for improving brightness and
contrast of the original SEM pictures and for adding scale bars
to the SEM and to the original microscope pictures.

2.4 Determination of bubble and pore diameters

The bubble diameters were calculated by determining the
bubble areas within the original two-dimensional microscope
pictures (at 5x magni cations (Sections 3.1 and 3.2) or at 4
magni cations (ESI, Fig. S3.1 and S3.B) automatically using
the so ware ImageJ. To take the distortion of the spherical
bubble shape into account, the volume of the cylindrical
bubbles Vyupnie Was calculated by multiplying the area of the
bubble Ayubpie (corresponds to the area of a cylinder) with the
thickness of the spacertspacer(z 521mm (Sections 3.1.1 and 3.1.2)

This journal is © The Royal Society of Chemistry 2020
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or z 55 nm (Sections 3.1.3, 3.1.4 and 3.2) as described in egn
1)

1)

Vbubble Ya Abubble tspacer

Knowing the volume of the cylindrical gas bubble, which is
the same volume as that of the spherical gas bubble Vyyppie, the
bubble diameter dy e Of the originally spherical bubble can
be calculated by using eqgn (2).

1
3 Voubble 3

Doubble ¥4 2 7 p

)

A total number ny of 100 gas bubbles was considered
followed by the calculation of the arithmetic mean dyyppie and
its standard deviation s (eqn (4) and (5)).

For the determination of the pore diameters of the polymer
foam, the area of each pore A,ore Was determined by encircling
the pores manually within the original two-dimensional SEM
pictures (at 20 magni cations) made with the CamScan CS44
SEM (1) using ImageJ. Each pore was treated as a sphere and the
pore diameter dyoe Was calculated by using eqgn (3). A total
number of 100 pores was considered followed by the calculation
of the arithmetic mean d,. and its standard deviation s using
egn (4) and (5).

r

A ore
Opore ¥4 2 —pore 3)
p
_ %tal
dbubble:pore 1/4 dbubble;i:pore;i (4)
total v
A
H Tl _ 2
P . dbubble;i:pore;i dbubbletpore
st A (5)
Niotal 1

The distribution of the bubble and pore diameters were
graphically illustrated with the so ware SigmaPlot by plotting
the fraction of number of bubbles or pores n over ny, (¥4100)
within a certain diameter range versusthe diameter d. The
polydispersity index (PDI) of the foamed emulsion templates
and of the polymer foam was calculated by using eqn (6).

PDI Y4 — >

bubble=pore

100 (6)

For the readers' information, the quantitative characterization

of all foamed emulsions and the polymer foam ( dpubbies Abubble S
PDI, dpore, dpore S, PDI) is based only on the approach mentioned
in this Section. Thus, the mathematically calculated mean diam-
etersdi er slightly from the estimated mean diameters that can be
extracted from the bubble and pore size distributions (Section 3.2,
Fig. 4). The mathematically calculated standard deviation of the
mean diameter is probably lower than the “real error” (including
systematical and randomly made errors).
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2.5

Interfacial tensions were measured using the pendant drop
pro le analysis tensiometer PAT-1 from Sinterface. At rst,
a drop of 1,4-BDDMA or styrene was either generated in the
aqueous phase or in the aqueous phase containing 20 vol%
glycerol, respectively. The interfacial tensions were measured
a er 1800 s (30 min).

Interfacial tension measurements

3. Results and discussions

3.1 Formulation and foaming of 1,4-BDDMA-in-water
emulsions

3.1.1 1,4-BDDMA-in-water emulsions vs. styrene-in-water
emulsions. An emulsion composition that met the following
requirements was searched for: the emulsion had to be foamable
and stable before, during and a er foaming as well as during
polymerization. The study of Schuler et al. served as general
guideline where the continuous phase consisted of 65 vol%
styrene, 20 vol% water, 15 vol% glycerol, stabilized by 5 wt%
SDS® The mass of the surfactant SDS was calculated related to
the total mass of the emulsion. Using this composition as start-
ing point, we generated a foamed 1,4-BDDMA-in-water emulsion
and monitored its stability. For this purpose, monolayers of the
foamed emulsion were analyzed directly a er foaming, z 2 h
a erfoaming, and z 4 ha erfoaming using optical microscopy.
For the sake of comparison, a foamed styrene-in-water emulsion
of the same composition were also generated and characterized.
In both cases, foaming was carried out by using a stirring speed
of 1600 rpm for a stirring time of 4 min, which was found to be
the best setting in ref. 30. The micrographs of the foamed
emulsion monolayers are shown in Fig. 1.

Looking at the microscope pictures of the 1,4-BDDMA-
containing emulsion (Fig. 1, le ), one observes that (a) the gas
bubble sizes increase and (b) the emulsion decomposes over time.
The latter is revealed by the brightening of the continuous phase
from deeply black to washy grey. As for the styrene-containing
foamed emulsion, the gas bubbles also increase over time but
the emulsion did not decompose (Fig. 1, right). The rst obser-
vation, i.e. the increase of the gas bubbles, is caused by the

oating-up of gas bubbles from the lower part of the foamed
emulsion as well as by Ostwald ripening or coalescence at longer
times which is in line with the time evolution of the mean bubble
diameters (ESI, Fig. S2.%). To sum up, the bubbles of the foamed
emulsions increase over time for both systems. However, only the
1,4-BDDMA-in-water emulsion decomposes over time. Thus, an
emulsion composition of 65 vol% monomer, 20 vol% water,
15 vol% glycerol, stabilized by 5wt% SDS (calculated with respect
to the total mass of the continuous phase) works for styrene-
containing emulsions and foamed emulsions but is obviously
not directly transferable to oth er monomer-in-water emulsions.
We suspected glycerol to have a negative impact on the emulsion
stability although it increases the viscosity of the continuous phase
and should thus have a stabilizing e ect**To nd an explanation
for the low emulsion stability, we carried out interfacial tension
measurements. The interfacial tension between the monomer and
water as well as between the monomer and an aqueous solution
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containing 20 wt% glycerol was measured. The interfacial tension
between 1,4-BDDMA and water was 14.4 mN m?* and decreased
dramatically to 7.2 mN m * by adding glycerol, while the interfa-
cial tension between styrene and water was 27.2 mN m* and
remained nearly unchanged with a value of 26.7 mN m * upon
addition of glycerol to the aqueous phase. These measurements
reveal that the interfacial tension between styrene and water is
nearly twice as high as the one between 1,4-BBDMA and water.
Moreover, the impact of glycerol on the interfacial tension is much
stronger in case of 1,4-BDDMA. Why has glycerol such a huge
impact on the interfacial tension and therefore on the stability of
the 1,4-BDDMA-in-water emulsion? An explanation can be given
looking at the molecular structures of the chemicals used (ESI,
Fig. S2.2"). Comparing the molecular structures of both mono-
mers, one sees that 1,4-BDDMA is nore hydrophilic than styrene
due to its two ester groups which was con rmed by our interfacial
tension measurements. We assume that the higher hydrophilicity
and the presence of two ester groups enable strong interactions
between 1,4-BDDMA and glycerolvia hydrogen bonding, as glyc-
erol carries three hydroxyl groups. Thus, it is conceivable that,
beside the surfactant molecules, glycerol molecules of the aqueous
phase are also captured at the 1,4-BDDMA/water interface. As
a result, the SDS molecules cannot form a tightly packed surfac-
tant layer at the interface between 1,4-BDDMA and water, which, in
turn, facilitates emulsion disi ntegration mechanisms such as
coalescence. Styrene, on the other hand, provides no polar groups
or H-bond acceptor groups whatsoever. Thus, interactions
between the glycerol in the aqueous phase and styrene are
unlikely. Consequently, SDS molecules can form tightly packed
surfactant layers at the interface between styrene and water.
Furthermore, the higher interfa cial tension between styrene and
water provides a stronger driving force for surfactant adsorption at
the oil/water interface. To sum up, we considered glycerol to act as
disturbing “co-surfactant” at the interface between the monomer
1,4-BDDMA and water. Since glycerol still contributes favorably to
the stabilization of the foamed emulsion by increasing the
viscosity of the continuous phase we had to nd an optimal ratio
between 1,4-BDDMA, water, and glycerol.

3.1.2 Variation of the water-to-glycerol ratio. As mentioned
in Schuler et al., 64 vol% is the highest volume of spherical
monomer droplets which is dispersible in a densely packed,
disordered, polydisperse monomer-in-water emulsion without
jamming and distortion of the monomer droplets. *° Therefore,
we kept the volume of 1,4-BDDMA in the 1,4-BDDMA-in-water
emulsion constant at 65 vol% and varied the water-to-glycerol
ratio to nd the optimum composition of the continuous
phase of the foamed emulsion. The surfactant concentration
was 5 wt% of the total emulsion mass as in ref. 30. The volume
of water was successively decreased from 35 vol% to 20 vol%,
while the volume of glycerol was increased from O vol% to
15 vol% (Table 1). Foaming was carried out using a stirring
speed of 1600 rpm for a stirring time of 4 min. The stability of
the emulsion was determined by monitoring the microscope
pictures of the monolayers of the foamed emulsions. The
stability of the corresponding foamed emulsion was monitored
by observing the height of a column of the foamed emulsion
over a period of 24 h (not shown here). Fig. 2 shows the
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Fig. 1 Microscope pictures of monolayers of foamed 1,4-BDDMA-in-water emulsions (left) and of foamed styrene-in-water emulsions (right)

taken directly after foaming (top), after z 2 h (middle), and after z 4 h (bottom). The continuous phase of the foamed emulsions consisted of
65 vol% monomer, 20 vol% water, 15 vol% glycerol and was stabilized by 5 wt% SDS (calculated with respect to the total mass of the continuous
phase). The dispersed phase was air. The foamed emulsions were generated via a stirring speed of 1600 rpm for a stirring time of 4 min. All

microscope pictures were made with 5 magni cation.

Table 1 Volume fractions of water and glycerol in the continuous
phase of the foamed emulsion. The residual continuous phase con-
tained 65 vol% 1,4-BDDMA and is stabilized by 5 wt% SDS (calculated
with respect to the total mass of the continuous phase). The dispersed
phase was air

Sample number  1,4-BDDMA/v0I%  Water/vol%  Glycerol/vol%
) 65 35 0
(2 65 30 5
®) 65 25 10
4 65 20 15

monolayers with increasing glycerol content in the 1,4-BDDMA-
in-water emulsions.

Fig. 2 shows that the continuous phase between the gas
bubbles becomes increasingly grey and translucent with

This journal is © The Royal Society of Chemistry 2020

increasing glycerol content. As already mentioned in Section
3.1.1, this is a sign for emulsion disintegration. This observa-
tion con rms our assumption that glycerol acts as a disturbing
“co-surfactant” if the glycerol content in the aqueous phase of
the emulsion is too high. However, the foamability and the
stability of the foamed emulsions increased with increasing
glycerol concentration (data not shown). In conclusion, glycerol
noticeably destabilizes the 1,4-BDDMA-in-water emulsions at
concentrations > 5 vol% but stabilizes at the same time the
foamed emulsions. The stabilizing e ect on the foamed emul-
sion can be ascribed to the high viscosity of glycerol which slows
down foam drainage.*® As a compromise, a glycerol concentra-
tion of 5 vol% was chosen for further emulsion compositions.
Looking at the mean bubble diameters (ESI, Fig. S2.3) of the
four monolayers in Fig. 2, one sees no signi cant change of the
bubble size although the viscosity of the continuous phase was
di erent.
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Fig. 2 Microscope pictures of monolayers of foamed 1,4-BDDMA-in-water emulsions with di
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erent water-to-glycerol volume ratios, namely

35: 0 (top left), 30 : 5 (top right), 25 : 10 (bottom left), and 20 : 15 (bottom right) taken directly after foaming. The residual continuous phase of
the emulsion contained 65 vol% 1,4-BDDMA and was stabilized by 5 wt% SDS (calculated with respect to the total mass of the continuous phase).
The dispersed phase was air. All emulsions were foamed by using a stirring speed of 1600 rpm for a stirring time of 4 min. All microscope pictures

were made with 5 magni cation.

3.1.3 Variation of the 1,4-BDDMA content. Schiler et al.
kept the amount of styrene constant at 65 vol% to prevent or
minimize the jamming of the styrene droplets. * Therefore, we
started with the same content of monomer. The experiments
described in this study indicate 65 vol% 1,4-BDDMA, 30 vol%
water and 5 vol% glycerol to be a promising emulsion compo-
sition to formulate a stable 1,4-BDDMA-in-water emulsion and
a stable foamed emulsion over time as well. This is con rmed
by the emulsion stability and the foam stability measured over
a period of z 4 h shown on the le -hand side of Fig. 3. The
microscope pictures tell the same story as those of the styrene-
based foamed emulsions shown in Fig. 1 (right): the emulsion
remains stable, while the gas bubbles increase over time (ESI,
Fig. S2.4).

On the other hand, Salonen et al. were able to foam an oil-in-
water emulsion with a dispersed phase volume of 70 vol% using
an unpolymerizable oil in which the jamming of oil droplets
slowed down drainage and thus increased the stability of the
foamed emulsion.?® In order to generate an emulsion with
a monomer content as high as possible, we used a monomer
content of 75 vol% and reduced the water content to 20 vol%.
The surfactant concentration was kept constant at 5 wt%
(calculated with respect to the total mass of the continuous
phase). Foaming was carried out by using a stirring speed of
1600 rpm for a stirring time of 4 min. The stability of the
continuous phase of the foamed emulsion, i.e. the 1,4-BDDMA-
in-water emulsion, was studied via optical microscopy of the
respective foamed emulsion monolayers over a period ofz 4 h.

8922 | RSC Adv., 2020, 10, 8917-8926

The right-hand side of Fig. 3 shows the monolayer of the
foamed 1,4-BDDMA-in-water emulsions consisting of 75 vol%
1,4-BDDMA, 20 vol% water, and 5 vol% glycerol.

The microscope picture in Fig. 3 (top right) shows the
monolayer of a foamed 1,4-BDDMA-in-water emulsion con-
taining 75 vol% monomer directly a er foaming. Comparing
this microscope picture with those taken a era 2 h and 4 h,
respectively (Fig. 3, middle right, bottom right), one sees that
most of the bubbles disappeared, while the mean bubble size
increased (ESI, Fig. S2.4) caused by destabilization e ects as
explained in Section 3.1.1. If one compares the microscope
pictures of foamed emulsions containing 65 vol% 1,4-BDDMA
(Fig. 3, le ) with those containing 75 vol% 1,4-BDDMA (Fig. 3,
right), it becomes obvious that the foaming behavior is much
better for the former foamed emulsion. Additionally, the mean
bubble diameters of the foamed emulsions containing 65 vol%
1,4-BDDMA are larger compared to those obtained with 75 vol%
monomer (ESI, Fig. S2.4). The reason for this nding is not
understood yet.

At a monomer content of 75 vol%, the so-called “jamming-
regime” is reached?” i.e. the monomer droplets are tightly-
packed and start to deform (the monomer droplets are no
longer spherical). Due to this packaging, monomer droplets are
jammed into the liquid  Ims between neighboring bubbles. As
the anionic surfactant SDS was used to stabilize the monomer
droplets of the emulsion and the bubbles of the foamed emul-
sion, all monomer droplets and bubbles are negatively charged,
which leads to two e ects. (1) The positive e ect is electrostatic

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Microscope pictures of monolayers of foamed 1,4-BDDMA-in-water emulsions consisting of 65 vol% 1,4-BDDMA, 30 vol% water, and
5 vol% glycerol (left) and 75 vol% 1,4-BDDMA, 20 vol% water, and 5 vol% glycerol (right). The foamed emulsions were stabilized by 5 wt% SDS
(calculated with respect to the total mass of the continuous phase) (right). The dispersed phase was air. The emulsions were foamed by using

a stirring speed of 1600 rpm for a stirring time of 4 min. The microscope pictures were taken directly after foaming (top), after
magni cation.

after z 4 h (bottom). All microscope pictures were made with 5

droplet/bubble repulsion leading to a  xation of the monomer
droplets within the liquid Ims and thus slowing down
drainage. (2) The negative e ect is electrostatic droplet/droplet
repulsion. Adjacent monomer droplets trapped within the
liquid Ims between the bubbles repel each other leading to
a repulsive pressure at the water/air interfaces. Since there are
much more emulsion droplets than bubbles in the foamed
emulsion, the droplet/droplet repulsion dominates and thus
the stability of the foamed emulsion is reduced (bubbles burst
due to the pressure). To conclude, the negative surface charge of
the monomer droplets destroys the foam once the “jamming
regime” (>64 vol%) is surpassed. However, below the jamming
regime (# 64 vol%), the presence of monomer droplets within
the Plateau borders could be conducive by slowing-down
drainage.*°

3.1.4 Variation of foam generation settings. A er having
found the optimum composition of the continuous phase of the

This journal is © The Royal Society of Chemistry 2020

z 2 h(middle), and

foamed 1,4-BDDMA-in-water emulsion (65 vol% 1,4-BDDMA,
30 vol% water, 5 vol% glycerol) we were interested in generating
polydisperse foamed emulsions of di erent bubble sizes. As
described by Schiler et al., we wanted to study the relation
between the stirring speed, the stirring time and the resulting
bubble and pore sizes with the aim to control the latter. *° The
1,4-BDDMA-in-water emulsions were prepared and foamed as
described in Section 2.2. According to Schiler et al., stirring
speeds of 1600 rpm, 1200 rpm, 900 rpm, or 600 rpm were used
and at each stirring speed stirring times of 2 min, 4 min or
8 min were set.*°

We found that the mechanical energy induced by stirrer
speeds of 1600 rpm and 1200 rpm leads to no signi cant change
of the bubble sizes (Table 2, the monolayers are shown in the
ESI (Fig. S3.1 and S3.B). Thus, stirring speeds of 900 rpm and
600 rpm were not tested. Furthermore, the stirring time also
had no impact on the bubble size as can be seen in Table 2. This
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Table 2 Stirring speeds and stirring times for the generation of
foamed emulsion templates. Mean bubble diameters dyppe and PDIs
of the monolayers of foamed emulsion templates consisting of
65 vol% 1,4-BDDMA, 30 vol%, 5 vol% glycerol. The continuous phase
contained 5 wt% SDS (calculated with respect to the total mass of the
continuous phase) and 2 mol% BPO (calculated with respect to the
total amount (mol) of the monomer 1,4-BDDMA). For the calculation
of the mean bubble diameters 100 bubbles were considered ( Nioa Y4
100)

Foamed emulsion

Foam generation settings template

Stirring speed/rpm Stirring time/min dpubble/M PDI/%
1600 2 137 80 59
1600 4 151 90 59
1600 8 124 59 47
1200 4 167 92 55
1200 8 145 80 55

outcome was unexpected as Schler et al. generated styrene-
based foamed emulsions with di erent bubble diameters
betweenz 160nmm and z 40 mm by changing the stirring speeds
and the stirring times. * So far, we have no explanation for this

nding. We will not further investigate the in uence of the
stirring parameters since this is beyond the scope of our study.
The primary aim of the study at hand was to nd an optimum
composition of the 1,4-BDDMA-in-water emulsion and the
foamed emulsion thereof to check their suitability as templates
for the synthesis of polymer foams. Thus, the foamed emulsion
generatedvia a stirring speed of 1600 rpm and a stirring time of
4 min (compare Fig. 2, top right, Fig. 3, top le ) was
polymerized.

3.2 Solid polymer foam via foamed emulsion templating

3.2.1 Polymerization of foamed 1,4-BDDMA-in-water
emulsions. Our study is pursued by polymerizing one foamed
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emulsion template. The continuous phase of the foamed
emulsion consisted of 65 vol% 1,4-BDDMA, 30 vol% water, and
5 vol% glycerol. The continuous phase further contained 5 wt%
SDS calculated with respect to the total mass of the continuous
phase. For initiation of the monomer, 2 mol% BPO with respect
to the amount (mol) of the monomer 1,4-BDDMA was used. The
foamed emulsions were generated using a stirring speed of
1600 rpm and a stirring time of 4 min. Comparable microscope
pictures of the foamed emulsion are shown in Fig. 2 (top right)
and Fig. 3 (top le ), while a SEM picture of the polymerized
foamed emulsion is shown in Fig. 4 (le ). Note that the mean
bubble diameters of the foamed emulsion used in this section
for polymerization and of the foamed emulsion shown in Fig. 2
(top right) and Fig. 3 (top le ) slightly di er (compare with ESI,
Fig. S.2.3 and S.2.%).

The le hand side of Fig. 4 shows the resulting SEM micro-
graph, while the bubble size distribution of the foamed emul-
sion monolayer as well as the pore size distribution of the
polymer foam is shown on the right. Comparing the mean pore
diameter of the solid polymer foam, 366 nm 91 mm (PDI %
25%), in Fig. 4 with the mean bubble diameters of the foamed
emulsions, 151 mMm 90 mm (PDI % 59%), in Fig. 2 (top right)
and Fig. 3 (top le ) one sees that the pores are about twice as
large as the bubbles. The reasons for the increase of the pore
diameter with respect to the bubble diameter are Ostwald
ripening and coalescence which occur in the foamed emulsion
template until a certain degree of solidi cation is reached
(compare with Section 3.1).

3.2.2 Finestructure of the resulting polymer foam. So far,
we were able to synthesize a poly(1,4-BDDMA) foanvia poly-
merization of a foamed 1,4-BDDMA-in-water emulsion. But why
does the polymerization of disordered monomer droplets
dispersed in an aqueous phase lead to a polymer foam structure
rather than to individual polymer particles? A possible expla-
nation was given by Elsing et al. who studied the synthesis of
polystyrene foams via polymerization of foamed styrene-in-

Fig. 4 SEM pictures of a specimen of a poly(1,4-BDDMA) foam synthesized from a foamed 1,4-BDDMA-in-water emulsion consisting of 65 vol%
1,4-BDDMA, 30 vol% water, and 5 vol% glycerol. The continuous phase contained 5 wt% SDS (calculated with respect to the total mass of the
continuous phase) and 2 mol% BPO (calculated with respect to the amount (mol) of the monomer 1,4-BDDMA). The dispersed phase was air. The
emulsion was foamed by using a stirring speed of 1600 rpm for a stirring time of 4 min. The bubble size distribution of the foamed emulsion
template and the corresponding pore size distribution of the polymer foam each with  ny % 100 are shown on the right. The SEM pictures were
made with 50 and 250 magni cations.

8924 | RSC Adv., 2020, 10, 8917-8926 This journal is © The Royal Society of Chemistry 2020



Open Access Article. Published on 02 March 2020. Downloaded on 4/30/2021 12:27:

This article is licensed undeiCreative Commons Attribution-NonCommercial 3.0 Unported Lict

Paper

Fig. 5 SEM picture of a fracture of a poly(1,4-BDDMA) foam at the vertex (left). Close-up SEM pictures of zooms in the
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nestructure of the

highlighted area in the left SEM picture (right). The poly(1,4-BDDMA) foam was synthesized from a foamed 1,4-BDDMA-in-water emulsion
consisting of 65 vol% 1,4-BDDMA, 30 vol% water, and 5 vol% glycerol. The emulsion contained 5 wt% SDS (calculated with respect to the total
mass of the continuous phase) and 2 mol% BPO (calculated with respect to the amount (mol) of the monomer 1,4-BDDMA). The dispersed phase

was air. The SEM pictures were made with 500 , 5000

water emulsions.®234 |t was suggested that the formation of the
polymer foam matrix is a result of polystyrene chains between
the monomer droplets which are formed during the polymeri-
zation. These chains link the monomer droplets and hence
connect them during polymerization. To get to the bottom of
this, we had a closer look at the nestructure of our poly(1,4-
BDDMA) foam using a scanning electron microscope with
a higher resolution. We examined a fracture of a polymer foam
which was prepared from a foamed emulsion consisting of
65 vol% 1,4-BDDMA, 30 vol% water, and 5 vol% glycerol. The
monomer-in-water emulsion contained 5 wt% SDS (with respect
to the total mass of the continuous phase) and 2 mol% BPO
(calculated with respect to the amount (mol) of monomer 1,4-
BDDMA). The results can be seen in Fig. 5.

Fig. 5 shows three SEM pictures of the same fractured vertex
of the 1,4-BDDMA-based polymer foam (the area between 3
pores in a two-dimensional SEM picture) with increasing
magni cations. The SEM picture on the le of Fig. 5 suggests
a rough and uneven surface of the vertex cross-section which is
con rmed by zooming into the nestructure (Fig. 5, right). The
close-up SEM pictures, reveal that the continuous phase of the
polymer foam consists of densely-packed polymer globules of
di erent sizes with voids in between. The polymer globules
originate from the polymerization of monomer droplets which
were dispersed in the agueous phase to form the monomer-in-
water emulsion and build up the polymer foam's continuous
phase. The voids between the interconnected globules, in turn,
originate from the evaporation of the surrounding aqueous
phase a er solidi cation of the foamed emulsion and creates
a “sub-porosity” within the pore walls. This structure is very
similar to that found in polystyrene foams prepared from
foamed styrene-in-water emulsions by Elsing et al.*23** For these
polystyrene foams it could be shown that the porosity of the
polymer foam's continuous phase matches exactly the aqueous
phase volume fraction of the foamed emulsion template. This
should also be the case for the polymer foam seen in Fig. 5. In
general, the porosity of poly(1,4-BDDMA) foams will be
measured and discussed in a follow-up study. In summary, the
synthesized poly-1,4-BDDMA foam exhibits a two-fold porosity:
the main porosity of the polymer foam is given by the bubbles of

This journal is © The Royal Society of Chemistry 2020

,and 25000 magni cations.

the template, while the “sub-porosity” is given by the amount of
water in the continuous phase of the template.

4. Conclusion and outlook

The rst part of the paper at hand deals with the formulation and
foaming of 1,4-BDDMA-in-water emulsions and the possibility to
obtain a polymer foam via polymerization of the foamed emul-
sion. The idea was to use foamed 1,4-BDDMA-in-water emulsions
as structure-giving templates to yield a polymer foam with large
pore diameters and porous pore walls as already shown for
polystyrene foams3=* To achieve this, we rst looked for an
optimum composition of the emulsion, i.e.the continuous phase
of the foamed emulsion. The emulsion had to meet the following
requirements: the monomer-in-water emulsion had to be foam-
able and stable against emulsion disintegration before, during,
and a er foaming and during polymerization. For this purpose,
we varied each component of the monomer-in-water emulsion
systematically and nally ended up with an optimum emulsion
composition consisting of 65 vol% 1,4-BDDMA, 30 vol% water,
and 5 vol% glycerol. SDS (5 wt%) was used to stabilize both the
emulsion and the foamed emulsion. We explain in detail why the
composition is crucial for the formulation and the stability of the
foamed emulsion.
The second part of this study focusses on the synthesis of

a poly(1,4-BDDMA) foam via polymerization of a foamed 1,4-
BDDMA-in-water emulsion template. We were able to polymerize
a foamed emulsion with a mean bubble diameter of 151 nm 90
mm and obtained a highly porous poly(1,4-BDDMA) foam with
a mean pore diameter of 366 mnm 91 mm. A closer look at the

nestructure of the poly(1,4-BDDMA) foam revealed that the
polymer foam's continuous phase is also porous. The “sub-
porosity” of the polymer foam's continuous phase comes from
the aqueous phase of the 1,4-BDDMA-in-water emulsion. The
latter will be demonstrated in a follow-up study. A er having
found an optimum composition for formulating, foaming, and
polymerizing 1,4-BDDMA-in-water emulsions, our future work
will deal with the synthesis of monodisperse poly(1,4-BDDMA)
foams as counterpart to the studies about monodisperse poly-
styrene foams prepared from foamed styrene-in-water
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emulsions.®***Moreover, a er having nished our investigations
with the scouting system 1,4-BDDMA, we will synthesize biode-
gradable, monodisperse PFDMA-based polymer foams with
de ned morphologies. Ultimately, the aim is to test the suit-

ability of PFDMA-based polymer foams for tissue engineering
applications.
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S1 Optical Microscopy

foamed emulsion

spacer— > <+ —— spacer

lower microscope glass slide

upper microscope glass slide

spacer 7-: * —

lower microscope glass slide foamed emulsion monolayer

Figure S1:(Schematical) drawing of the top view (top) and side view (bottom) of the double-
glass slide setup used for optical light microscopy. The lower microscope glassedjdipzed

with a layer of adhesive tape as spacers at each end of the slide. The foarnsexhas placed
between the two spacers. A second microscope slide is put on top of first slide e toafi
foamed emulsion in-between both slides. The thickness of the adhesive governs the thickness
of the slit between both slides and thus the height of the foamed emulsion column.



For taking a micrograph of the foamed emulsion monolayers in Sections 3.1.1, 3.1.2 the
adhesive tapes used had a thickness of 52 um and were placed on the microscope glass slide
shown in Figure S1. For the data presented in Section 3.1.3, 3.1.4, 3.2 this spacer was replaced
by an adhesive tape with a thickness of 55 ym and the arrangement of the tapes was slightly

changed.

S2 Formulation of 1,4-BDDMA-in-Water Emulsions

B0 7T

® 14-BDDMA
300 | © styrene

t/h

Figure S2.1: Mean bubble diameters of foamed 1,4-BDDMA-in-water emulsions (black
circles) and of foamed styrene-in-water emulsions (gray circles). The continuous phase of the
foamed emulsions consisted of 65 vol % monomer, 20 vol % water, and 15 vol % glycerol and
was stabilized by 5 wt % SDS (calculated with respect to the total mass ohthmious phase

of the foamed emulsion). The dispersed phase was air. The emulsions were foamed with a
stirring speed of 1600 rpm for a stirring time of 4 min. For the calculation of the mean bubble
diameters 100 bubbles were taken into accaugf & 100).

Figure S2.2: Molecular structures of 1,4-BDDMA (top left), styrene (top right), glycerol
(bottom left) and SDS (bottom right).
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Figure S2.3: Mean bubble diameters of foamed 1,4-BDDMA-in-water emulsions with
different water-to-glycerol ratios, namely 35:0, 30:5, 25:10 and 20:15 (plotted as a function of
increasing glycerol content). The residual continuous phase of the foamed emulsion @dontaine
65 vol % 1,4-BDDMA and was stabilized by 5 wt % SDS (calculated with respect to the total
mass of the continuous phase of the foamed emulsion). The dispersed phase was air. All
emulsions were foamed with a stirring speed of 1600 rpm for a stirring time of 4 min. For the
calculation of the mean bubble diameters 100 bubbles were takgr (100).
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Figure S2.4:Mean bubble diameters of foamed 1,4-BDDMA-in-water emulsions consisting of

65 vol % 1,4-BDDMA, 30 vol % water, and 5 vol % glycerol (black circles) and 75 vol % 1,4-
BDDMA, 20 vol % water, and 5 vol % glycerol (gray circles). The foamed emulsions were
stabilized by 5 wt % SDS. (calculated with respect to the total mass of the continusei®pha

the foamed emulsion). In case of foamed emulsions containing 75 vol % 1,4-BDDMA, 2 mol %
BPO was dissolved in the continuous phase. The dispersed phase was air. The emulsions were
foamed with a stirring speed of 1600 rpm for a stirring time of 4 min. For the calculatios of t
mean bubble diameters 100 bubbles were takgp € 100).
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Figure S.3.1:Microscope pictures of monolayers of foamed 1,4-BDDMA-in-water emulsions
consisting of 65 vol % 1,4-BDDMA, 30 vol % water, and 5 vol % glycerol. The continuous
phase contained 5 wt % SDS (calculated with respect to the total mass of theaxmpihase)

and 2 mol % BPO (calculated with respect to the amount of the 1,4-BDDMA). The dispersed
phase was air. The emulsions were foamed with a stirring speed of 1600 rpm for 2 min (top
left), 4 min (middle left) and 8 min (bottom left). The microscope pictures \akentdirectly

after foaming. The corresponding bubble size distributions myjgh= 100 are shown on the
right. The microscope pictures are made with 4x magnifications.
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Figure S.3.2:Microscope pictures of monolayers of foamed 1,4-BDDMA-in-water emulsions
consisting of 65 vol % 1,4-BDDMA, 30 vol % water, and 5 vol % glycerol. The continuous
phase contained 5 wt % SDS (calculated with respect to the total mass of theaxepihase)
and 2 mol % BPO (calculated with respect to the amount of the 1,4-BDDMA). The dispersed
phase was air. The emulsions were foamed with a stirring speed of 1200 rpm for 4 min (top
left) and 8 min (bottom left). The microscope pictures were taken directly aftemiipaime
corresponding bubble size distributions wily, = 100 are shown on the right. The microscope
pictures are made with 4x magnifications.
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Methacrylate-Based Polymer Foams with Controllable Pore
Sizes and Controllable Polydispersities via Foamed
Emulsion Templating

Miriam Lucia Dabrowski and Cosima Stubenrauch*

of polymer foams via templating routes
This study reports on a novel templating route, which uses foamed emulsions ashave been increasingly focused on. The

templates for porous polymers. The concept is based on the generation of a Principle is based on the generation and
monomer-in-water emulsion, which is subsequently foamed via miaidics. solidi cation of a liquid template to control

. . . the polymer foam’s morphology. The
The monomer of choice is 1,4-butanediol dimethacrylate (1,4-BDDMA). After liquid templates are either high internal

polymerization of the foamed emulsion, one obtains open-cell polymer foams phase emulsions (HIPEs) with an internal
with porous pore walls. Foamed emulsions and polymer foams are generated.phase volume of 74 vol% or foams with
Itis shown that foamed emulsion templating in combination with micrddics is liquid fractions, e.g., 0.060.11/*®! Most

well-suited to synthesize 1) monodisperse poly(1,4-BBDMA) foams with con- HIPESs in literature are water-in-monomer
trollable pore sizes and 2) their polydisperse counterparts with controllable ~ €Mulsions with the mixture of styrene and

. . . . . . divinylbenzene (DVB) being the most
polydispersities. Monodisperse templates with different bubble sizes and thus prominent example of the continuous

polymer foams with different pore sizes ranging from about 2800 m in phase?527 Further hydrophobic mono-
diameter are synthesized. Micraidics is also used for the generation of mers that were studied are ethyleneg-
polydisperse poly(1,4-BDDMA) foams with polydispersities between 18% and lycol  dimethacrylate  (EGDMAY®*9!
27% but the same mean pore sizes as the monodisperse ones, i.e., we have Propylene fumarate (PF) and propylene

. 0]
access to polymer foams that only differ in their polydispersity. Iﬂngg gilricengiyl(eizEEQF’DI\F/I)%%'EQ;

and 1,4-butanediol dimethacrylate
(1,4-BDDMA)*®2261 50 far, only a few
studies exist where the hydrophilic phase
1. Introduction is the continuous phase, namely aqueous solutions of acrylic
acid?” vinylated gelatif?®2% 2-hydroxyethyl methacrylaté!!
The synthesis routes of polymer foams are numerous. The mostalginate®? furfuryl alcohol®® chitosan®*3 or dextran-
obvious way is the foaming of a precursor solution during methacrylaté®®! emulsi ed with toluene?”30-32 decane?*3%
polymerization. A well-known example of this method is polyure- or cyclohexan&'*®! as dispersed phase. There are, however,
thane, which is foamed by a blowing agent during the polyaddi- two far-reaching disadvantages of emulsion templating. First,
tion of isocyanate and polydt In recent literature, the synthesis the pore size is limited by the accessible droplet size.
Typically, pore sizes of poly-HIPEs range from 1 to 10én./*%
Second, the dispersed phase must be removed after the sokdi

M. L. Dabrowski, Prof. C. Stubenrauch cation of the continuous phase. To overcome these problems,
wﬁit\'/tgrt;tgf Oﬁ)gﬂgggghem'wy foam templates can be used Here, an aqueous polymer
Pfaffenwaldring 55, 70569 Stuttgart, Germany solution is foamed and the polymer is subsequently cross-
E-mail: Cosima.Stubenrauch@ipc.uni-stuttgart.de linked.*® For example, gelatif®”*®! polyvinylalcohol®®! and
Prof. C. Stubenrauch polysaccharides such as alginaté&;*®! hyaluronic acid*Y or
Institute of Advanced Studies (USIAS) chitosarf®*414446] \ere used. However, the solubility of
Université de Strasbourg hydrophilic polymers in water is limited and typically ranges

F-67000, France between 4% and 15%4

The ORCID identication number(s) for the author(s) of this article Is there a way to combine foam templating with a large

can be found under https://doi.org/10.1002/adem.202001013. amount of polymer or monomer in the continuous phase?
© 2020 The Authors. Advanced Engineering Materials published by WileyYes! One can either increase the solubility of the polymer via
VCH GmbH. This is an open access article under the terms of the Creativea chemical modi cation as shown for gelatin in refs. [4#49]
Commons Attribution License, which permits use, distribution and o gne can emulsify a hydrophobic monomer and foam the
reproduction in any medium, provided the original work is properly cited. resulting monomer-in-water emulsiort}45%54! Salonen et al
(_Zorre_ction added on 1 March 2021, afterst online publication: The copy- studied the foaming of oil-in-water (O/W) emulsions, so-called
right line was changed. foamed emulsions orfoamulsions’. However, they used nonpo-
DOI: 10.1002/adem.202001013 lymerisable oils® Schiller et al. studied the foaming and

Adv. Eng. Mater2021, 23, 2001013 2001013 (1 of 12) © 2020 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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polymerization of styrene-in-water emulsions as a complementarywho synthesized hydrophobic methacrylate-based polymer
templating route’®® The continuous phase consisted of 65 vol% foams via emulsion templating as scaffolds for bone tissue engi-
styrene and the bubble size ranged from20to 100 mresult- neering®2*23Tq the best of our knowledge, only polydisperse
ing in polydisperse polystyrene foams with pore sizes ranging PFDMA- and 1,4-BDDMA-based polymer foams do exist.
from around 20 to 200 m. In follow-up studies of the same sys- Inspired by these studies, we used 1,4-BDDMA for the synthesis
tem, it was shown that the bubble size can be as large as 588 of monodisperse polymer foams via emulsion templating using
and that monodisperse polystyrene foams can be synthe-micro uidics with pore diameters ranging from around 70 to
sized*5+53 Moreover, polymer foams synthesized via foamed 120 m.?®! For the synthesis of poly(1,4-BDDMA) foams with
emulsion templating have dsub-porosity in the pore walls which  even larger pore diameters of 200 and 40fn, we used foamed
is obtained after water is removeld®®2>*INote that only ve stud- emulsion templating. Given by the nature of this special templat-
ies exist about the polymerization of foamed emulsions, all of ing route, only open-cell polymer foams with interconnected
which deal with the monomer styrene. pores are obtained. In our previous study, we focused onding

A quickly increasing number of studies deals with biodegrad- a composition of the 1,4-BDDMA-in-water emulsion that meets
able polymer foams for tissue engineering where the polymer all requirements as regards foam stability and foamabili&* In
foams are supposed to act as scaffolds which facilitate tissueghe present study, we foamed this emulsion using micraiidics
regeneration(?-25:28-30.32.3643,56 58] gjgqegradable and biocom- and subsequently polymerized the templat&¢heme ). We syn-
patible polymer foams are suitable as scaffolds if they have a 3Dthesized monodisperse poly(1,4-BDDMA) foams with pore sizes
and highly porous structure with interconnected pores ranging ranging from 100 to 400 m and polydisperse poly(1,4-BDDMA)
from 50 to 500 m.[>°%%8 Note that the interconnection of the foams with polydispersities between 18% and 27% but the same
pores is fundamental for the supply of nutrient§®394243581  ayerage pore sizes as the monodisperse counterparts. We empha-
Recent ndings suggest that a homogeneous, monodispersesize that this is the rst study about the synthesis of methacrylate-
pore structure is advantageous for cell seeding and cell growthbased polymer foams with controllable structure via foamed
by ensuring uniform transport of nutrients and uniform degra- emulsions. The challenges one has to deal with are threefold.
dation of the scaffold®®*®! Mechanically stable materials are First, one has to nd a proper formulation for the foamed emul-
obtained with PF?” or PFDMA[*®22%] and can be used as scaf- sion, which is not straightforward considering the lack of knowl-
folds in hard tissue engineering for the regeneration of bones. So edge in this new eld. Second, one has to generate the liquid
far, most scaffolds synthesized via emulsion or foam templating template with the desired structure. Third, one has tond the
are based on hydrophilic polymers such as collagen or chito-proper polymerization conditions such that the structure of
san[?830:3¢43] Moglia et al. and Robinson et al. were therst  the template is retained during solidication.

A,

(2)
1) (3,4)
_> _»
template polymer foam
=2 gas — polymer
mmm monomer-in-water — pore
emulsion o window
C— monomer
= water

surfactant stabilized monomer droplet

A 4

flow direction surfactant stabilized gas bubble

Scheme 1.Concept of the synthesis of polymer foams using foamed emulsions as templates. (1) Generation of the monodisperse foamed
monomer-in-water emulsion template via micraidics, (2) polymerization of the monomer, (3,4) pugation of the polymer foam followed
by its drying.
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2. Results and Discussion guideline outlining the generable bubble sizes and the needed
o o ) pressure settings. As mentioned earlier and as can be seen in

2.1. Calibration of Microuidic Chips Figure 1, an increase in the dispersed phase pressure leads to

an increase in the mean bubble diameter for all micraidic sys-
To determine the range of synthesizable pore sizes, it is necestems. The standard deviation of each mean bubble diameter
sary to rstanalyze the variety of bubble sizes which can be gen-re ects the general sensitivity of the experimental procedure
erated by calibrating the microuidic system. The continuous  and during the quantitative characterization of the bubbles sizes.
phase consists of the monomer-in-water emulsion, while>N  ysing the (100 105) m chip, mean bubble diameters ranging
was the dispersed phase (Section Polymer Foam Synthesisfom 64 m 3 m (PDI%5%) to 179 m 4 m (PDI ¥22%)
We used three microuidic chips called: (100 105) m chip,  were obtained. Using the (190 195) m chip, mean bubble
(190 195) m chip, and (275 280) m chip (for details, see djameters ranging from 102m 4 m (PDI%4%) to
Section Micro uidic Device). During calibration of one micro- 358 m 2 m (PDI¥41%) were obtained. Using the
uidic chip, the continuous phase pressure was kept constant, (275 280) m chip, mean bubble diameters ranging from
whereas the dispersed phase pressure was varied (see Sectigfte4 m 4 m (PDIY1%) to 479 m 3 m (PDI ¥41%) were
Micro uidic Device). The smallest possible bubble diameter with gptained. To sum up, we are able to generate bubbles in a range
the respective microuidic chip can be obtained using the small- from 60 to 480 m.
est available pressure settings for the dispersed phase. A stepwise
increase n _the dls_perse_d phas_e pressure led to monoghspersezz. Monodisperse Poly(1,4-BDDMA) Foams via Foamed
bubbles of increasing sizes, with the largest bubble diameter . .
being generated by applying the highest available pressure.EmUISIon Templating
The diameter of both the smallest and the largest bubbles depend, 5 1 Monodisperse Foamed Emulsion Templates
on the micro uidic chip constriction. Inside each microuidic
chip, three things happen. First, the bubbles arrange in a single- The st aim of this study was to synthesize monodisperse
row ow. Second, the bubbles sizes increase with increasingy 4.sppMA-based polymer foams with increasing pore sizes
pressure of the dispersed phase. Third, the bubbles are packediz foamed emulsion templating. Hence, we formulated and
more tightly and deform more and more from spheres to ellip- foamed 1,4-BDDMA-in-water emulsions. The left-hand side of
soids as the dispersed phase pressure increases. Figure 2 shows the microscope pictures of the three monodis-
For the calibration of the chips, all monodisperse bubble perse foamed emulsion monolayers, while the right-hand side
diameters with a polydispersity index (PDI) of 5% were plotted  shows the corresponding bubble size distributions.
against the pressure of the dispersed phaséidure 1). Note that  As shown in Figure 2, we obtained foamed emulsion templates
each calibration curve is highly correlated to the conditions with increasing mean bubble diameters (top left to bottom left)
presented during the calibration, which is the reason why a from 99 m 1 m (PDI%1%), 199 m 2 m (PDI%1%),
calibration may not be completely reproducible. Thus, a calibra-and 399 m 5 m (PDI ¥1%). The microscope pictures and
tion curve of a micro uidic system can only be regarded as a the bubble size distributions extracted herecféble J) reveal that
the foamed emulsion templates are monodisperse (PDI5%) %€

550 T T T T T T T T
500F ® (100 x 105) pm chip 3 2.2.2. Monodisperse Poly(1,4-BDDMA) Foams
o © (190 x 195) pm chi
450F O (275 x 280) pm chi 3
o The three monodisperse foamed emulsion templates in Figure 2
400F ° ; (Section 2.2.1) were subsequently polymerized (see Section
g 350F o Per™ 500 Mbar OO ] Polymer Foam Synthesis) and characterized (see Section Optical
= 300F ° ° ] Microscopy and Determination of Bubble Diameters). Note that
o < o' in Figure 2, monolayers of the foamed emulsions are shown
IU% 250¢ Ooooopcp: 800 mbar ] as they are easier_ to characterize. The samples that wemally
200F OQOO - polyme_rlzed consisted of a coupI(_e of layers of d(_ensely pa(_:ked
150k »° e 1 monodisperse gas bubbles as in all our previous studies.
o**° Thus, the gas content of all monodisperse templates was
100¢ ° oot 1 74vol% as explained in ref. [59]. The left-hand side of
50F ° Py i000mbar Figure 3 shows the scanning electron microscope (SEM) pic-
. . . . . . e tures of the three monodisperse poly(1,4-BDDMA) foams,
0 100 200 300 400 500 600 700 800 900 whereas the right-hand side shows the corresponding pore size

Pgp / mbar distributions. The mean pore diameters, the PDIs and the mean
Figure 1.Mean bubble diameterdype as a function of the pressure ¥I1?0W1dlameters arefI'Ste‘jt n Tc-ia?lil-'lfk?c}kmg at F[I_-,gli)r;s andd
of the dispersed phaspy, for three micro uidic chips having constrictions able 1, ong sees four trends: 1) € mean bubbie an
of (100 105) m, (190 195) m, and (275 280) m. The continuous 'M€&n pore diameters are nearly the same. 2) The PDIs of

phase pressurepc, was kept constant at 1000 mbar ((100105) m), the polymer foams are slightly higher than those of the
800 mbar (190 195) m (left), and 500 mbar (275 280) m (right),  liquid templates, which is in line with our previous studies
while the dispersed phase pressure was varied in 20 mbar steps. (see, e.g., refs. [3,14,26,45,52,54]). The PDIs change due to
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Figure 2. Microscope pictures of monolayers of monodisperse 1,4-BDDMA-based foamed emulsion templates with bubble diameters of around 100
using the (100 105) m chip (top left), 200 m using the (190 195) m chip (middle left), and 400 m using the (275 280) m chip (bottom left)
and the corresponding bubble size distributions it %2100 (right).

an unavoidable disintegration of the foamed emulsion during which causes the porosity in the pore walls after polymerizing
polymerization. However, the very similar mean bubble and and drying.

mean pore diameters show that a disintegration takes place

to a minor extent only. 3) The mean pore and the mean window 2 3. polydisperse Poly(1,4-BDDMA) Foams via Foamed
diameters increase in the same relative way, which is also inguision Templating

line with a previous study®Y! 4) As shown inFigure 4, using

higher magni cations, the pore walls have &sub-porosity, 2.3.1. Polydisperse Foamed Emulsion Templates

as was also demonstrated in ref. [582,54]. The porosity

stems from the fact that the continuous phase of the liquid Polydisperse polymer foams synthesized via foamed emulsion
template (monomer-in-water emision) partly consists of water, templating exist for polystyren&” and poly(1,4-BDDMAJ?®!
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Table 1.Mean bubble diametersd,,,e and PDIs of monodisperse However, in these two studies, the templates were generated via
monolayers of the foamed emulsion templates as well as mean poremechanical mixing, i.e., a precise control of the bubble size and
diameters dyore, PDIs, and mean window diameterslngow Of the  the pubble size distribution was not possible. If one wants to

monodisperse poly(1,4-BDDMA) foams. study the in uence of the polydispersity on the polymer foam
. . properties, one needs to be able to control the bubble size of
Monodisperse foamed Monodisperse polymer foam the template and to adjust the polydispersity. This, in turn, is

emulsion template . . . L .
= P = possible with micro uidics. The procedure for the synthesis

Gouppte [ M] PDI (%] Gpore [ M] PDI [%] Singow [ M of polymer foams with controllable polydispersity was developed
9 1 1 107 15 14 21 7 by Andrieux et al® using chitosan-based liquid foams and
199 2 1 196 8 4 44 6 successfully transferred to 1,4-BDDMA-based emulsions by
399 5 1 389 31 8 107 27 usP®irrespective of the kind of template used, the resulting

polydispersity of the template and of the polymer foam depends

0.5 v v v
d,,,. = (107 £ 15) ym
PDI = 14%
0.4F E
= 0.3+ ]
-
< o2} ]
0.1 4
0.0 e e
0 100 200 300 400 500 600 700
dpm/ um
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Figure 3. SEM pictures of specimens of monodisperse poly(1,4-BDDMA) foams synthesized via foamed emulsion templating with pore diameters of
around 100 m (top left), 200 m (middle left), 400 m (bottom left) and the corresponding pore size distributions with, %2100 (right).
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poly(1,4-BDDMA) foams, whereas the right-hand side shows
the corresponding pore size distributions. The mean pore diam-
eters, the PDIs and the mean window diameters are listed in
Table 2. Figure 6 and Table 2 reveal again four trends: 1) The
mean bubble diameters are slightly smaller than the mean pore
diameters. 2) The PDIs of the polymer foams are very similar to
the PDIs of the foamed emulsion templates, which is in line with
our previous study on poly(1,4-BDDMA) foams with a controlla-
ble polydispersity?®! 3) The mean pore and the mean window
diameters increase in the same relative way. 4) There is a
“sub-porosity in the pore walls, which means that the pore walls
are also porous as also reported in ref. [582,54]. Due to the fact
that the polymer matrix is always the same, we did not show an
additional SEM picture of the ne structure of polydisperse
polymer foams as it is the same as the one seen in Figure 4.
In comparison to the monodisperse poly(1,4-BDDMA) foams,

Figure 4. Close-up SEM picture of thene structure of a specimen of a Much larger window sizes were obtained. In general, the fact that

poly(1,4-BDDMA) foam having a pore size of 10f 15 m. it is possible to synthesize polymer foams with a controllable
polydispersity, but the same mean pore size as their monodis-
perse counterparts is useful for many applications and for testing

on 1) the micro uidic chip constriction (the larger the constric- the impact of the polydispersity on the mechanical properties of

tion, the larger are the bubbles/pores and the lower is the PDI), the polymer foam.

2) the absolute values of the pressure amplitudes which de

the smallest and the largest bubble/pore sizes (the larger the

amplitude, the higher is the PDI), and 3) the period between 2-4. Mechanical Properties

two equal amplitudes which denes the number of repetition ) )

(the larger the period, the smaller is the PDI). The second aim W& measured stressstrain curves of a monodisperse polymer

of this study was to synthesize polydisperse poly(1,4-BDDM A)foam and its polydisperse counterpart (three samples in each

foams with a controllable polydispersity of around 25% but C@S€). As shown irFigure 7, the curves nearly lie on top of each

the same mean pore diameters, i.e., poly(1,4-BDDMA) foamsother. A look atTable 3reveals that the densities of the two sam-

of 100 m 25 m, 200 m 50 m, and 400 m 100 m ples are also very similar. Note that the density of the polydis-

were aimed for. The polymer foams were synthesized asPerse polymer foam is slightly lower which is reected in a

described in Section Polymer Foam Synthesis and characterizecslightly lower modul Eqam (see values in Table 3). Thesedings

as described in Section Optical Microscopy and Determination of are in line with what one expects: The mechanical properties of

Bubble Diameters. The left-hand side oFigure 5 shows the Porous solids, i.e., of solid foams, have been widely investigated

microscope pictures of the three polydisperse foamed emulsionand there is a general agreement that the relative Yotmignod-

monolayers, whereas the right-hand side shows the correspondulus (Ercam/ Epolymer) as well as the relative shear modulu§foam/

ing bubble size distributions. Evoiymen) directly depend on the squared relative densitysdam/

The microscope pictures in Figure 5 show polydisperse poyme) - Here, we will discuss the relative Yourlg modulus

foamed emulsion templates of increasing bubble sizes from only for which it holds

108 m 26 m and a PDI of 24%, 231m 40 m and a

PDI of 17%, and 414 m 73 m and a PDI of 18%. The micro-  Efoam v,C foam

scope pictures, the calculated data (also giverTiable 3, and the  Epgymer © polymer

bubble size distributions reveal that the polydispersites of the

foamelcli ;mulsions are indeed very similar, i.e., are indeed ywjith C, 1 according to Gibson and Ashby®*®¥ Looking

controllable.

@

at Table 3, one sees that the relative Yousgmodulus
(Etoany Epolymer) Of our polymer foams indeed is proportional
2.3.2. Polydisperse Poly(1,4-BDDMA) Foam t0 ( foam/ polymen” With @ proportionality factor of 1 in case

of the monodisperse foams and of 1.7 in case of the polydis-
After the generation of the polydisperse foamed emulsion tem- perse foam, which is in the usual range. We conclude that the
plates (see Section 2.3.1, Figure 5), the templates were polymemechanical properties solely depend on the polymer fo&men-
ized to synthesize polydisperse poly(1,4-BDDMA) foams. As wassity and not on its polydispersity. Calculating the porosities from
the case for the monodisperse counterparts, the samples thathe densities (see Section (SEM); Determination of Pore and
were polymerized consisted of a couple of layers densely packedVindow Diameters), one sees that the porosities are in the range
gas bubbles. As the polydispersity we deliberately added to theof 85-90% and not 74% as expected for a densely packed sys-
system is not very high, the gas content of all samples is betweertem of monodisperse pores. The reason for this difference was
64 and 74 vol% as explained in ref. [59]. The left-hand side ofalready described qualitatively in Section 2.2. and Section 2.3.2,
Figure 6 shows the SEM pictures of the three polydisperse namely the“sub-porosity in the pore walls.
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Figure 5.Microscope pictures of monolayers of polydisperse 1,4-BDDMA-based foamed emulsion templates with bubble diameters of around
100 m 25% using the (100 105) m chip (top left), 200 m 25% using the (190 195) m chip (middle left), and 400 m 25% using the
(275 280) m chip (bottom left) and the corresponding bubble size distributions witig, %2100 (right).

3. Conclusion and Outlook mean pore diameters ranging from around 16@00 m were
synthesized, and these polymer foams had the desired structure:
In this study, we synthesized and characterized monodisperse, highly porous, closed-packed, open-pore. We also
methacrylate-based open-pore polymer foams using a novebynthesized three polydisperse poly(1,4-BDDMA) foams with
templating route, called foamed emulsion templating. For this polydispersities between 18% and 27% but the same mean pore
purpose, we used the hydrophobic monomer 1,4-BDDMA to for- diameters as their monodisperse counterparts and obtained
mulate, foam, and polymerize a 1,4-BDDMA-in-water emulsion. porous and closed-packed structures of highly interconnected
Micro uidics was used as foaming method. Three micraidic  pores. In both cases (mono- and polydisperse), the increase in
chips were used to generate foamed emulsion templates of dif-the pore sizes is accompanied by an increase in the window sizes.
ferent sizes. Three monodisperse poly(1,4-BDDMA) foams with The main ndings are: 1) Foamed emulsion templating is
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Table 2.Mean bubble diametersd,,pe and PDIs of the polydisperse well-suited

www.aem-journal.com

to synthesize monodisperse poly(1,4-BBDMA)

monolayers of the foamed emulsion templates as wells as mean porefoams with controllable pore size and their polydisperse counter-

diameters dyore, PDIs, and mean window diametersi,ingow Of the

polydisperse poly(1,4-BDDMA) foams.

parts with controllable polydispersities. 2) The window sizes

increase with increasing pore sizes. 3) Beyond to the large pores,

Polydisperse foamed
emulsion template

Polydisperse polymer foam

Aouppre [ M] PDI [%] doore [ M PDI [%] Quindow [ M)
108 26 24 133 32 24 34 8
231 40 17 240 44 18 68 18
414 73 18 444 121 27 159 78
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a“sub-porosity is created in the pore walls caused by the nature
of the continuous phase, i.e., the evaporation of water. 4) The
pore sizes accessible via foamed emulsion templating are much
larger than those of emulsion templated poly(1,4-BBDMA)
foams. These four ndings make foamed emulsion templating
very interesting for various areas of applications, e.qg., tissue engi-
neering. Providing an additional porosity within the pore walls
may speed up the biochemical supply throughout the scaffold,
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Figure 6. SEM pictures of specimens of polydisperse poly(1,4-BDDMA) foams synthesized via foamed emulsioratexgmlith pore diameters of around
100 m 25% (top left), 200 m  25% (middle left), 400 m 25% (bottom left) and the corresponding pore size distributions witky %2100 (right).
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3.0 T T T T (30 min, 1000 rpm). Then, 2 mol% of the initiator BPO (calculated with
monodisperse respect to the amount (mol) of the monomer 1,4-BDDMA; 0.28 g) was
polydisperse added; the emulsion was placed in an ice bath and mixed with a magnetic
25

b stirrer (25 min, 1000 rpm). The emulsion needs to be cooled to prevent the
decay of initiator due to heat dissipation during the subsequent homoge-
nization. 2) The further cooled emulsion was homogenized three times
(each time for 40 s) at a power of 30% using an ultrasonic homogenizer
SONOPULS HD2200 from Bandelin to decrease the 1,4-BDDMA droplet
sizes which, in turn, increases the stability of the emulsion. 3) The foaming
of the 1,4-BDDMA-in-water emulsion was carried out via miaraics
(Section Micro uidic Device). The foamed emulsion template was col-
lected in a glass tube (VWR, 4 mL, 44.6 mnl4.65 mm,Binner  1.3cm)

up to a height of 4cm, sealed, and 4) subsequently polymerized via
UV-polymerization for 4 h by placing the foamed emulsion templates in
] the middle between two MH-Modul 250W Z4 XL (& 250 W) UV lamps from
Hereaus with a radiation in a spectral range between 250 and 550 nm. The
distance between the two UV lamps was 60 cm to prevent a heating of the

2.0
Z 15
1.0

0.5

0.0 : : : : foamed emulsions. 5) After breaking the glass tube (necessary to obtain
0.0 0.1 0.2 0.3 0.4 0.5 the polymer foam), Soxhlet extraction was carried out with ethanol at
| % 100 C to purify the polymer foams from residual emulsion components

or initiator. All polymer foams were pured for at least 12 h and dried for
Figure 7.Stress ()-strain () curve of one monodisperse and one 72h at room temperature.
polydisperse poly(1,4-BDDMA) foam having a pore size gf00 m. Micro uidic DeviceMicro uidics was used to foam the 1,4-BDDMA-
in-water emulsions (i.e., the continuous phase) with nitrogen (i.e., the
dispersed phase). The continuous phase was prepared as described in
thus fac”ltatlng the growth of tissue. Furthermore’ foam|ng Section Polymer Foam Synthesis. Different bubble sizes were obtained
emulsions via micro uidics allows to adjust the polydispersity, USing the ow-focusing chip geometry (X-Junction) of three different
L L . ' hydrophilic micro uidic glass chips purchased from Dolomite with the
which is necessary for two reasons. So far, it is still unclear

. . o . . dimensions listed inTable 4
1) which polydispersity is needed for scaffolds in tissue engineer-  after formulation, the continuous phase was placed in a 100 mL glass

ing and 2) how the polydispersity inuences the polymer foars  pottle (Schott), while a second 100 mL glass bottle remained empty. Both
mechanical properties. Consequently, the aim of our future study glass bottles were sealed with Vaplock GL45 caps. Each glass bottle
is to measure the densities and the mechanical strength of our was connected to the pressure controller Eleev OB1 MKIlp and with
polymer foams. As biodegradable polymers are needed for tissuerEP tubings (Dolomiteoyer/2 1.6 MM, Bjnne/20.5mm) to the chip.
engineering, follow-up studies will deal with PEDMA-based poly- Nitrogen, regulated by the software of the pressure controller Ebve

f ith th d hand . . Smart Interface (Elveow), was used 1) to push the emulsion with a con-
mer foams, with the study at hand serving as scouting SyStem'Stant pressure through the two outer inlet channels of the chip and 2) as

dispersed phase in the foamed emulsion (pushed through the inner inlet
channel of the chip). Depending on the chip, one pressure value of the
4, Experimenta| Section continuous phase was daed and kept constantTable §. To generate
monodisperse foamed emulsion templates, the pressure value used for
Materials 1,4-BDDMA 95% containing 26300 ppm hydroquinone Pushing the dispersed phase was kept constant. To generate polydisperse
monomethylether (MeHQ) as inhibitor, sodium dodecyl sulfate (SDS, foamed emulsion templates, the pressure values changed periodically
99%), benzoylperoxide (BPO, Luperox A75, 75%) and glycerol wer@mplitude’z 25%) over a period of %10 s around the pressure value
purchased from Sigma Aldrich. Bi-distilled water (further called water)used for the monodisperse foamed emulsions. Table 5 gives an overview
was used. Ethanol was used for Soxhlet extraction. All chemicals were usé@®out the used pressure settings.
as received and not further puréd.
Polymer Foam Synthesi$e synthesis of mono_disperse ar_1d polyd_is- Table 4.Micro uidic chip specications®®!
perse poly(1,4-BDDMA) foams via foamed emulsion templating consists
of ve steps: 1) The preparation of the continuous phase, i.e., the polydis=

perse 1,4-BDDMA-in-water emulsioVduision¥2420 mL), 2) its homoge- Micro uidic chip Constriction Channels
nization, 3) the foaming of the emulsion via micraidics, and 4) the Depth [ m] Width [ m] Depth [ m] Width [ m]
subsequent polymerization of the monomer droplets. Step (5) includes

the puri cation and drying of the synthesized poly(1,4BDDMA) foams.(100 105) m 100 105 100 300
1) For the preparation of the emulsion 65vol% 1,4-BDDMA (13.30g;(190 195) m 190 195 190 390
0.0588 mol), 30vol% water (69), 5vol% glycerol (1.269), and 5Wt%270 275) m 275 280 275 475

SDS (1.03 g) were stepwisely added and mixed with a magnetic stirrer

Table 3.Mean density oam, mean relative densitysoam= polymen Mean Youngs modulus Ex,am, and normalized youn'g modulus Esgam=Egolymer for
monodispere and polydisperse poly(1,4-BDDMA) foams having a pore size o400 m. The mean density of 1,4-BDDMA is
“polymer 74(1118  33) kgm 3 and the mean Young modulus isEpolymer 74(275  23) MPa.

Monodisperse Polydisperse
" foam [kg m 3] -;;Tya;n“e, Epolymer [MPa] Eiji;:er " foam [kg m 3] _;:\Jya;\"ev Epo\ymer [MPa] Elj#;:er
140 12 0.13 o0.01 53 1.1 0.019 0.004 115 11 0.10 0.01 4.7 0.2 0.017 0.001
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Table 5.Pressure settings of the continuous phagg, and dispersed phas@g, used for the generation of monodisperse and polydisperse foamed
emulsions with three different micrauidic chips and the corresponding mean bubble diameters.

Micro uidic chip Monodisperse foamed emulsions Polydisperse foamed emulsions

dbuotie [ M Pep [mbar] Pap [mbar] dbuppie [ M Pep [mbar] Pap [mbar]
(100 105) m 99 1 1000 650 108 26 1000 576720
(190 195) m 199 2 800 400 231 40 800 3206480
(270 275) m 399 5 500 210 414 73 500 166260

The generation of monodisperse and polydisperse bubbles werghe microscope picture. To calculate the total bubble areas without inves-
observed with the optical microscope Nikon SMZ745T equipped withting too much effort, we corrected each inner bubble area with a correction
the high-speed camera Mikroton EoSens CL MC1362, while microscopealue. The correction value is the arithmetic mean of the difference of the
pictures of the bubble generation and foamed emulsion monolayers wereuter (manually determined) and inner (automatically determined) area of
taken using the corresponding software MotionBLITZ Director2 Kit from 20 bubbles. In case of polydisperse foamed emulsions, the total bubble
Mikroton. A Schott KL 1500 compact (150 W) combined with a Mitos diameter was only manually determined by encircling each outer bubble
microscope stage (Dolomite) by an opticaber served as light source. area. The further quantitative characterization of the foamed emulsions
Irrespective of the template polydispersity, the nal foamed emulsion were carried out as described in our previous study, ref. [54]. For the
template was collected in a glass tube after leaving the outlet channetalibration, only pressure settings leading to foamed emulsion monolayers
of the micro uidic chip and transported through a tubing. In case of with uniform bubbles having a PDI of 5% (i.e., monodisperse
the (100 105) m and (190 195) m micro uidic chips, the dimen- refs. [59,60]) were considered. Pressure settings which lead to optically
sions of the outlet tubing corresponds to the dimensions of the inlet tub- nonuniform bubbles (although the PDI was 5%) or whose diameters
ings (Dolomite,Poyter ¥4 1.6 MM, Binner #20.5 mm), whereas in case of the  change drastically over time were neglected. The software SigmaPlot
(270 275) m micro uidic chip, an outlet tubing of the same material was used to plot the bubble size distributions withthe number of bub-
having a larger inner diameter was used (Techlab, FEP tubingples normalized ton (100) the total number of bubbles in a deed
Douter /21.6 MM, Binner¥20.8 mm), whereas the inlet tubings were not diameter range against the bubble diameter. ImageJ was used to add scale
changed. bars on all plain micrographs.

Calibration The micro uidic set-up containing the respective chip was  SEM and Determination of Pore and Window Diametées poly(1,4-
calibrated initially to the template generation. The continuous phase pressDDMA) foams were characterized using SEM. The samples were frozen
sure was kept constant at 1000 mbar ((100105) m chip), 800 mbar  in Jiquid nitrogen and broken or cut with a razor blade into small speci-
((190  195) mchip), and 500 mbar ((275 280) m chip). The dispersed mens preferentially horizontally and vertically which was not always pos-
phase pressure was varied in 20 mbar steps from 480 mbar to 840 mbakiple due to the fragile character of the polymer foams. The specimens
((100  105) m chip), from 280 and to 600 mbar ((190 195) m chip),  \yere glued on SEM specimen stubs using a conductive silver glue from
and from 100 mbar and to 240 mbar ((275280) m chip). Ateach pair of  pjang (Acheson 1415) followed by the whole coating of the sample
pressure settings, a foamed emulsion monolayer was created and micrOgexcepting its surface) with carbon (from Plano) using the sputter coater
scope pictures were taken (Section Calibration). _ Emitech K550. The characterization of each polymer foam was carried out

Optical Microscopy and Determination of Bubble Diameteesned yyith a TESCAN VEGA3 SEM using second electron imaging (SEI) and a
emulsions (generated as described in Section Polymer Foam Synthes%nage of 5kV. The corresponding software VegaTC was used to take SEM
and Micro uidic Device) were characterized using the optical eqUipmempictures with a resolution of 1024 768.

mentioned in Section Microuidic Device. For preparing the foamed * the holymer foams were quantitatively characterized as described in
emulsion monolayers, we used the procedure described in ref. [51]. Thgyt [54] using the original 2D SEM pictures (at 100magni cation)
foamed emulsion was collected on a microscope glass slide (76mm 5 taking 100 pores and 25 windows into account. The SEM picture
52mm 1 mm) which held two adhesive strips of a thickness of 58 ¢ he Finestructure (Figure 4) was taken at 200@hagni cation. The pore
(Tesalm, customer service) lengthwise at its shorter ends. For calibrationg;,e gjstributions were plotted as described in Section Optical Microscopy
means, one foamed emulsion droplet or a part of it was collected. In case of,,§ petermination of Bubble Diameters. Beyond the addition of scale bars

monodisperse 'foamed emulsion templates, one droplet was collected. In(see Section Calibration), ImageJ was also used to improve contrast and
case of polydisperse foamed emulsion templates, three droplets Wer%rightness of all SEM pictures

collected to collect all bubbles of all diameters generated during one
period ( ¥10s) which is in most cases longer than the generation of
one droplet. Then, an identical second microscope glass slide was careful
placed on the rst one to squeeze the spherical bubble to a cylindrical shape
For more details, we refer to our previous study, ref. [54]. Then one or mo
microscope pictures (at 5 magni cations) were made with a resolution of

1024 1080. Due to the fact that the camera made black-and-white picturesbulk polymers are the averages of the three samples. The densitas

theTirgur:]sé(;?] ?)%%i?gsd?:rzlfétg?segefafogliubl;g)'téf\sfvzfgzzz r";:::zd by me ?c‘ihet?rmined by weighing each polymer foam/bulk polymer and dividing
. ) S . . eir massm by their volume as given in

suring the bubble areas in the original 2D micrographs using Image

initially. The bubble areas composing of a large bright area (due to light L, m

re ections), being the inner bubble area, and a not directly visible thin dark /“V @

shell, being the outer bubble area, were determined within the 2D micro-

scope picture(s) (at5 magni cation) using ImageJ. In case of monodis-  The relative density of the polymer foam was determined by dividing

perse foamed emulsions, the inner bubble area (the large bright areas) ofhe polymer foams density am by the mean bulk polymer density

the bubbles were automatically determined within the original microscope polymer The porosityP of polymer foams was determined &8

picture (s), whereas the outer bubble areas were manually determined by

encircling the outer dark shell after brightening and contrast (if applicable)? 4@ oamP 100 3

Mechanical Propertieshe samples of the polymer foams and of the
ulk polymers have a cylindrical shape. All samples were synthesized three
mes. The polymer foams and the bulk polymers were used to determine
the relative densities, the porosities, and the mechanical strength. The pro-
"%edure for the polymer foams was the same as for the bulk polymers. The
densities, porosities, and Yourg moduli of the polymer foams and the
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disperse poly(1,4-BDDMA) foams were averaged. Mechanical compreg44] A. Quell, J. Elsing, W. Drenckhan, C. Stubenradaly. Eng. Mater.
sion tests were carried out using the universal testing machine 2015 17, 604.
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and regulated by the software testXpert lll. Stresgain curves were mea- Macromolecule2016 49, 5059.

sured using normal forces and a testing speed of 1 mmmin The [16] A. Quell, T. Sottmann, C. Stubenraudtangmuir2017, 33, 537.
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ginning ponding Chem.2017, 18, 451.
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