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Preface

Abstract

In industry, polymeeations arewidely performed inconventional microemulsio systemsUs-

ing microemulsion or microsuspension techniques allgaimingcontrol over the polymeriza-

tion kinetics and polymer morphologies while undesirable effects can be suppressed. However,
a drawback might be that the surfactant or auxiliaries remain in the polynédrcan impact the
resultingproduct In this dissertationsurfactantfree microemulsions (SFMEgE investigated

as simple, mesostructured reaction media for fireglical polymerizations. The idea behind this
approach is to worlonly with water andsimple alcohols as hydrotropes that can be completely

removed after the polymerization procegs.g.,by distillation).

After an introduction to the topic in the first chapter, a general preaffconcept for surfactant

free microemulsion or microsuspension polymerizati®presented using the monomarethyl
methacrylate(MMA). It could be shown thaby choosing surfactartee, mesostructured sys-
tems, one can impacthe polymerization kinetics and thus the conversion and weight average
molar mass of the latter polymer. The third chapter expands the work to other industteal
vant polymers and cpolymers as well as longechain hydrotropesand polymerizable hy-

drotropes

While chapters two and three focus mainly on polymerization kinetics, conversiadsob-
tained molar masses, the fourth chapter gives an overview of morphologies obtail¢d.and
2-hydroxyethyl methacrylate (HEMAgre used as monomers. i$ proven that SFMEs can work
as templates not only for powddike but also for porous polymer¥he dtained polymer mor-

phologies ar&eomparabé to results from surfactanbased microemulsions.

Chapter five bridges the gap to surfactdyd@sed microemulsions and first examines the effect

of low surfactant concentrations on the phase behavior of SFMEsnic surfactart like sur-

factant sodium dodecylsulfate (SC#8¢ shown to decrease the binodal significantly at quite low
concentrations when mesostructuringalready present before addition. Nonionic surfactants,

on the other side, do not impact the location of the binodal. On the caytrtne interplay be-

tween water, hydrotropeand oilseemsto determinethe type of structuring (oiln-water, bi-
continuous, or inverse). Secondthe impact ofSDSnd several electrolytes on polymerizable
SFME systems and tberived polymersireinvestigated. The last chapter comprises a-giady

of the use of natural phenols and amino acids as photoinitiatosnecombinations of benzoic

or cinnamic acid derivates and amino acids show promising results for their use as Type Il pho-

toinitiators.



Zusammenfassung

Zusammenfassung

Microemulsionensind als Reaktionsmediuffiir freie radikalischePolymerisationen in der In-
dustrie weit verbreitet Suspensionsoder Emulsionsmethodearlauben Kontrolle Gber die Po-
lymerisationskinetik und dieMorphologie der synthetisierten Polymerevahrend uner-
wunschte Effektavahrend der Polymerisationnterdriickt werden kénnen. Ein Nachteil ist al-
lerdings, dass die genutzten Tenside oder Hilfsstoffe im Polymer verbleibaticuBthenschaf-

ten desspateren Produks beeintrachtigen kénnen. In dieser Déstation werden tensidfreie
Mikroemulsionen §MEs) als einfackemesostrukturierts Reaktionsmedim fur radikalische
Polymerisationen untersucht. Die Idee hinter diesem Ansatz ist, nur mit Wasser und einfachen
Alkoholen als Hydrotropen zu arbeiten, die nach elymerisatn vollstéandig entfernt werden

kdnnen(z.B. durch Destillation).

Nach einer Einfuhrung in das Thema im ersten Kapitel wird ein-Bfdodncept fur die tensid-
freie Mikroemulsions oder Mikrosuspensionspolymerisaticstes Monomers Methylmethac-
rylat (MMA) vorgestelltDurchdie Wahldes SFMESystem&kanndie Polymerisationskinetik und
damit der Umsatz und die Molmasse des spateren Polymers beeihflveslen Das dritte Ka-
pitel weitet den Proofof-Conceptauf andere industriell relevante Polymeuad CoPolymere

sowie auf langerkettige Hydrotrope und polymerisierbare Hyaroe aus.

Wahrend sich die Kapitel zwei und drei hauptsachlich auf die Polymerisationskinetigntrie-
ren, gibt das vierte Kapitel einen Uberblick tiber dégschiedenermrreichbarenMorphologien.
Als Monomere wurden MMA und-Bydroxyethylmethacrylat (HEMA) verwendet kKéante ge-
zeigt werden dass SFMEs nicht nur fur pulverférmige, sondern auch fir porése Polymere als
Templatedienen konnen. Die Polymermorphologien sind miheeausklassische, tensidba-

sierten Mikroemulsionen vergleichbar.

Das funfte Kapiteschliel3t die Licke zZkonventionellenMikroemulsionen und untersucht zu-
nachst die Auswirkungen niedriger Tensidkonzentrationen auf das Phasenverhalten von SFMEs.
Es wurde gezeigt, dass anionische Tenside wie Natriumdodecylsulfat SPIssengrenze be-

reits bei niedrigerKonzentrationen deutlich verringern, wermuvor bereits ein mesostruktu-
riertes System vorhanden wakichtionische Tenside hingegen haben keinen Einfluss auf die
Lage deMischungslickelm Gegenteil, es scheint sogals ob das ZusammespielausWasser,
Hydrotrop und Ol die Art der Strukturierung {@Wasser, bikontinuierlich oder invers) be-
stimmt. Desweiterenwurde der Einflussyon SDS und verschiedenen Elektrolyten auf polymeri-

sierbare SFMBysteme und die dan hergestelltenPolymere untersucht. Das letzte Kapitel
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umfasst eine Vorstudie zNutzungvon nattrlichen Phenolen und Aminoséuren als Photoiniti-
atoren.Enige Kombinationen von Benzoeséauoeler Zimtsédurederivaten unicatirlichenAmi-
nosaurenzeigenvielversprechende Ergebnisse figrenVerwendung als Typ-Bhotoinitiato-

ren.
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1 General Background

1.1 Preface

Nowadays, polymerand plasticshave a bad reputation among the publjt; 2] Hardlya week
passes without articles about  plastics in newspaper$hose eportsrange frommicroplas-
tics, pollution of plastigpackaging in the oceanbad chlorinated or fluorinategholymers and
so on. These reports aseipplemented by demands where plastic should be baroresiill even
be banned|[3; 4] After al these reports, one could come to the conclusion that the world will

be free of plastics in a couple of years.

Thisis obviously far from the reality in the industrand possibly wishful thinking of some ron
scientists From 2016 to2021, the global demandor plastics increased from 350 Mt to
390Mt. [5] Due tothe factthat the Corona pandemic hastill amajor impact on the industry in
the year 2021this is especially remarkabl®; 7]

While it certainly makes sense to replace disposableipgg.g.,shopping bags, staw necgks
packaging of takeaway food), future life will not be possible without more spzaigholymers.
This applies to goals like the energy transition and climate neutralidy,(vind turbines or bat-
tery technology) but also to modern medical or highch products. But also packaging or coat-

ings will not be possible without plastics or polymers in the near fuf@e]

Nevertheless, our use of plastics must become more sustainable. This defines a list of main chal-

lenges for modern research on polymers (without claiming to be complgi@}13]

x Findng bio-based alternatives to petrddased polymersand reduing the energy de-

mand
X Recycling of used polymers, with the goal of coming close to a rate of 100%
x Desigiing less hazardous materials and production techniques

X Reduang pollution in the environment

1
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This thesis aims to addrea$i points mentioned aboveexcept for the recycling of polymers
When dispersed or powddike polymers are required, (micij@mulsion or (micrgsuspension
polymerizations in water are statef-the-art (for a further description, sesection0). Dispersing

the monomers and the growing polymers is either very enénggnsive or requires the addition

of auxiliaries, surfactantsr protective colloids. Removing those substances is nearly impossible
and extremely costly. Impurities like surfactants influence the properties of the subsequent pol-
ymer, which can have a negative effect on the desirable properties. In addition tarflaetants

or protective colloids themselves, these contaminants can also enhance the release of small

molecules, used as softeners, into the environm¢§id; 15]

By making usefasurfactantfree microemulsion§SFMEgasa reaction medium for freeadical
polymerizationsthis thesis aims to show a surfactaand protectivecolloidfree alternative to
conventional microemulsion or microsuspension polymerizations. By using simple abakimn
alternatives like smalthain alcohols as hydrotropes, all substances are easily sepaeated,
throughdistillation, and could be recyclaghto 100% in an industrial process. This reduces pol-
lution by process additiveSirce surfactantfree microemulsions arthermodynamically stable,

only a small amount of energy is required for homogenizatid]

This thesis shows the use and influence of SFMEs as reaction media {fiadiese polymeriza-

tions with different acrylic monomers. Even though the studies build on each other, the chapters
are written in such a way that they can be read independentagch other. Thus, eacthapter

is dvided according to usual conventions into a Preface and Abstract, Introduction, Results, Dis-

cussion, and Conclusion part.

x Chapter 1provides an overview of surfactabased as well as surfactafiee micro-
emulsions, fregadical polymerizations, and important techniques and methods used
in this work.A part of the work concerning SFMEd their potential applicationwas
published in the review article J. Blahnik, E. Mdller, L. Braun, P. Denk, and W. Kunz,
‘Nanoscopic microheterogeneities or pseuploase separations in neconventonal

liquids _Current Opinion in Colloid & Interface Scie@622 57, 10153516]

x Chapter 2presents the procbf-concept on the use of SFMEaeaction medium for
surfactantfree microemulsion and microsuspension polymerizatiomethyl methac-
rylate. Redonduced, thermaland UVinduced initiatorsare used. The interplay of
mesostructuring, different hydrotropesnd the polymerization kineticas well aghe

latter polymer propertiesare studied. This work was publistiein J. Blahnik, S. Krickl,
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<X A~ Zu]l] U X D°0o0 EU X >p%3}vU v tX <pviU ~D] E} upc
polymerization of methyl methacrylate in surfactainee microemulsions (SFME)

Journal of Colloid and Interface ScieR023 648, 755767.[17] Furthermore the work

is part of the patent W. Kunz, S. Krickl, J. Blahnik, and K. Schibifl, E} upo-]}v }E
microsuspension process for the production of a polymer dispersion, and polymer par-

§] o} S ]v C S ZEPROAD208s£2021 [18]

Chapter 3extends the proobf-concept to further monomers and goolymers and

other hydrotropes with a focus on industrially relevant systems.

Chapter 4gives a deeper insight into thorphologies of polymers derived from SFMEs

and studieghe use of SFMas reaction templates for porous polymeric material with

potential use as filtration material. The study compares the results to polymers derived

from conventional, surfactaAbased microemulsions as templatdhis workwaspub-

lished « : X o0 Zv]IU : X » ZpeS EBU ZX DP°oo SHfdctafr@&’mio EU v t
croemulsions (SFMEs) asemplate for porous polymer synthesislournal of Colloid

and Interface Scien@923 655, 371-382.[19]

Chapter5 studies the influence of different surfactants and electrolytes on SFMEs and
the polymerization oimethyl methacrylate in a microsuspension polymerization pro-

cess Parts of this work are considered to be published in the future.

Chapter6 provides a proebf-conceptregardinghe potential use of natural mor@nd
polyphenols as Whitiators and natural amines as synergists. The work was a prelimi-
V EC *3u CU (E}u AZ] Z 8Z +/ID % E}i 8§ "~ 1}]v]s_ (E}u 8Z v

aiming toward a more sustaabe and less toxic future in the coatings industry.

Chapter 7gives aconclusion and aoutlook of potential future work on this topic.
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1.2 MicroemulsionsandEmulsions

1.2.1 ConventionaMicroemulsions anéimulsions

A conventional surfactadbased microemulsion (SBME) consists of wateraod a surfactant
(andmostlyalso a cosurfactant). An amphiphilic substanaeesded since water and oil are not
miscible by themselves. Amphiphifiabstances like surfactanktgve both hydrophilic and hy-
drophobic parts in their moleculastructure. By accumulatingit the oilwater interface,they

are able to stabilizé. [20]

Above a certain surfactant concentration, monophasic, thermodynamically staideoptically
transparent microemulsions are formedf(Figurel.1 markings4V).Multi-phasic system.g.,
emulsions, can be observed below this surfactaomcentration (markingd). By adding a surfac-
tant, an emulsion came stabilzed kinetically for a certain time period, mainly due to steric
and/or electrostatic barrier effects. To create an emulsion, stirring is required strbetures
formed are typically in a size range between.th and 100 .m. Howeverthe system is not
thermodynamically stable, leading to coalescence,dinereby, phase separation of the emul-
sion after a certain period of time. A wdthownexampleof an emulsion is vinaigrette, consist-
ing of ail, vinegar (watephase) mustard (containing amphiphiles), said spices like pepper.
[21123]

Surfactant

Bicontinuous Microemulsions

s

Liquid Crystalline Phases

W/O Microemulsions

Wby

e

Inverse Micelles

O/W Microemulsions

-

Direct Micelles

&

Vil

multiphase

Water ' ' ' ) il

Figure 1.1 Schematic drawing of a ternary phase diagram of water,amtl a surfactant with different regions of
structured solutionsA further description is provided in the text. The figaiaspired by S. Krick24]
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The size range of structures in microemulsions is much lower compared to emutgpoaslly
between 5nm and 100hm. This is in the soalled mesoscopiscale (between molecular and
macroscopicscale). Depending othe exact composition, several wédhown types of struc-
tured liquids can b@bserved. As in emulsions, watend oitrich regions as well as bicontinu-
ousstructures are known €f. Figurel.1). The probably most common morphologyhs oilin-
water (O/W) microemulsioncf. regionll in Figurel.1). Here, oil dropletsre dispersed in an
outer aqueous pseudphase. The analog region with watdroplets dispersed in an outer
pseudaoil phase is called watén-oil (W/O) microemulsiorfcf. regionlVin Figurel.1). In be-
tween, a bicontinuous region can feund (f. region Il inFigurel.l). Large threalimensional
networks ofoil-rich andwater-rich channelsre observed. The transition between O/W, bicon-
tinuous and W/O microemulsions is fluent. By adding oil to O/W microemulsiongjribets
swell v P § o}vP § pupvs]o $Z (]E+S "lobs¢wed. For &l typesoof micro-
emulsions, the surfactants are locatatthe oil-water interface, preventing both pseuduhases
from coalescing. It has toe noted that those structures in microemulsions are not static but
very fluctuating. All structures disaggregate aadorm permanently. Thénterfaces have to be

quite flexible to form a stable microemulsid24; 21t23]

Other mesoscale structures can be observed in the corners of the ternary pieggam. On
the waterrich side ¢f. region | inFigurel.1), micelles are built abovile critical micelle con-
centration (CMC) of the surfactant due to seffjanization. With increasing oil content, the mi-
celles incorporate the hydrophobimoleculesand O/W microemulsions are formed. The corre-
sponding aggregates in the -oith corner €f. region V inFigurel.l) are called inverse micelles
(W/O microemulsions)n the region of high surfactant concentration, several liquid crystalline
phasesare known (existing in region VIkigurel.l). [24; 21t23] As those liquid crystals aret

relevantto this work, it is renounced to go further into detail.

1.2.2 Surfactanifree Microemulsions an@mulsions

In aurfactantfree microemulsion§SFMESshydrotropes are used as amphiphiles instead of sur-
factants. The term hydrotrope was introduced Ggarl Neuberg in 1916 for a substance that is
able to increase the solubilty of another organic compound in wgg%; 26] The transition
between hydrotrope and surfactant is not cleaut, whichmakes itdifficult to draw a definite
line. Commonly substances witta carbon chaitengthof 8 or more is considered a surfactant.
In the context of SFMEEhowever, much shorter hydrotropes atenventinallyused Although
there have been hints at mesoscopically structured mixturesaier, a hydrotropeand an oil

since the 197027 t30], the colloidal community largely disregarded them. It was either argued
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that the hydrotropes are already slightly amphiphilic and therefore structuring as real surfac-
tants (in our opinion, a bad argumertg.,in the case of ethanol or propanol) or that this cannot

be true because there is no molecule present to create a defined interfacial layer between the
two pseudoephases. The last argument is true; however, it was overlooked that even simple
hydrotropes ca accumulate at the interface between continuous pseythase and
mesoscopic aggregates formed by the second liquad ihnot or only purely miscible with the

first liquid.[31] As a result, the interface is not stabdld by the amphiphilic molecules and is
thus highly dynamic and fluctuadeThis can be of interest,g, when compartmentation is re-
quired, for example, for chemical or biochemical reactions, but without hindering the transport
of reacting species through the interface. That this is a favorable case is demonstrated for sev-

eral enzymatic reaction§32; 33]

Sometimes, the effect of mesoscopic compartmentation in waiéhydrotrope systems was
called the "preOuzo" effect. The "Ouzo effect" has been vkalbwn for manyyears.[34 t36]

In fact, a mixture of water, anethelthe oil), and ethanol (the hydrotrope) can form very stable
emulsions over a long time (up to months) when enough water is added to enter into the bipha-
sic region of the phase diagram. Surprisingly, stability is achieved without any (or only very few)
surfactants While this effect today is more or less understood (in fact, there are several mech-
anisms that can be responsible fo[3(7; 38)), it was challenging to understand what happens

in the ternary mixture when the composition is still in the monophasic regishbefore adding

enough waterto see the Ouzo effeciSince, in thipre-Ouzo region, SFME $been detected,

the effect has been termed the "pr®uzo" effect. It was only very recent that the relation be-

tween the preOuzo and the Ouzo effeatasdescribed[38]

Several studies were done to investigate the mechanism behind the zaibiti in SFMEs. In

the 1970s, SFMEBwvere postulated to explain observations like enzyme activities and the ap-
pearance of three optically clear domains in an analytical ultracentrif@@e28 32]Only since

more recent methods like dynamic (DLS) and static light scattering (SLS), density contrast varia-
tion in smalangle neutron scattering (SANS) combined with smale angle highresolution

Xray scattering (SWAXS) as well as molecular dyndMIio} simulation have found their way

into SFME research, a structural determination was posqiile 39]

The system composed of water, ethafigtOH)and Xoctanol is, amongst othersf( Tablel.1),
currently the beststudied SFME system. It was investigated in detail in the last decade.

Klosselet al. started research on this system by performing SLS and DLS experiments. They
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found aggregates and calculated a size range om2(assuming spherical micelle$40]
Diatet al. found fatty alcoholrich domains in the pr®uzo region in the exact same size using
combined SANS and SWAXS measuremigifsSclittl et al, as well as Lopian and coworkers,
were able to check the previous results by predicting very similar scattering intensity data by

MD simulations[42; 43]

Tablel.1 Overview dall ME systems discussed in this section and methods used to characterize the systems.

System Methods Reference
1-Hexane|2Propanol|Water Sgr;ﬂll‘fggtlg}:lluH?l:lel\jE{e,necnez,yL—”tra 51247] 28 30,32
matic activity

Toluene|2Propanol|Water ti?;g?ﬁ:}’:;%jﬁ:\:ftﬂ;ﬂggm scat- [29]
1-Octanol|Ethanol|Water SANS, SWAXS, MD, SLS, DLS 5321]; 40 4L 43
Citriodiol|2-Propanol|Water DLS, SLS [31]
1-Hexane|X:Propanol|Water Enzymatic activity [33]
1-Hexanelert-Butyl alcoho]Water Enzymatic activity [33]

Oleic acid|Solketal|Water DLS [45]

Triethyl citrate|Ethanol|Water DLS [45]
Eugenol|Ethanol|Water DLS [46]
Safflower oil|:-Octanol|Ethanol DLS, WAXS, Conductivity [47]

Ethyl acetate|Sodium salicylate|Water DLS, WAXS, SANS [48]

Limonene|Ethanol, Propanol, 2Propanol, DLS, WAXS, SANS, Conductivity [49]
tert-Butanol|Water
Benzyl alcohol|Ethanol,-Propanol, 2Propa-

nol, tert-Butyl alcohoWater DLS, WAXS, SANS, Conductivity [49]

Limonen|Aceton|Acetonitrile DLS, COSMRS [50]
gr:]iztl)\ulittlg?nol, Aceton, Tetrahydrofu- DLS, COSMRS [50]
Triacetin|Ethanol|Water DLS, COSMRS [51]
Triacetin|Diacetin|Water DLS, COSMRS [51]
1-Octen3-ol|Ethanol|Water _CI_:EL]/'dUCtMty’ Optical Density, DL [52]
Ethyl acetate|2Propanol|Water Conductivity, UWIS [53]
Chlorobenzene|Methanol|Ethyleneglycol OpticalMicroscopy [54]
Dichloromethan|Ethanol|Water - [55]
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As a side effect, those simulations lead to the probably most descriptive model image of
mesoscale structures in SFMigurel.2 depictsthe location of the preDuzo region in the wa-
ter/ethanol/octanol system and gives an insight into the distribution of the three different com-
ponents in solution, leading to the mesoscale structures. As can be seen, the aggregates are
much less well struared and geometrically defined as the micelles in classical microemulsions.
This is a consequence of the much weaker or nearly absent zaibiti of the interface due to

the absence of true surfactants. As a consequence, the interfaces and the whole structures are

even much more fluctuating thasurfactantbasedmicroemulsion pseudghases. This can be
}( Jvd & 8 (J&E Z u] o & §]}veU AZ & 3Z J((p*]}v }( ulo po « 8Z

must not be hindered.

7
0.0 0.2 0.4 0.6 0.8 1.0
1-Octanol

Figure1.2 Snapshots from molecular dynami@dD) (left side) in the pr&uzo region. The red zooé the phase
diagram (right side)narks the area where we can expect more or less defined SFME structures around the critical
point (green cross). AMD snapshotsare made at themarked blugoint (octanol weight fractiongz0.2, water weight
fraction xy=0.39, ethanol weight fractionw<0.41). On the upper left (A), only octanol molecules are shown
(white/red). On the upper right (B), the ethanol molecules (greemraméed, which interact strongly with the octanol
molecules (orange), building the dispersed psepidase. On the lower left (@nly water molecules are shown. The
external waterrich pseudephase, consisting of water (blue) aathanol (EtOHgreen), is shown on the lower right

(D). Snapshots from MD simulaticar® re-printed by Zemb et al[31; 42]

To describe the system thermodynamically, an extended Derjaguin, Landau, Verwey, Overbeek
(DLVO) approach was chosf3i] In a classical DLVO approach, van der Waaddacdrostatics

is considered. For microemulsions, entropic terms caused by fluctuations of diluted monolayers,
considered solid§6], are included. Furthermore, by assuming vanishing interfacial film thick-
ness, ultraflexible microemulsions can be describgsil] Nevertheless, this statef-the-art ap-
proach is not applicabl® SFME. Neither electrostatic repulsion nor surfactants at the interface
exist, which could control the wategil interface. Thus, other driving forces have to be consid-

ered. Zemket al. found an accurate model by comparing two contributions to the free energy
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of the system: the mixing entropy, driving the system to smaller domains, with a term resulting
from hydration forces between surfaces, using Gaussian random field theory. They found that
the contribution of van der Waals forces is negligibly low (fact@0dower than the hydration

free energy) in the case of SFME, leading to a comparatively simple thermodynamic descrip-
tion. [31]

Even though first attempts were made usiagnodelbased on COSMRS theory, it is still not
possible to predict the existence of p@uzo clusters in ternary systems in every case. Up to
now, many examples of ternary systems are known, which dodo not tinclude a preQuzo
region. Examples of systemgth a distinct preOuzo region are water/ethanol/eugenol, wa-
ter/solketal/oleic acid or even wateffree systems like ethanol/octanol/safflower oj#t5t47]

On the other hand, in the system water/ethanol/ethyl acetate, which shows excellent solubility
properties, no preOuzo regionand no Ouzeffect either could be found48] It was thought

that the organic solvent needs to be quite polar, and hliighasic region must not be too large.
This is probably not true. When we compare the systems water/solketal/oleic acid to the system
water/ethanol/ethyl acetate ¢f. Figure1.3 a and b), the first system with a large twphase
system shows distinct correlation functions in the expected@uezo region in DLS, whereas the
second one with a small twphase system does not. In the latter system, ethanol was replaced
by the hydrotrope sodim salicylate. It comprises a second, ligaaid biphasicregion on the
hydrotroperich corner of the phase diagram. While no {dezo region can be found in this
system either, a new domain of density anomaly with-ptecleation clusters can be observed

in the onephasic region near the liquisblid phase borde [48]

0.00 0.25 0.50 0.75 1.00 0.00 025 0.50 0.75 1.00
Ethyl acetate Oleid acid Limonene

Figure1.3 Comparison of different ternary systems: ¢@ter/ethanol ethyl acetatewith a small twephase region
but no preOuzo region, (b) the systewater/solketal/oleic acid with a distinct pr®uzo region and (ayater/hy-
drotropellimonene, where the hydrotrope Ethanol is not strong enough to form-®pm® region, whereas the hy-
drotropes isepropanol, tpropanol and tertButyl alcohol do. All compositions are given in percent by weiit.
48; 49]
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Buchecker, Kricldt al.[49] studied the impact of the prstructuring of alcohelvater mixtures

on the mesoscale solul#ition of a third hydrophobic componerEtOHand alsaso-propanol
(IPA)do not show structuring in binary mixtures with water, whilgropanol (NPA)and tert-
butyl alcoho(TBAXo. The authors compared the four hydrotropes in ternary systems contain-
ing water and the oils benzyl alcohanrid limoneng respectively In the case of benzyl alcohol,
the solubilzation efficiency is best with ethanol &se hydrotrope. In other words, the two
phase region increases froEtOHto TBA This fits with previous thaghts that structuring is
induced by the addition of a third, poorly watariscible component and that this is crucial for

a pronounced solubiation power of the hydrotrope.

However, for limonene, it was found to be the other way around. While even n®@pmo and

a large twephase region can be found for the hydrotrope ethanol, less hydrotrope is needed to
solubilze limonene in water with terbutyl alcohol or rpropanol (sed-igurel.3 ¢). Here, the
distinct prestructuring boosts the solubitition. Obviously, this is based on differenecha-
nisms. It is proposed that the soluldtion can take place either in a pseudolk phaseor in

the prestructured hydrotropewater mixtures. This might be the case for more hydrophobic
compounds like limonene. The second mechanism might be interface sztibiliin the case

of hydrophobic but still slightly amphiphilic compounds like benzyl alcohol or oc{dd9pRe-
cently, a system was published which is not even able to form hydrogen bonds but still forms
SFME[50] This finding strengthens the assumption that different mechanisms can be responsi-

ble for mesoscale structuring.

Finally, a special feature of such SHME to be pointed outtheir structuring is very subtle, and
the interactions responsible for it are of the order ofgI lor even less. This point was extensively
discussed in a special volume of CO[BE.Of course, such subtleties are difficult to grasp, to
model, andto apply. On the other hand, we believe that this is one of the big challenges for

modern scienceApplications of SFMEs will be discussed in sedtibm.
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1.3 RadicaPolymerizations

1.3.1 Polymerst An Overview

dZ 3§ Gu "%}oCu E_ }E]P]v § » (Epayssd ENP' G _drghneros.

u v]vP "¥%J4. Bezelius first usediit 1833[59] but inthe context of the novel concept of
isomerism. In the 1840s and 1850s, orgariemistry started to develop. During this time, the

word polymer was also used the context of large molecules consisting of repeating subunits.

Due to the muddleH. Staudingel60] JvS &} U §Z AYE ~u E}u}6l]Naw- v id11X
adays,§Z 8§ Eue "%}oCu E_ v “~u E}ul}lo pupo _ (H62]but &o0C (1v
sometimes wrongly used as synonyms. A polymérissu «3 v Ju%olie EPU}O pO o

by the definition of IUPAC. A macromolecule is definedasido po }( Z]PZ & o $]A wu}lo
massXlthasar*SEpn SUE }( AZ]cdnprises/tbd noultifle repetitisof units derived,

actually or conceptually, froomolecules of low relative molecular mag$2] Thus a polymer

is created by theeaction of many small molecules (called monomers). A polymer can be com-
posedof macromolecules that consist ohly one kind of monomer, whereas a copolymer con-

sists of two or even mordifferent monomers. A special case can be found in nature. Natural
proteins cancontain up to 20 different amino acids (called proteinogenic). The definition of a
polymer includes a lot of different kinds of molecules of synthetic as well aatofal origin.

Natural macromolecules incledoroteins, polysaccharidegolyisoprenes, nucleic acigsr mel-

anin. Examplesf synthetic polymers araylons, synthetic rubber, fibrous glass, poly(ethylene)

(PE) poly(styrene), poly(vinghloride)(PVC)or poly(methyl methacrylatePMMA) [63; 64]In

this work, the focus will be othe latter group.

There are various techniques for the production of industrial polymers. In the following, we will
shortly mention the most common ones. PE and poly(propylene) (PP) are produced by insertion
polymerization. In this method, the polymerization is catalyzed byetalorganic complex. This
polymerization technigue was investigated in 1953 by Karl Ziegler for ethylene and extended to
propylene by Giulio Natta. Both received the Nobel Price in the year 1963 for their [@brk.

66] Polycondensation is a method that is even common in nature in the production of proteins,
for example. Condensation reactions produce at least one side praglggtyater, ammonium,

or HCI[63] The firstcompletely synthetigproducedpolymer, Bakelite, is a condensation poly-
mer developed by Adolph von Baeyer in 1862] Other industrially relevant examples are Ny-
lon, Perlon, or polyethylene terephthalate (PH®®; 69] Polyaddition forms polymers via indi-
vidual independent addition reactions that will form a polymer chain at high conversions. In

contrast to polycondensation, no side products are produced. Famous examples are

11
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polyurethane (PUR), formed from isocyanates and alcofidl§,or epoxy resing[71] The last
polymerization type worth mentioning is chagmowth polymerization, which is suitable for
many vinyl monomers. The polymerization can take place radically or ionically. Exahgaes

mon polymers produced by chagrowth polymerizations are poly(styrene), PVRMMA
poly(vinyl acetate) (PVAC) or its cleaving product poly(vinyl alcohol) (PVA), as well as numerous
copolymers or rubberg72; 63]Nowadaysmanynovel variants are knowr.g, controlled rad-

ical polymerizations (CRMying polymerizationatom transfer radical polymerization (ATRP),

or reversible additiorfragmentation chairtransfer (RAFT) polymerizatidit3] However,clas-
sicalfree-radical polymerization istill the most common onewhich will be explained in more

detail inthe following sectiorl.3.2

1.3.2 FreeradicalPolymerizations

Freeradical polymerizations require the formation of initial radicalgha first step. Radicals
are highly reactive compounds possessing an unpaired elegiroduced by the decomposition
of a starting regent (called radical starter or initiator)Jsually, at least one less stable bond is
homolytically cleavedforming radical{seeTablel1.2 a). Temperaturedependent decomposi-
tions follow a simple firsbrder kinetics, giving the decomposition radtg¢ which can be found
in handbooks([74] In industrial data sheets, mainly hdife temperatures are given instead of
rate constants, commonly for 18, 1h, and 10min. [75] Industrial relevant initiators comprise
peroxide, peroxy carbonate or azefunctionalizations. While peroxides decompose directly,
peroxy carbonates releaseQ, andazocompound N during decompositionOther kinds of in-

itiators produceradicalse.g, by irradiation with UV light or by a redox process.

A novel chain growth starts when the radical attacks the double bond of a vinylic monomer. A
novel «-bond is formed between the radical and one electron of the forméond of the mon-

omer (cf.Tablel.2 b). The second electron of the formerbond is now a radical, which can
attack and add another monomer. (dfablel.2 c). Some (mostly unwanted) side reactions may
occur during a fregadical polymerization process. A recombination reaction forms a sigma

bond between two radical species (séablel.2 €) and counts thus to termination reactions.

Transfer reactions (se€able 1.2 f), abstract an Fatom from any other moleculei.€., other
polymer chains, solventsponomers, and any other additive present in a polymerization pro-
cess), leaving a radical on the second molecule where thtol was bound to formerly. The
novel radical species may start further propagation reactions (which can lead to branched poly-

mer chains when another polymer chain has been attacked) or react with other molecules

12
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(which terminates the reaction The rate of transfer reactions and the kind of reactions of the
novel radical is extremely dependent on the environment in which the polymerization takes
place. Additives with high transfer constants lead to shorter chain lengths due to many transfer

reactions to the additive. This is called a chain regulating effé6t.74; 77]

Tablel1.2 Examplereaction mechanisms o@dical formation, propagation, termination, and transfer reactions that
can occur during a fremadical polymerization process.

Reaction ReactionMechanism

Radical Formatior Initiastor —— 2R’ (@)

H X
. H X
¢ [
Propagation RV ¢ e —» R¢-¢- (b)
H H| X H % HIH X|H X
Loy R A RV
R
H X Hw H H{X H|H H (c)
n n
. . H X H X H X H X
| | | | |
Termination R—G—C(  + '?'t?—Rz —— R—G—C—H * o=d (d)
H H N H H H Re
H X H X
1| . |
Ri—C—C YN R, —> R—C—C—R,
H H H H (e)
H—C—x H—C—x
H X H—C—H H X H—C—H
Transfer R—b—C\ +  HO-x > R—C—C—h + —x f)
TN ] T i
H H X—C—H H H X—C—H
H H H H

A special form of transfer reactioneimination, which counts to termination reactions. When
the Hatomis <S@& $§ -poswition to an already existing radicabth radicals can forna

novel «bond on the molecule on which the protdras beerabstracted (se@ablel.2 e). [74]

When more than one monomer is involved in the polymerization process, the variety of possible
reactions will get higher. Even though most chemists will expect a statistical distribution of all
monomers in a polymer chain, this is often not the case. lmstgaadient copolymers (with

significant enrichment of one monomer either on one side of the polymer chain or at a certain
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time of the polymerization process) can be formed due to different reactivities of the mono-
mers. Other copolymers, like perfectly alternating ones, graft copolymers (with side chains con-
sisting of another monomer), or block copolymers, are hardly prodbgedonestep-one-batch

free-radical mechanisn{78]

Tablel.3 Reaction kinetics andte constants for radical formatiofkq), propagation(ky), termination(k;), and trans-
fer reactiongky x) that can occur during a freedical polymerization process.

Reaction Reaction kinetics and rate constant
Radical Formation R L F@.—(@_;'_L G ®xec—<f (1.1
L F—@.‘.‘.i”?L @ et et 2@ f .o ffZ. %%
Propagation R @P G PRIl (1.2
@ ftcs frZ. 2t ) .
Termination RLF QP LG@*ftcs'fZ. &te (1.3
RaLll RanLll Ga® [t o fZ.2@x"foe bt | Po
Transfer (1.4)
Transfer possible t&X =monomers, polymers, initiators, solvents,
]3]A «UY

The kinetics of the most relevant reactions are listedrable 1.3 for radical decomposition
(equation(1.1)), propagation (equatiolil.2)), termination (equatior(1.3)), and transfer (equa-
tion (1.4)). Rate constants for decompositidk), propagationK), termination k;), and transfer
(kr), as well as copolymerization parameters, were a topic of many research works and can be

found summarized in polymer handbook#4; 79]

1.3.3 Advantages dPolymerizations itOrganizedMedia

The easiest way to carry out a polymerization process is in bulk, which works for liquid or liqui-
fied monomers. A huge problem of bulk polymerization is theated autoaccelerationgel

effect, or Trommsdorff effect[80 t82] The exothermic polymerizatioin combination with in-
creasing viscosity due to the growing polymer chdeedsto inadequate heat dissipation, caus-

ing a fast increase in temperatur€he increasing temperature increases both initiator decom-
position and the polymerization reaction itself. Thuse teffect ist as the name autoaccelera-

tion suggestst amplifying itself and can, in the worst case, lead to reactor damage and even to

explosions[83; 78]
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Thus, most fregadical polymerizations in industry need to be done either in solution or in aque-
ous mediao avoid gel effectsUsing unstructured, organiokitions would be the simplest way

to overcome gel effects. However, many suitable solvents are toxic or at least environmentally
questionablelf the polymer is nofurther processed in solution, separation from the solvent is
usually very energintensive.[84] A special case of solution polymerization is precipitation
polymerization, which occurs when the monomer is soluble in the solvent while the resulting

polymer is not[85]

Emulsions or microemulsions comprise very interesting compartments for polymerization. The
oil-rich droplets act like little bulk reactors, in which the polymerization can proceed relatively
undisturbed while the surrounding water ensures good heat disisipgsee schematic drawing

in Figure1.4). [63] Polymerization in emulsions is the most important process for producing

polyacrylates and their copolymers in industry nowad§§4]

M (empty) micelle
£
swollen micelle ..://ll\\:.. M

.\ (containing monomer)

o
Py
Ay
./ swollen micelle *
(containing polymers and monomer)
M

Figurel.4 Aschematic drawing of an emulsion or suspengiotymerizatiorprocess with monomer reservoirs, empty
micelles and swollen micelles (containing both monomers and polymers). as well as free monomers (M) and surfac-
tants in the aqueous phase. For microemulsion or microsuspension, the monomer reservoir is dhétigmphic

was inspired by Arshady et §#85]

We distinguish between emulsion, microemulsion, suspension, and microsuspension polymeri-
zations, even though the systems in which the polymerizations take place are not too different.
Emulsion and suspension polymerizations take place in thermodynamicesigble systems,
which are mostly kinetically stabilized by surfactants or auxiliary colleids, PVA poly(eth-

ylene oxide)poly(propylene oxidejco)polymers, or cellulose esters, just to name a ¢4,

64] These systems require a high effort in homogenizing the reaction mixture. There are also
processes without auxiliaries, which require even more stirring. The difference between emul-

sion and suspension processes lies in the chemical nature of the initiatt. When the
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initiator is oitsoluble €.g.,organic peroxides, percarbonates, or azo compounds), the process is
called suspension polymerization, with direct conversion of the monomer droplets. In an emul-
sion process, the initiator is soluble in the waterh phase €.g.,inorganic persulfates), which

divides the polymerization process into nucleation and growth, in which the active radical needs

to diffuse from the watetrich to the monomerrich phase[85]

When the systems are thermodynamically stable before polymerizatinay,are called micro-
emulsion or microsuspension polymerization, in line with the difference between emulsions and
microemulsions in colloidal sciend@4] It must be noticed that even microemulsion and mi-
crosuspension polymerizations will become thermodynamicedstable during the process due

to growing polymer chains by-I0kgT. [86; 87] It must, however, be noticed thagmulsion,
suspension, microsuspensioand microemulsion processes lead to polymers with different
sizes and morphologieb industry, it isabove allthe further use of the polymers thatecides
which process of manufacturinig chosen. While bulk or additisfeee emulsion or suspension
processegprovide relatively pure polymers, these generally result in relatively coarse polymer
granules. Suspension reactions also lead to relatively coarse material, while emulsions as well as
microemulsionsand microsuspensions produce a finer morphldg§6; 88] From an industrial
point of view, the morphology and sizge especially relevant if the polymer is processed as
plastisol (a colloidal dispersion of small polymer partidigsid plasticizers, and additives like
pigments, fillers, or propellants, if necessary). PVC must be mentiont asost relevant pol-
ymer in this context[88] Of course, processing the polymer as a polymer dispersion or latex

itself requires the production inreemulsion or microemulsion, as wedl.¢, for paints).[84; 89]

From a scientific point of viewsing seHorganized media for polymerizations was a huge topic
in the 1990s an@000s and has slightly decreassidce the 2010s. Howevehe topic is still of
interest. Using selbrganized media does not only impact polymerization kinetics, including the
average molar mass (distribution) but impacts especially the morphology. Many systems like
microemulsions, vesicular solutions or dispens, lyotropic mesophasesr even inorganic
compounds were already tested as templates for polymerizatif@@.91] The variety of micro-
emulsions O/ W, bicontinuous, ofW/ O, cf. sectionl.2) alone is of interesteven though a con-
ventional microemulsion breaks during polymerization, the resulting polymer has a remarkabl
memory of the initiakind oftemplate but ina larger size range (several hued nanometes

up to some micrometer instead of-5 nm for a typical microemulsiorj91; 86] This can be
prevented when both the surfactant and cosurfactant are polymerizable and take place in the

polymerization procesg92; 86] O/W microemulsions have been widely usedtlire polymer
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industry for many yearsDerived morphologies and particle sizes can be extremely irapbrt

for application, as already mentioned aboy@4] Template syntheses with bicontinuous or in-
verse microemulsionson the other handhave beerdiscussed for producing porous material

for filtration applications since the first publications lare not yetindustrially appliedo a large
scaleto our knowledge However, using conventional microemulsions will always have the dis-
advantage of residues of surfactants or auxiliaries in the latter product, which can have an im-
pact on the latter properties[14] Imitating such a process in a surfactdrge environment

might thus be advantageous for producing purer polymer,dinds, high-value products.
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1.4 State of theArt

1.4.1 Applications ofurfactantfree Microemulsions

Surfactantfree microemulsions do already hasemeapplications, although mesoscopic struc-
turing has not been identified as the main prerequisite. The use of hydrotropes to s@ubili
pharmaceuticals was already mentioned back in 1916 by Carl Neuberg in the same paper in

which he introduced the term "hydrotropy{26; 25]

A common use of préuzo systems is providing a structured reaction medium for enzymatic
reactions(cf. section1.2.2. The most investigated system in this context consistslugxane,
iso-propanol and water. Several enzymes like trypsin, lipases or oxidasdgeroxidasebave
beenused so far, just to name a fey@2; 33 93]But also greener systesicontaining limonene
and the hydrotropesNPAand TBAshowa favorable correlation between mesoscale structuring

in the SFME and the enzyme activ[84]

Since SFMEare known as potent solubihtion media, their use for plant extraction suggests
itself. Even though classical, orgarind petrotbased solvents like cyclohexane are still widely

present, some first greener alternativhave beershown in the last year$s1; 52 95, 96]

The frst examples of the use of SFME for inorganic nanoparticle syntheses were recently pub-
lished.[53 t55] Nevertheless, there are hardly any examples knafthe use of SFME as a
mesostructured reaction medium for organic reactigf3], except for enzymatic oneslof-
mann[98] investigated the use of mesostructured media for catetlreactions. For many re-
actions, not mesostructuring itself but a balanced solubility might be the crucial factor. é€rickl

al. showed that mesostructuring might evdrinder some reactions[99] However, SFME can

also have advantages, especially in coupled reactions. Vanillin was recently produced in a pro-
cess with only foodjrade chemicals using a combination of the high extraction power of SFMEs
in combination withphotochemistry [100] For the first time, a cascade reaction of a Heck reac-
tion followed byan enzymecatalyzed reaction could be reported in a surfactiee system

recently,performing better than a specially designed micellar sysfdii ]

A special application used SFMEs for microemulsion electrokinetic chromatography (MEEKC), a
powerful analytical tool to separate neutral species. Using SFMESs instead of conventional micro-
emulsions allowed the combination of MEEKC with electrospray iomizatass spectrometry

(ESIMS) for the first time, which is not compatible with conventional surfactda2]
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As those first examples show, SFbéiEbe a very promising alternative to conventional, surfac-
tant-based microemulsions in many applications where subtle compartmentation is sufficient.
By this, several advantageanbe achieved: In comparison to surfactants, hydrotropes are usu-
ally not or only slightly surfaeactive and thus easy to separatq, by distillation in the case

of short-chainalcohols). Considerably pure reaction products can be achieved without pollution
by reaction auxiliaries. Hydrotropes are usually cheap, availablagimdmountsand may avoid

the possible ecotoxicity of surfactan{403] Classical surfactafitased microemulsions are still
mandatory when a structured reaction medium is needed with a-defined and welktabilized
interface.[104] In the future we expect that applications of SFME will develop in parallel to
those of classical surfactanbntaining microemulsions, depending on the importance of well
defined interfaces and depending on the possibly perturbing role of surfactants in them. We
also notethat there is a continuous cross/er from typical ternary hydrotropic mixtures to

SFME and finally to classical microemulsions.

1.4.2 Polymerizations ifurfactantfree, OrganizedVedia

Surfactantfree processe$or polymerizations are not a completely nedea. Aside from solu-

tion processes, mulsion or suspensiopolymerizationscan beperformedcompletely without
anysurfactantsor auxiliaries at alHowever, these systems are extremehstable and require

high energy impacti avoid instant coagulation of monomer droplets to complete phase sep-
aration. [88; 77]Using polymeric auxiliaridike PVA poly(ethylene oxidé)poly(propylene ox-
ide}(co)polymers or cellulose estemsight not be exactly the samesusinga surfactant. How-

ever, also polymeric auxiliaries are somehow amphiphilic, stabilizing the interface and remaining

in the final product, just like surfactants d@s; 84]

Qurfactantfree polymer dispersiorare the first real surfactartree systemshat do not require
intense homogenization or auxiliarieldowever, having a closer look, these systems comprise a
high amount of watetsoluble monomers. Using monomers like acrylic aglich can even be
neutralized during or after polymerizatioar sodium styrene sulfonatadds electrostatic stabi-
lization.[105; 106]Thus, these polymers are amphiphilic and-siidpersing, acting similigrto

surfactants and only suitable for special applications.

Recently, a surfactarftee Pickering system using cellulose nanocrystals as emulsifiers was re-
ported.[107] This system does not comprise surfactants or polymeric amphiphiles and does also
not produce those during the procesthus, using a Pickering system mightthe first real
surfactantfree system, which comprises an organized medium and whagtpigcable for many

industrially relevanmonomers. Even though cellulose nanocrystals are biobased antbrimn
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they will be incorporated in the polymeric material just like conventional auxilianbgh re-

duces the advantage of being free of surfactants.

Ouzo and even the pr®uzosystemsawvere already used to prepare polymeric materials. In most
cases, this was done in a tolown instead of a bottorup method. By dissolvinipe polymer
in a suitable solvent, followed by solvent shifting, diilg@ polymer particles can be generated.

[37; 108t110]In the Ouzo region, a bottomp method was recently publishefl.11]

Concerning SFMBbgere are a few first approaches to use them as a surfactaeé, organized
medium for polymerizations. However, all these studiesvery special anchaynot be gener-
alizable.Yanet al.and Yaaet al.deal with nanoencapsulation using polymerizable hydrotropes
and non-polymerizable oils. The idea behind this work is to encapsulate hydrophobic drugs for
pharmaceutical applicationfl12; 113]Penget al.synthesized PMMA nanodroplets in a system
with water, MMA and EtOH[114] Two things make this work questionable: At first, they dis-
cussed that they used the Ouzo effect, even though the polymerizatiordemsin the pre
Ouzo region. Secondly, they introduced a quite hydrophobic surface, onto whighethefew)
formed nanolenses should adsorltven though this system is the closest to the ones used in
this thesis, the outcome was extremely differeMirhoseiniet al. recently published mSFME
system for the synthesis of PMMA/Ag nanocomposif#$5] The used system with-dutanol

as a hydrotrope is not really a balanced SFME system anyinorg,opinion as the hydrotrope

is not fully watermiscible Finally, the probably oldest contribution of R&jl. might be one of
the most interesting ongconcerning the idea of polymerizations in surfacténeee microemul-
sions[116] They compared a system with MMA, acrylic 4&i8) water, and a crosknker with

and without a surfactant for the synthesis of porous materials.

In summary, there are alreadgome examples of studies aiming tperform freeradical
polymerizations in surfactaritee meda. The few examples thatesurfactantfree, mesostruc-
tured, usingonly hydrotropesas additivesare all for special applications. None of these publi-
cations so far clairto take a more general loakt the subject or to even replace classical, indus-

trial-relevant microemulsion or microsuspension polymerization processes.
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1.5 ImportantTechniquesApplied in thisThesis
1.5.1 Dynamidight Scattering(DLS)

Dynamic light scattering (DLS) is a rapid method to determine aggregates, macromolecules
mesoscale inhomogeneities in solutidil7t123] With the refractive index of the dispersed
pseudephase and the viscosity of the continuous phase only, it is possible to determine the size
of the dispersed particles or inhomogeneities. A typical size range is in th@istdn region.

[124] The measurement principle is based on the scattering of mostly monochromatic, coherent
and vertically polarised laser light on the dispersed psepitiase. This is due to the different
refractive indices of the two phases. The incoming light is scattered in all directions in direct
proportion to the refractive index difference. Due to Broamimotion, scattering cemts move
relatively to each otherThis leads to timeadependent constructive and destructive interference,
resulting in a fluctuation in the scattering intensif18] The smaller the particles, the faster

they moveandthe more rapid the fluctuations.

The resulting Doppleshift-spectrum is used in its Fourimansformed form (autocorrelation
form). Direct detection of the frequency shift (usually B2 to several 1008z) compared to the
high frequency of the laser light@*H2 is not trivial. Thus, the variations of the scattered light
are analyed by using the normaied autocorrelation function ofntensity C®:i; by Fourier

transformation.
The calculation is based on the theory of no[4€2]

AEP ®:PEI ;A

CuiiL A+P AR

(1.5)

In Equation(1.5), + Pand + PE i;are the measureéhtensities at an arbitrary timéand PE i
with the scecalled decay timd. Information about the size of the disperspldasessaccessible
by the field correlation functionC:1;" It is related to thenormalized autocorrelation function

by the Siegertelation:[118]

S, FsLU®BC:;°*E% (1.6)

Here, %and Uare fit parameters to correct minor baseline drifts and accountlfierdeviation
from the ideal correlation. By assuming a large numbemohodispersearticles, the correla-

tion function C:i;can be described as a single exponerd&tay function:

G FsL#®SES$RATIFtAL? (1.7)
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In Equation(1.7), variable #represents the baseline of the correlation function afithe inter-
cept of the correlation function. The decay rafés defined by theranslational diffusion coef-

ficient &and the scattering vecto[118]

AL &M (1.8)
VTR Y1 1.9
N 1P 1.9

In Equation(1.9) Jis the refractive indexd,is the wavelength offradiated laser lightand ais

the scattering angle. Assuming spherical geometry of the dispersed partiweadiffusion coef-
ficient calculated fronEquations(1.8) and (1.9) can be related to thénydrodynamic radiust

by using the StokeEinstein equationf24]

G6

&L
xe A4

(1.10)

Aside from this monexponential fitting procedure, the scattering data candaaluated by
cumulant analysis using a polynomial function in the exporj@if7; 118 122]
¢

HRC:i;oLHXB, EI -4
A

‘Fia

111
Je (1)

To avoid overesolving the data, polynomials with= 1, 2 or 3 are used in standard cumulant
analysis procedure. The cumulantg are directly related tahe moments of the distribution
function: - sdescribes the mean intensity,gthe width and - ;the wryness of the distribution.

The polydispersity index agjaality criterion for size distribution can be assumed by the fraction
%. [24] Thecalculation of hydrodynamic radii via the Stolgastein approach is scientifically
correct. However, the assumption of spherical particles will only reflectehkesystem on very
limited occasions. In contrast, the cumulant analysis isaientifically accurate formula but a

powerful tool to approximate the size andven the size distribution of the dispersed

pseudephase.

Aggregates in SFMfre usually highly fluctuating and of no weé#fined shapesThus, both
approaches have to be used carefully imsttontext. Results obtained measuring an SFME by

means of DLShould be evaluated more qualitatively with regard to thégcomposition rate
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and decay time. As a rule of thumb, a higher intercept ofdteelation function and larger lag
times are assumed to represent more tirs&bleand more pronounced structures in solution.
[49]

The schematic measurement principle of DL&ejsicted inFigurel.5. The leftside (a) shows

the measurement setupf a goniometer systemThe laser light is focussed througkeassys-

tem towards a simplend the laser intensity is optimized by an attenuator. The laserbeam hits
the sample in a thermostattedheasurement cellfilled with toluene (as its refractive index is
similar to glass)One or moredetectors can be set to a certaiangle areferring to the incident
beam of laser light, which @&ften 90° in DLSsetups. The measured intensitieba medium to
poorly scattering samplé) and a strongly scatteringample(d) are depicted on the right side

in Figurel.5. Those fluctuations areautomaticallyevaluatedby the connected autocorrelator.

Both, the intensityand theFouriertransformed autocorrelation functiofc) and (e) are trans-

mitted from the autocorrelator to a computer.

Figurel.5 Sclematic measurement principle of DLS. (a) Instrument setup consistings#rdense systemattenua-

tor, sample holderdetectors,correlator, andcomputer. (b) Fluctuation intensity over a certain time scale and (c) the
Fouriertransformed autocorrelation function of a medium to poorly scattering sample (black). (d) Fluctuation inten-
sity and (e) Fourietransformed autocorrelation function of a strgly scattering sample (blue).
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1.5.2 ConductivittMeasurements and thBercolationModel

SBMEas well as SFMIEan be of the three types O/W, bicontinugasd W/O, as described in
section1.2.1 In any microemulsion, the charges of counterions of ionic surfactants as well as
dissolved saltswill almost completelystay in the waterrich pseudephase. The offich
pseudephase ist depending on the nature of the ionsnearly free of charge. Surfactants

ionic and noronic twill stay at the interface between the water and the-odh pseudephase.

The ion mobilityin the waterrich pseudephaseis essential for the electrical conductivity in a
solution. Due to this fact, conductivity measurements are a good method to determine the struc-

turing of microemulsions.

Figurel.6 shows an example of the specific conductivity of a microemulkssom function othe

water volume fraction. This behavior was intensively studied in the late 1970s and can be ex-
plained with a percolation mod€l125t129] Starting with a minimal water volume fraction and

a fixed oilto-surfactant ratio, only swollen, inverse micelles are existent. With increasing water

content, spherical W/@nicroemulsions start to form. The ions are inside those swollen micelles.
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0.0 T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0
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Figurel.6 Specific conductivity of a classical anionic SBM& functiorof the water volume fraction

The exchange of charges can hardly exist because the micekdar awayfrom each other in
the continuous oil phase. The only possibiliticofductingelectrical charge is the collision and
regeneration of the inverse micelles. Thishavior begins at point M Up to point M, the mi-
celles are swellingnd approach a wormlike form. The outer phase is stjlaaill the conductiv-
ity isstill dependent on the collision and regeneration of those micelles. In this rethierspe-

cific conductivity is directly proportional to the water volume fraction atiis the collision
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crosssection of the elongated micelles. At water volume fractiahsve M, the slope starts to

decrease. This indicates the first formation ofapv (Jv]S _ opeS E v SZ SE ve]S]}v !
uous structures. Beginning at thisncentration the ions are able to move directly through the

formed water channelsThe bicontinuous structures are enlarged up to the maximum conduc-

tivity at point Ma. From herethe dilution of the ions impacts the conductivity more than the

enlarged watefrich structures. Wh water volume fractions above dylwater-rich O/W micro-

emulsions are formed130t134]

The first conductivity measurements of surfactant systems vperéormedusing charged sur-
factants, which already provide sufficient load carriers. The concept was adapted soon to un-
charged systems, adding small amounts of simple salts like NaCl or NaBr to ensure electric con-
ductivity.[135]Bucheckeet al.showed that conductivity measurements are an applicable tech-
nique for surfactanfiree binary or ternary mixtures, as well. As the surfactmeé systems do

not already bring charge carriers, additional electrolytes need to be added, like for conventional
nonionic microemulsions. It is not clarified yet whether a more detailed analysis (e.qg., the exist-
ence of a percolation point) is possible in surfactaae systems. However, conductivity curves

lead to similar curves as for conventional systems, atid@ussion based on the location of the

maximum of the conductivity curve is surely relialp/]

1.5.3 Gd PermeationChromatography (GPC)

Gel permeation chromatography (GPC) (also calleel exclusion chromatography (SEC)) is a
powerful tool for charactedng the molecular weights and molecular weight distribution of pol-
ymeric materials[136; 137]Likeany chromatographic method, GPC has a mobile and a station-
ary phase. The separation takes place due to the interaction between the diluted polymers in
the mobile phase and the stationary phase. The stationary phase consists of porous polymer
material. Thesmaller the hydrodynamic volume of a dissolved polymer, the higher is its ability
to go inside the porous material. Thus, smaller polymers are slowed down more than larger
polymers and shifted to higher retention volumes. This behavior is nearly lineaadigh mo-
lecular mass range for modern GPC/SBI@mns. The column material can be chosen to fit the
exact purpose. For example, styred&inylbenzenecopolymers are common for polymers in
organic solvents, methylmethacrylate is used for wateluble ®lvents and silica colums are

used for the separation of proteins. For determining the retention voluameadditional detec-

tor is required. Established detectareeasure, for examplegfractive index (RI1), UV/VIS, viscos-
ity, light scattering or electrical conductivity. The calibration of a GPC igeckdly the meas-

urement of polymers (usuallyolystyreneor PMMA standards for organic polymers) with well
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known, narrow size distribution§l38; 139]Thereby, the received data is evaluajaetidthree

different mass values are given:

{ M, (number average molar mass) gives the number average value of the molecular
masses. It is calculated simply by the arithmetic mean:

’ Auou/ 0

X My (mass average molar mass) gives the weight average value of the molecular masses.
It is calculated by the following equation:
A0y §
I
/ € AUOU/ 0 (1.13)
{ My, (mass peakalue) gives the molecular weight of the highest signal intensity of the

chromatogram.

Aschematic drawing ain exemplarfGPC setup depictedin Figurel.7. The eluents taken
from the storage vessel and pumped into the computentrolledautosamplerThe sample
can be injected through a logpllowing a split injectionFrom therethe eluent is pumped
through a prefilter into the GPC/SE€olumn systemto prevent the column from being
clogged by pollutions or badly dissolved polym@&mse or moraletectors are placed directly

after the column The different parts are connected by capillaries.

Retention volume

Figurel.7 Schematic drawing of a GPC setup consisting e&fumnt storage vessghump and autosampler system,
prefilter, heated GPC/SE®Iumn systemgletectors, and avaste container, as well as an example of thioomato-
grams.
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2 Surfactantfree Microemulsion and Mi-
crosuspension Polymerization of Methyl
Methacrylate

2.1 Abstractand Preface

Water 0.00
Hydrotope (Alcohol)
Oil (Monomer)

1.00

S

Q

>
S 0:50
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1.00
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Figure2.1 Graphical AbstractRight side: Schematic drawing of a phase diagram expected for an SFME system and
the region, which is suitable for polymerization in SFMEs. Left side: MD simulations of an SFME. Polymerization reac-
tions take place in the eilch domains (marked orange).

Thischapterpresents a fregadical polymerization method in a mesostructured systéfree

of any surfactants, protective colloids, or other auxiliary agents. It is applicable for a large variety
of industrially relevant vinylic monomers. The aim of this work stiioly the impact of surfac-

tant-free mesostructuring on the polymerization kinetics and the polymer derived.

Socalled surfactanfree microemulsions (SFM&Jeinvestigated as reaction media with a sim-
ple composition comprising water, a hydrotrope (ethanepropanol,iso-propanol,tert-butyl

alcohol), and the monomer as the reactive oil phase (methyl methacrylate). Polymerization
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reactionsare performed using oikoluble, thermaland UVactive initiators (surfactartree mi-
crosuspension polymerization) and watssluble, redoactive initiators (surfactantree micro-
emulsion polymerization). Structural analysis of the SFMEs used and the piabtine kinetics
arefollowed by dynamic light scattering (DLS). Dried polyrasrsnalyzed with regard to their
conversion yield by mass balance, the corresponding molar masses were determined using gel

permeation chromatography (GPC), ahd morphologyisinvestigated by light microscopy.

All alcohols are suitable hydrotropes to form SFMEs, except for ethanol, which forms a molecu-
larly disperse system. We observe significant differences in the polymerization kinetics and the
molar masses of the polymers obtained. Ethanol leads to signilfjcaigher molar masses.
Within a system, higher concentrations of the other alcohols investigated give rise to less pro-
nounced mesostructuring, lower conversions, and lower average molar massedeton-
strated that the effective concentration of alcohin the oitrich pseudephases as well as the
repulsive effect of the surfactasftee, alcoholrich interphases constitute the relevant factors
influencing polymerization. Concerning the morphology, the polymers derived range from pow-
der-like polymersintheso oo  “CuzE&r P]}v_ }A E-stkid @lymers in the bicontin-
uous region to dense, almost compacted, transparent polymers in unstructured regions, com-
parable to the findings for surfactailitased systems reported in the literature. Polymeriaas

in SFME comprise a new intermediate between wé&hown solution ite., molecularly dis-

persed) and microemulsignespectively microsuspension polymerization processes.

This chapter has been publishedliournal of Colloids and Interface Sciefdcdlahnik, S. Krickl,

K. Schmid, E. Mdiller, J. Lupton, and W. KMitzpemulsion and microsuspension polymerization

of methyl methacrylate in surfactaffitee microemulsions (SFMBEL1S2023 648,755767) [1]
andare a part of the patent application W. Kunz, S. Krickl, J. Blahnik, K. Shtiormemulsion

or microsuspension process for the production of a polymer dispersion, and polymer particles
obtained by the proces2022 WO 2022112481 A2]

Contributions to the experimental work:

x Jonas Blahnik: Conceptualizatiemperimentalwork, data evaluation
x Sebastian KrickExperimental work of initial kinetic$={gure2.4)
x Jennifer SchusterExperimental work of somghase diagramd~{gure2.2)

X Andreas Kanygin and Lea Samimetped with theconversiorkinetics Figure2.6)
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Introduction

2.2 Introduction

For radically polymerizable monomers, various reaction methods are known, such as bulk, solu-
tion, suspension or emulsion polymerizatidB] Polymerization in emulsions and microemul-
sions offers particularly attractive techniques for the synthesis of aqueous polymer dispersions.
[4 t6] (Micro)suspension and (micro)emulsion polymerizations do have the technical advantage
of providing the option of sizeunability, while yields and heat dissipation in industrial plants
are usually within the desired range. In addition, unwanted gelatieces during the reaction

can be effectively suppressegd] However, surfactants or auxiliary colloids like poly(vinyl alco-
hol) (PVA) poly(ethylene oxidepoly(propylene oxidefco)polymers or cellulose esters, just to
name a few, partly remain in the product, which can have a negative impact on the desired
properties. For example, surfactants were shown to accelerate the release of smaller molecules
(e.g, plasticizers) from a polymeric workpie¢. 9] Techniques for the separation of lowhain
amphiphiles are mostly inadequate, complex, and costly. Surfactavs a considerable foam-

ing behavior and adhere strongly to the polymer phase, making them difficult to separate from
the product.[10; 11] A mesoscalkstructured medium, free of surfactants or auxiliary colloids,
could help to overcome such problemsand at the same time maintain all advantages of sus-

pension and emulsion techniques, in particular, size control of the polymers produced.

Surfactanifree microemulsions (SFMES) are ternary, mesostructured liquids consisting of oil,
water, and a hydrotrope[12] The first publications about SFMEs date back to the late 1970s
[13; 14]Khmelnitskyet al. were the first to investigate an SFME as a reaction medium for enzy-
matic reactions[15 t17] Nonetheless, it took some time until SFMEs found wider interest in the
colloidal research community18] In the past two decades, several studies have been reported
in order to understand the structural and (reaction) mechanistic effects of and within SFMEs.
[19] d} u%Z ]I 3Z % E}% ES] » }( UulE %}}E0C -lekible Jvs3
u] &} upgoe]lve_  Z o v }luu}voC [AG] Mepnwhile Boosoexaiples have
been published about the use of SFM& organic reaction§21] as well as some methods for
inorganic nanoparticle synthes[22 t24]Whereas the use of Oudike systems (surfactaritee
emulsions) has been discussed more frequently in literature in the context of polymerizations
[25128], only a few examples have been presented dealing with SFMESs in this c{2@d3P]

Other commonly discussed surfactante polymerization techniques still require additives that

are hard to separate, such as Pickering syst¢hg.

In this context, the present contribution reports on simple surfactiee methods for the prep-

aration of polymer lates by microemulsion or microsuspension polymerizatga.investigate
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SFMEs containing water, the vinylic monomer methyl methacrylate, and variouscétamnt al-
cohols as hydrotropes (ethan{tOH)iso-propanol(IPA) n-propanol(NPA) tert-butyl alcohol
(TBA). The structure of the SFMisnvestigated using dynamic light scattering (DLS) and con-
ductivity measurements. UVredox, and thermally activated initiator systerase used to start

the polymerization. The initial polymer growithtracked using DLS measurements. The conver-
sion vyieldis determined by precise madslance measurements, and the molar mass of the
dried polymerdsdetermined using ggbermeation chromatography (GPC). The morphology of

dried polymerds studied with light microscopy.
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Materials and Methods

2.3 Materials andViethods

2.3.1 Materials

Methyl methacrylate (MMA, 99% purity, stabilized withméthoxyphenol G30 ppm), ethanol
(EtOH, 99.8%n-propanol (NPA, 99.5%), sodium sulfite (98%), sodium bromide (99%), potas-
siumperoxodisulfate (PS, for analysis), CombiTitrant 5, methanol (anhydrous for analysis, max.
0.003%H,0) and dimethyl sulfoxidds (DMSGds, 99.5atom %D) are obtained from Merck
(Darmstadt, Germanyjert-Butyl alcohol (TBA, 99%ile purchased from Carl Roth (Karlsruhe,
Germany). Tetrahydrofuran (THF, analytical reagent grade)sanuropanol (IPA, 99.8%re
bought from Fisher Scientific (Schwerte, Germany). Poly(methyl methacrylate) standards
(ReadyCaKit PS$nmkitrl) are obtained from PSS Polymer Stands Service (Mainz, Ger-
many). Azobisisobutyronitrile (AZDN, 98%) bis(4-tert-butylcyclohexyl) peroxy dicarbonate
(BCC, 95¥are provided by PERGAN (Bocholt, Germany).

Prior to use, MMAs distilled at 40°C and 6@nbar to remove the stabilizer. Aqueous solutions
are prepared using deionized water with a resistivity ofM&m. All other chemicalare used

without further purification.

2.3.2 TernaryPhaseDiagrams

Phase diagramarerecorded at 25C+ 1 °C and 48C+ 1 °C according to the method of Clausse
et al.[33] Binary mixtures of water/alcohol and alcohol/oil (each,&t least 12 data points per
diagram)are prepared in sealable tubes made of borosilicate glass. The third compaent
added dropwise until a visible change in the phase behavior occurred. The phase trassition
determined by the naked eye. Weight fracticar® calculated from the masses of the individual

components by precise weight measurements.

2.3.3 CriticalPoint Determination

To determine the critical point of the SFME, ternary mixtures (witie two-phase region close
to the phase boundan@e centrifuged in 15 mL, volurmegcaled centrifuge tubes at 13,00@0g
90 minutes to achieve a complete phase separation (T %23 °C and 48C+ 1 °CSigma 1
18KS centrifuge, Osterode am Harz, Germany). The criticalipaiidcated by approximation
to sample compositions yieldingwlume ratio of 50:50the two phases after centrifugation.
[34]

2.3.4 TieLine Determination
Tie linesare determined by centrifuging ternary mixtures in the typbase region. Samples of

10g eacharecentrifuged in 15 mL centrifuge tubes for @nutes at 13,000 g (T = 268+1°C)
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using a Sigma-B8KS centrifuge (Osterode am Harz, Germany). The uppeiciophases di-

luted in DMS@1s and analyzed byH-NMR using a Bruker Avance Il HD 400 (400 MHz) spec-
trometer. The MMA to alcohol ratids calculated by comparing the corresponding integrals.
MMA-rich compositions of the tidinesisallocated to compositions in the MM#Ach region with
MMA/alcohol ratios determined byH-NMR. The water content of the lower, watdch phase

is determined by an average of five volumetric Karl liésditrations using a KF Titrino plus by
Metrohm (Herisau, Switzerland). The compositions of the wetdr phase of the tidinesare
calculated by extrapolating from the abodetermined MMArich compositions in the phase
boundary in the waterich region with equal water contents as determined by Karl Fischer ti-

tration. An example data evaluation is provided whigure .10in the appendix

2.3.5 Dynamidight Sattering (DLSh SFMESystems

DLS experimentre performed using a temperatureontrolled CGS goniometer system from
ALV (Langen, Germany), connected to an-A004/FAST Multiple Tau digital correlator and a
vertically polarized 2enW HeNe laser,£632.8nm). All measurementare performed at a scat-
tering angle of 90°. Samplese filtrated into dustfree cylindrical measurement cells with an
outer diameter of 10mm using 0.2uam PTFE membrane filters and closed with a cap. Bxata
collected for 30Gs to determine the autocorrelationf the intensity fluctuations at tempera-

tures of 25+ 1 °C and 4% 1 °C.

2.3.6 ConductivityMeasurements

Conductivity measuremeniare performed in a temperatureontrolled measurement cell un-

der permanent stirring at 2% 0.2 °C using a lofvequency WTW inoLab Cond 730 conductivity
meter with a WTW TetraCon 325 electrode (Weilheim, Germasyllescribed by Buchecketr
al.[35] Binary MMA/alcohol mixtureare prepared with an addition of 0.2t% sodium bromide

to ensure the presence of a sufficient amount of charge carriers and a minimal amount of water
necessary to allow for complete dilution of the salt.6f each samplarefilled into the meas-

urement cell and successively diluted with pure water.

2.3.7 MicroemulsiorPolymerizationgollowed by DLS

Further DLS experimentge performed to monitor the polymerization kinetics of the initial
growth of microemulsion polymers. The polymerizatia@re redoxinduced, using potassium
persulfate and sodium sulfite (eachnil% referring to the monomer). The same instrumental

setup is used as described in secti¢h3.5 The polymerizable solutiois filtered in special
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cylindrical tubes with a septum, and the oxygeremoved by flushing the reaction mixture with

nitrogen for one minute through a cannula. Polymerizatiarsperformed at 25+ 1 °C.

Dataare collected for 30s every minuten situduring the polymerization, whicls performed
directly in the DLS setup. Hydrodynamic radéievaluated by 2 order cumulant analysis, using
the ALV7004 Correlator Software provided and assuming the viscosity of the ala@tter mix-
tures (without monomers) and the refractive index of the pure monomer to be approximately

constant throughout the reaction.

2.3.8 Microsuspensioiolymerizationg-ollowed by DLS

Microsuspension polymerizatiorae performed using the thermal initiator BCC (0.2, 0.1, and
0.04mol% referring to the monomer) at 4£+1°C and the UMensitive initiator AZDN
(0.2mol% referring to the monomer) at Z&+ 1 °C. In both cases, the initiates mixed with
distilled monomer (precooled in an ice bath) and added to the wateohol mixtures. The
polymerizable solutioris filtered in special cylindrical tubes with a septum, and the oxyigen
replaced by flushing the reaction mixture withtregen for one minute through a cannula.
Polymerizations with AZDN (0.2 mol% referring to the monomer, dissolved in the monomer
phase)areinitiated by UV light, using a sample holder equipped with skt BVs (CUNAG6A1B,
,=365nm, 900mW each). Each vias irradiated by exactly one UMED forfour minutes.
Polymerizations with BC&e initiated by heating the samples to 4&. The instrumental setup

to track the polymerization reaction via DLS and the corresponding data analysis is identical to

the proceadure described in sectioh.3.7.

2.3.9 FurtherPolymerizations antfield of ThermalMicrosuspensioRolymeriza-
tions

Microsuspension polymerizatese investigated further regarding reaction yields. To this pur-
pose, the reaction mixtures (approxgpare prepared and filled into rolledim bottles whichare
closed with crimp caps. 0rBol% BCC (referring to the monomésadded by mixing with the
monomer. Oxygetis removed by flushing the reaction mixture with nitrogen for one minute
through a cannula. The sample containesge put into a temperaturecontrolled bath
(45+0.2°C) to start the polymerization and maintain temperature control during the reaction.
The polymerized mixturesre frozen in liquid nitrogen after different reaction times in order to
stop the polymerization reaction. Frozen mixturege freezedried under reduced pressure
(<10mbar). To ensure complete drying, the polymarsstored at 13C°C until constant weight
isreached. Dried polymemsre weighed on an analytical balance, and the conversion yseld-

termined by comparison to the weight of the monomer present in the initial sample.
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2.3.10 GelPermeationChromatography (GPC)

GPds used to determine the mean molar mass of microsuspension poly(methyl methacrylate)
(PMMA) particles synthesized by thermal initiation using a Viscoteld2&@tup equipped with
two GPC1000 columns and a RImax refractive index detector from Malvern (Malisted
Kingdom). Dried polymerredissolved in THF (approx. 1.5 mg?) and filtered into 1.5 mL GC
(gas chromatographyjials using 0.gm PTFE membrane filters. 1f0 of each samplarein-
jected in a ratio of 1:45 split by an autosamplaneTmeasurements performed at a flow rate
of mLmin. The evaluation of massgeighted (M,) molar masss performed by the software
provided with a conventional homopolymer calibration, using PMMA ReadyCal kitfAtk8r1
from PSS Polymer Standards Service (Mainz, Germany) as a ref&efraetive indexR) vs.
retention volume of the Ready Cal kit and an example measurement curve are depiEtgdria

S2.9in theappendix

2.3.11 Viscosity andDensityMeasurements

Dynamic viscositieare measured with a temperatureontrolled, automated rollingpall-Mi-
croviscosimeter from Anton Paar (AMVn Graz, Austria) equipped with a glass capillanyn(1.6
inner diameter) and a stainlesseel ball (diameter 1.5am, density 7.9 cm®). The rolling time
ismeasured at angles of 30° and 70° ten times each (T = 2534%BL°C). The viscositg calcu-

lated as a mean value of all measurements in total. Between each setup, the instrument con-
stantis controlled with deionized water. Density measuremeats performed with a temper-

ature-controlled oscillating tube densimeter from Anton Paar (DMA 5000M, Graz, Austria).

2.3.12 LightMicroscopy

Light microscopy images of dried microsuspension polyrasgtaken using an Eclipse E400
Microscope equipped with PlanuD.10, 10uU0.30, and 2040.30 lenses by Nikon (Tokio, Japan).
lllumination from aboves established by a KL 1500 electronic light source by Schott (Mainz,
Germany) by using two lighting cables. Pictuaes taken with a Canon DS126371 camera
mounted directly on the microscope. Size scalesdetermined by measuring ar@m scale
divided into 200 parts by E. Leitz (Wetzlar, Germany) thiitsame optical settings as the sam-

ples.
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2.4 Results

2.4.1 Structurallnvestigations of th@ernarySystemWater/Alcohols/MMA
Ternary phase diagrams comprising water, MMA, and EtOH/IPA/NPA/TBA“Cr&ttsl 45C

are depicted irFigure2.2 (including reaction mixtures, as described below).
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Figure2.2 Ternary phase diagrams of MMA, water, and the hydrotropes (a) ethanol (samples E);pitopaol

(samples 1), (c)-propanol (samples P), and (d) téntyl alcohol (samples T) given in weight fractions. The phase
boundary is determined at 2% (greyarea biphasic) and 48 (biphasic below the red line). The critical point is
marked as a black star. Tie lines are drawn as dark grey lines. Further compositions studied are marked with different
symbols and their sample names.

We observe phase diagrams with miscibility gaps that can be commonly expected for rather
balanced SFME systeni$8] An increase in temperature from 2& to 45°C does not signifi-

cantly affect the location of the phase separation border. The-plvase region increases in the

order EtOH < IPA < NPA < TBA (by area). When drawing the phase diagram in terms of molar

ratios, still the same order is observed (sEmgure .1 in the appendiy. The critical point is
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shifted to compositions with lower MMA concentrations when moving from EtOH to TBA (exact
compositionsTable 2.1 in the appendiy. Tie lines are tilted slightly to the MM#ch side in

the EtOH system. The slope of the tie lines moves more and more towards thencateide

when going via IPA and NPA to TBA, indicating more alcohol infehgihase.
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Figure2.3 Autocorrelation functions obtained from DLS measurements 8€46r the ternary systems with (a) EtOH,

(b) IPA, (c) NPA, and (d) TBA for reaction mixtures as markegline2.2, containing a fixed MMA content ofvi&t%

and 30, 40, and 50 wt% alcohol, respectively.

Figure2.3 shows autocorrelation functions of samples with eackit% MMA for reaction mix-

tures marked irFigure2.2. Autocorrelation functions for samples with higher MMA concentra-
tions can be found ifrigure 2.2 in the appendix For EtObased mixtures autocorrelation
functions fluctuate strongly on the baseline level and no defined shape can be discerned (see
Figure2.3 aandFigure 2.2 b). For the other alcohols, the quality of the autocorrelation func-
tions {.e., the higher lag times and higheraxis intercepts) increases in the order PHNPA<

TBA. In general, we observe a trend of a less pronounced autocorrelation function when increas-
ing the alcohol content at a fixed MMA concentration o386 €.g.,T30/5>T40/5 > T50/5, see
Figure2.3 b, ¢, andd). When increasing the MMA content close to the phase boundary, the

quality of the autocorrelation functions increases for IPA (from 130/5 over 134/10 to 137/15, see
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Figure 2.2 d) and decreases for NPA and TBA( from T30/5 over T45/10 to T50/15, see

Figure 2.2 f andh). For the oirich domains, hydrodynamic radii of up tonB are reached by

2"d order cumulant analysis (exact values are giveFable .3 in the appendiy.

2.4.2 MicroemulsionPolymerization with PS and Witiated Microsuspension
Polymerization with AZDN

The initial growth of the polymersor the response of the SFME system to the growing polymers

tistracked by the hydrodynamic radii derived from DLS measuremEigsre2.4 a shows the

first 35 minutes of the microemulsion polymerization process. One can observe that the hydro-

dynamic radii grow much faster and further with increasing alcohol content when moving from

P30/5 to P50/5 in the NPA system. The initial growth of tit#-Esystem shows the same trend

(increasing hydrodynamic radii when moving from E30/5 to E50/5), but the hydrodynamic radii

for EtOH are higher by a factor of at least five compared to NPA, reaching the range of microns

after just a few minutes.
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Figure 2.4 Initial polymerization kinetics followed by DLS. (a) Microemulsion polymerization, initiated with 2 mol%
persulfate, activated by 2 mol% sulfite, and (b) microsuspension polymerizationitiaiéd with 0.2mol% AZDN,

and microsuspension polymerizatiangiated thermally with 0.04 mol% BCE) Samples with 3@t% alcohol and

5% MMA and (d) samples with 8@% alcohol and Wt% MMA. Please note that the first measuring points of (a) and
(b)arerecorded only a few minutes after the start of polymeri@atdue to the experimental setup.
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The results of the first microsuspension polymerizations, where we expect the initiator to be in
the oitrich instead of the waterich pseudephase, show basically the same trends (Begire

2.4 Db). The slope of the increase in the hydrodynamic radii is less steep, and the absolute values
differ. However, we find the same consistent trend P38/340/5< P50/5.

2.4.3 Thermallyinitiated Microsuspensioolymerization with BCC
2.4.3.1 Initial Growth Tracked by DLS

The initial polymerization kinetics in the thermal system with BCC for all four alcoholswith 5
MMA and 30wt% alcohol are depicted iRigure2.4 ¢, and the corresponding kinetics with
50wt% alcohol are shown iRigure2.4 d. For all four alcohols, the hydrodynamic radii grow
with increasing alcohol contents. We observe, as for the microemulsion polymerizations (cf. sec-
tion 2.4.2), that particle sizes in EtGbhsed mixtures grow most rapidly. The order EADA
NPATBA as determined from the structuring results in nonpolymerized ternary systems (cf. sec-
tion 2.4.1) can also be identified for the hydrodynamic radii, but in reverse order, with EtOH
leading to the largest and TBA to the smallest particle sizes. There is one slight difference in the
ordering, with IPA and NPA samples apparently swapping places. Ttlataldifference be-
tween IPA and NPA samples is not significantly great, especially for the formulations containing
30 wt% alcohol. Comparing the results of\@96 alcohol and 50 wt% alcohol, the slope of the
kinetic experiments (seEigure2.4 c andd) is steeper for 5Wt% alcohol, almost reaching the
micron range in the case of E50/5 after 15 minutes. The samples derived from the other alcohols
stay in the region of 16600nm in radius after this time. In contrast, in the systems containing
30 wt% dcohols, the radii are determined to be between 100 and 60for TBA, NPA, and IPA
after 20 minutes, and merely pass 50 in the system E30/5. The impact of the initiator con-
centrationistested only in the system T30/5 with 0.2, 0.1, and (#1% BCC. A slight increase

in the hydrodynamic radius with increasing initiator concentration is observedHigeee 2.5

in the appendiy.
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2.4.3.2 FurtherProgress irPolymerizationt Molar Masses after Hours

5)(106 T T T
v v EtOH |
v |IPA
4x10° H v NPA -
v TBA
S 3x10° - .
£
C” | |
= 6 | _
s 2x10
v
1x10° v R
v
~—
0 T T T
30 40 50

w(Alcohols) / wt%

Figure2.5 Weight average molar masses (Mof microsuspension polymers thermally initiated byrdd? BCC de-

rived by GPC for systems with the four different alcohols and the mixtures containtfg MMA and 30, 40, and

50wt% alcohol.

The weightaverage molar weights of freezl¥ied polymers derived from polymerization with

BCC after 7 hours are depictedHigure2.5. The molar mass in the Etciidsed reactiormix-

tures, especially with 3@t% EtOH, is significantly higher than the others, reaching almost

5 MDa. The average molar masses for the other three alcohols for samples with 30 wt% alcohol
range from around 600 kDa (for T30/5) to around 1.4 MDa (for 130/5). Thus, we can again con-
firm the order EtOH > IPA > NPA > TBA not only with respect to the diaofdtes particles
synthesized but also for the average molar mass of the polymers. The samples with
40and50wt% IPA, NPA and TBA lead to quite similar molar masses of around 500 kDa. The
difference of samples with different alcohol concentrations isdst for the TBA samples and
increases for NPA and IPA. The mean molar masses of polymers originating from samples with
40 and 50 wt% EtOH drastically decrease from around 4.6 MDa (E30/5) to 2.3 MDa (E40/5) and
1 MDa (E50/5).

2.4.3.3 Kinetics of the systems with IPA and TBA

Figure2.6 shows the kinetics of the systems containing TBA and IPA. These two almahols
chosen for further investigations, as TBA leads to the most pronounced SFMEs and IPA to the
weakest, but with the critical point containing higher amounts of monomer (see se2#biy.

When we compare the conversion for the TBA system Eggare2.6 a) and the IPA system (see
Figure2.6 b), we observe clear similarities. The samples close to the phase boundary (130/5,

134/10, 137/15, respectively, T30/5, T45/10, and T50/15) show better conversions, yielding
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>90% after approximately 15 in the case of the IPA sample and after approximatel? 20

in the case of the TBA system. Comparing these samples, the conversion of compositions with
15wt% MMA (137/15, T50/15) is slightly higher and faster than thoske ®80wt% and 5wt%.

The kinetics of samples containing alvB6 MMA and different amounts of alcohol (130/5,
140/5, 150/5, respectively, T30/5, T40/5, and T50/5) show more pronounced differences. We ob-
serve a clear trend that for both alcohols, the kiices slower and leads to a lower conversion
with increasing alcohol content. Concerning molar massesHigp&e2.6 c andd), we observe
some fluctuations with time for both alcohols. For IPA (Bigure2.6 d), molar masses of the
three samples close to the phase boundary (130/5, 134/10, 137/15) are quite similar and stay
more or less constant in the range of @@ MDa after three hours. Molar masses of the sam-
ples with further distance to the phase boundame lower and appear to saturate after around

2 hours, in the range of 0/@Da (140/5) and 0.®Da (150/5). In the TBA system, molar masses

fluctuate much more strongly and show a high similarity, with T30/5 having higher masses than

all the other samples
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Figure2.6 Conversion of mass in the (a) TBA system (N=3) and (b) IPA system (N=3) with time and the corresponding
molar masses Mof the (c) TBA system (N=1) and (d) IPA system (N=1).
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2.4.3.4 Morphology of theMicrosuspensiofolymerizations with TBA and IPA

Figure2.7 Light microscope images of dried microsuspension polymers originating from systems with (a) TBA (after
22h growth) and (b) IPA (after ¥bgrowth). All images have the same magnifications, a scale bar is given in the
bottom left.

A clear difference can be seen in the morphology of the frakimd samples (seEigure2.7).

More microscope pictures with different magnification factors and macroscopic images of all
polymers can be found iRigure 2.6, Figure 2.7, andFigure 2.8 in the appendix For both
alcohols, TBA and IPA, a powdike, fluffy morphology is found in the sample originating from
the compositiorthat arisesrom the waterrich corner of the phase diagram (T30/5 and 130/5).
When moving away from the phase boundary towards compositions with higher alcohol con-
tents at a fixed MMA content of &t% (.9, from T30/5 to T50/5), we observe a decrease in the
polymer volume and, thus, a more solid polymer. For all three polymers resulting from TBA
(T30/5, T40/5, and T50/5), we still observe a powlile morphology, and no significant mor-
phological difference can be detected in brigiteld microscopy. FAA0/5, we still observe the
same, but for I50/5, a compacted, almost transparent polymer phase with some bubbles em-
beddedare present(seeFigure2.7 b). Comparing the results of the samples close to the phase
boundary, we observe, in any case, a powlile morphology for IPA samples (130/5, 134/10,
and 137/15). For TBA, a change towards a more compact, yet nontransparent polymer can be
observed for thesample T50/15. Intercalated, some larger cavities (in the iCtange) are
observable and many regularly distributed, much smaller cavities, which are in the size range

of the resolution limit of the light microscoped., a few microns or less).
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2.5 Discussion

2.5.1 Structurallnvestigation of th@ernarySystems

As SFMEs are highly dynamic systems and do not havelefeléd shapes, the DLS measure-
ments (sedrigure2.3 and Figure 2.2 in the appendiy are evaluated semguantitatively with

regard to their correlation function and compared in theiayisintercept and lag time as de-
scribed by Buchecket al. [35] Based on this interpretation, the size of domains of mesoscale
structures detected by DLS generally increases in the order EtOH < IPA < NPA < TBA for compa-
rable compositions (w/w/w). Even though a similar phase behavior can be found for all systems
invesigated (seeFigure2.2), virtually no structuring is observed in the case of EtOH. All other
SFME systems show distinct autocorrelation functions, indicating mesoscopic separation of hy-
drophobic and hydrophilic domains on a nanometer scale (uprtm3or TBA). As one can ex-
ped, mesoscale structuring decreases with increasing distance to the phase separation bound-
ary (seeFigure2.2 andFigure2.3 b, ¢, andd). [36; 37, 18] Along the phase boundary, mesoscale
structures become less pronounced with increasing MMA concentration in the TBA
(T30/5>T45/10>T50/15) and the NPA (P30#P40/10> P45/15) system. The IPA system be-
haves the other way around, which is apparent frthra fact that the composition 137/15 has a
more pronounced autocorrelation amplitude than compositions 134/10 and 130/5. All in all, the
most defined mesoscale structured compositions can be concluded to be present in proximity
to the critical point[18], which is shifted more to the ailch side and thus closest to 137/15 in

the IPA system. However, some structuring remains present at larger distances to the critical
%}]vEU o [E% -KulfECRE@FHE critical point of the system also marks the
region in which the system should form bicontinuous SFMEs, whereadik¥\Wesostructures

are expected to form on the wateaich side of the critical point. Conductivity measurements of

the samples (seEigure 2.3 and Figure 2.4 in the appendiy support this assumption.

The mesoscopic separationdan SFME into an cidnd waterrich pseudephase is closely related

to the tie lines of the twephase regions of the SFMigstem, as recent research revealf2B t

40] In accordance with these findings, the mesoscopic phase separation should follow the tilt of
the (extrapolated) tie lines, similar to centrifugation maps, wiaohrecently published for sim-

ilar systems[40; 39] The mesoscopic separation caus be described by mesoscale separation
lines in the monophasic region (similar to tie lines in the-piase region), which will decrease
with increasing distance to the phase boundary. When the molecularly disperse region is

reached, no mesoscale separati@md thus no separation line is any longer present. A schematic
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of how the separation lines are expected to be located in the EtOH and TBA systems is shown in

Figure2.8.

0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
w(Methyl methacrylate) w(Methyl methacrylate)

Figure2.8 Expected tilt and length of mesoscale phase separation lines for samples in the systems with (a) TBA and
(b) EtOH, following the tilt of tie lines. The tilt and length of separation lines are estimated in accordance with the
results of centrifugation mapa similar systemg40; 39]

Adapting this concept to our ternary systems;righ phases in the TBA (and also the NPA) sys-
tem are assumed to be alcohnth, as the tie lines are predominantly tilted the most to the
water-rich corner of the phase diagram (Eigure2.2). Due to the continuously strong structur-

ing for all samples of the TBA system, the mesoscopic separation lines should be quite similar.
Thus, we expect the separation lines to be quite large and tilted towards the wiateside,
leading to quite high BA concentrations in the MMAch domains (cfFigure2.8 a) and a low

TBA concentration in the wateich phase. For the IPA system, with more different structuring
and less tilted tie lines, a lower alcohol content in therimih phase and simultaneously a higher
difference concerning the exact compositionglud oilrich domains of the four different sam-

ples can be assumed. If phase separation also occurs in the EtOH system (although possibly not
before polymerization has started but rather triggered by the increase in local structuring with
growing polymer chin length), the hydrophobic phase would be overwhelmingly Mi¢A

with lower EtOH content in contrast to the other alcohols. This is particularly the case for the
composition E30/5, as in this case the tie line through the-pliase region must be folloyd

for mesoscale separation (dfigure2.8 b). Such a triggered separation is expected to only be
present close to the twgphase region. With greater distance to the binodal, the length of the
separation lines will decrease, also in the case of triggered psphdse separation, until the

compositins of both pseudghases converge to a molecularly dispersed mixtige:. 40]
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2.5.2 Dissecting th&ifferent Hfects onMeanMolarMasses oMicrosuspension
Polymers

Three factors should be considered for the mean molar mass: the initiator decomposition; the
environment and its impact on the reaction with regards to propagation, transfer, and termina-
tion; and steric or repulsive effects on the growing polymer chaimstdthe structuring, forcing

the polymer to coil.

2.5.2.1 Impact of theAlcohols on thdnitiator Decomposition

According to fundamental theory described in literature, molar masses are expected to depend
on the radical concentration, with higher radical ratios leading to smaller average molar masses.
[41] For all polymerization reactions studied in detail in the present work, the thermal initiator
BCds used to generate reactive radicals in a microsuspension method. In contrast, using the
U\tinitiated AZDN or evepersulfatein a microemulsion technique, the generation of radicals

will work differently.

The decomposition of organic peroxides is known to be dependent on the chemical environ-
ment. [42] The more polar the solvent, the faster the decomposition to free radicals to promote
the polymerization reaction. At the same time, molar masses decrease, due to an increase in the
number of polymer chains competing with each other for monomer supplB@G is soluble in

the alcohols and in MMA but not significantly in water, the composition of thaabil pseude
phasetif present in the systent will be the decomposition rate impacting factor. Even though

no relevant data on the decomposition of BC@ldde found in the literature, decomposition
rates of other peroxides such as acetyl peroxide, and also for the thermal decomposition of
AZDN, are reported43; 44]In both examples, the rates decrease slightly when moving from
EtOH to longechain alcohols. This would suggest that the largest average molar masses arise
for TBA and the lowest for EtOH, which obviously is not the cadeigafe2.5), indicating that
different initiator decomposition rates due to the different alcohols are not a relevant factor in

explaining the different molar masses in our systems.

Following the discussion concerning the compositions of the MbdA domains (cf. sec-
tion 2.5.1), we would expect the lowest alcohol contents for the E30/5 sample and the highest
one for the T30/5 sample within monomeich domains. Faster decomposition due to increased
alcohol concentration, similar to a higher initiator concentration, could erpdaiower molar
mass found in this worle.g, for sample T30/5 compared to sample E30/5. In the case of initia-

tor decomposition, the effect should already occur at the onset of polymerization. In addition,
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the effect would have to be similar for samples with a higher initiator concentration. When com-
paring the initial kinetics followed by DLS, hydrodynamic radii increase from sample T30/5 to
sample E30/5 (cFigure2.3). Higher initiator concentrations in the composition T30/5 (Bep

ure S2.5in theappendiy, on the other hand, lead to slightly increased hydrodynamic radii. This
observation suggests that the different hydrodynamic radii in the two examples have different
causes, which will be discussed later with the impact of mesostructures (see se&idn For

all systems investigated, hydrodynamic radii follow the same trends, independently of the initi-
ation methods (UV, thermal, redox). In summary, the initiator decomposition does not seem to
be the rate determining step in the polymerization kineticglayrowth, and therefore cannot
explain the differences found in the weighwerage molar masses. The fact that the decompo-
sition rate of AZDN in MMA is reported to be rather similar to the case of the alcohols strength-

ens this conclusiorj43]

2.5.2.2 Impact of theAlcohols orthe ReactionKinetics

Another way of tuning the molar mass is by adding clnegulating agents, such as smeltlain
alcohols. These are known to influence chain propagation, chain termination, and chain transfer
reactions [45] Unfortunately, not much kinetic data for polymerizations in alcohols can be found
in the literature. Available data are often inconsistent, presumable because of the different
measurement techniques used. However, as a general rule of thumb, rates iecnghsthe
polarity of the solvent{43] For propagation, termination, and chain transfer, corresponding rate
constants are higher in alcohols than in nonpolar solvents. The most important rate constant for
alcohols is reported to be the chain terminatida6] Several different alcohols were present in
the first attempts at microemulsion or microsuspension polymerization, as they were used as
cosurfactants[47] Accordingly, the impact of alcohols also came into the focus of polymer re-
search, both in terms of chain regulators and with regards to modifying the microemulsion in-
terphase.[48] It is found that molar weights are dependent on the nature of the alcohol, the
location in the case of microemulsion(, bulk or interphase), and also the alcohol concentra-

tion in the formulation [46]

In the context of the present work, the relevant alcohol concentration is the effective concen-
tration of alcohol in the monomerich pseudephase, where the polymerization takes place.
The impact of the interphase will be discussed later on in se@i6r2.3 Nieet al. tested the
radical scavenging effect of different alcohols on the polymerization rate of ultrasonigation
tiated, surfactantbased emulsion polymerization without initiatorigl9] They found that the

polymerization rate increases with increasing alcohol concentration. When comparing different
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alcohols, they found the order methane EtOH< NPA< n-butanol.[49] Compared to our sys-
tem, we could find a similar behavior, coming to the order EtOPIA< NPA<TBA. This is the
same order as already found with regards to the SFME properties, which is also dependent on

the balance in hydrophilicity and, thus, polarity.

Combining these literature findings with our system, we can draw the interim conclusion that
the chemical nature of the alcohol and the composition of the MiMeA pseudephase might

have an impact on the molar mass due to the effects discussed. Retwonihg results of the
structuring in the ternary systems (see sect5.1), the compositions of the pseudahases

differ most in EtOH and least in TBA. In the TBA system, we observe good structuring with quite
similar tilts of the separation lines along with comparable compositions of theéchilpseude
phases for samples TH#)/T40/5 and T50/5. For EtOH, no structulisgetectable inthe ternary
mixtures but a microphase separatiarccurs during polymerizatiotiue to the growing chains
following the tie lines is conceivable, most pronounced close to the phase boundary. Conse-
quently, most alcohetich pseudephases should be present for TBA and the least aledtiol

ones for EtOH, with compositions aligning matosely with the alcohol concentration for a mo-
lecularlydisperse solution possibly for sample E40/5 but certdiofysample E50/5. Here, we
expect molecularhdispersed solution polymerization to be the dominant mechanism. The sys-
tems with NPA and IPA should have intermediate properties. Due to the resulting alcohol con-
centration in the pseudghases, a higher termation rate with increasing alcohol concentra-

tion will be present. This conclusion is compatible with the molar masses fourfeigofe2.5

and Figure2.6). If all mixtures behaved like entirely moleculadigperse solutions, we would
expect a steady decrease in molar mass with increasing alcohol content, comparable for all sys-
tems due to their similar alcohol contents and showing only minor differencegalthe differ-

ent nature of the alcohols. This is obviously not the case, when comparing the negligible differ-
ences found for the TBA systems to the significant differences found for the EtOH samples (cf.
Figure2.5). Concerning masses with different MMA concentrations close to the phase border in
the example of IPA (sd&gure2.6), rather similar mean molar masses are observed for samples
130/5, 134/10 and 137/15. For all three samples, the composition of the psphdses should

be not too different. Comparing 130/5 with 140/5 and 150/5, the mean molar mass decreases
more rapidly For TBA, with all systems comprising a ywedhounced mesostructuring and
probably quite similar separation lines, only small and variable differences in weight average
molar masses are found. However, one remarkable behaviour with regards to themadaes

cannot be explained at the moment in the sample T30/5 after arout@ i, which shows higher
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molar masses. We assume a higher tendency for chain transfer reactions in this particular com-

position very close to the phase boundary, which, however, could not be clarified.

2.5.2.3 Impact of thelnterphase

The alcohol concentration in MMAch pseudephases alone might explain the findings regard-

ing molar masses but not the initial kinetics followed by DLS. The largest hydrodynamic radii are
observed with increasing alcohol concentration within one systemd, laydrodynamic radii in-
crease with constant alcohol concentration from EtOH to TBARsrge2.4). Results are similar

for all three initiator systems, indicating that the impacts on ithidator play a minor role. Also,

the impact of the alcohol concentration, which boosts both propagation and termination, does
not explain the findings by DLS in this early stage of polymerization. This is particularly the case
with termination reactionsas their influence becomes more important with longer reaction
times, but not in the first minutes. If only the nature of the alcohol and its effective concentra-
tion had an impact, especially on the propagation, polymerizations in the E30/5 sample would

lead to the lowest radii due to the slowest propagation.

As mentioned in the discussion in secti@rb.2.2 the interphase and its steric effects were
shown to have an impact in the literature. Antonietti described a thermodynamic model for
polymerizations in classical, surfactérdsed microemulsions. The permeability of interphases
wasidentified to play a major rolg48] The microemulsions are reported to become thermody-
namically unstable due to the growth of the polymer particle. The contribution is calculated to
be 310ksT per polymer molecule for linear polymers (like PMMA) in contrast to micrdd8ls.
However, even though the microemulsion becomes unstable, we still observe different kinetics
and higher molar masses compared to polymerizagionemulsions[48; 46] The thermody-
namic stability of SFMEs is calculated to be only of the order of agB\WlR] Thus, the SFMEs

are likely to be similarly disturbed during the polymerization. The relevant thermodynamic fac-
tors for SFME stability are the entropy of mixing versus the free energy of hydration. The repul-
sive force is the latter one, which comes frone t®Hgroup density at the interphasefl9] As

§Z N"@E}_ v 3Z AKpl} (( 3_ (B4], the sam€ stabilizing effect as in the
interface of Ouzo droplets, which are remarkably stable, should also occur in the growing poly-
mers in this work. We can expect the repulsive force to be the strongest in the case-baS&A
systems and the loweshithe case of the EtObiased system, where the entropically driven
term wins in the ternary system before the polymerization reaction has started. The interphase
generated will lead to two effects during the polymerization growth: on the one hand, the pol-

ymer experiences a repulsive force, forcing it to coil inside the monainkraggregate. On the
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other hand, it bounces to a very alcokmtriched interphase, which will again favor termination
reactions, increasing the effects discussed in se@iér®.2 In contrast, we expect the polymer
to have a more expanded appearance and thus a lower tendency to coil in formerly molecularly
disperse solutions due to a lower repulsive force. This leads to higher hydrodynamic radii, as

found in the DLS kinetics (&figure2.4).

Another factor in the overall kinetics not discussed so far is diffusion. Diffusion of monomers to
the active polymerizing centers is, of course, easier in a monoitielenvironment compared
to a molecularly disperse solution. [1] Particularly with insieg polymerization time, propa-
gation (and thus also the average molar mass) is higher when a higher monomer concentration
is available near the polymerizing centers. Yet, gel effects, as known to influence bulk polymer-

izations, are not a relevant factar diffusion and kinetics in polymerizations in SFNUEK.

2.5.3 Conversiorvield

Conversion yield and molar mass are closely linked parameters of polymerization reactions.
Hence, most factors concerning the molar mass (discussed in s@cEdh also influence the
conversion reaction and yield. A higher termination reaction rate will lead to lower conversion
and molar mass provided that the same number of growing polymer clhgpesent initially.

Most relevant for the conversion yield, especially for advanced polymerization reaction times,
is the available monomer concentration. The monomer concentration favors propagation versus
termination or transfer reactions. As mentionadsection2.5.2.3 the diffusion and, thus, avail-
ability of monomers are important factors for the conversion. The conversion is expected to
drop with decreasing quality of the mesostructures. For a soldilanpolymerization, conver-

sion yields should be in the region@d%.[3] The conversion yield of IPA and TBA samples with
5wt% MMA each indeed decreases with increasing alcohol congegt {rom sample 130/5 to
sample 150/5, se€igure2.6 aandb). This decrease can be explained by a transformation from
surfactantfree microemulsion to a molecularly dispersed solution and thus from a microsus-
pensionlike-polymerization to a more soluticlike-polymerization. Higher alcohol contents will

also leadto more termination reactions, as already discussed in se@ibrR.2 On closer in-
spection, we observe that the differences between the conversion of the samples 140/5 and
I50/5 are greater in the IPA system than in the TBA system in samples T40/5 and T50/5. This
observation fits to the overall less pronounced structutfiognd in the IPA system compared to

the TBA system. The same applies to the 130 sample compared to the 140 and 150 samples, which

are closer to the critical point with better mesostructuring.
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2.5.4 Impact ofMesostructuring

The impact of mesostructuring with regards to the morphology of the dried polymers can al-
ready be seen by the naked eye. Many different microemulsions and their impact on the poly-
mer morphology formed have been discussed in the literatureindilater micoemulsion and
microsuspension polymerizates are usually powilex and have different microstructuregl8]

But also inverse and bicontinuous structures have been discussed: the latter ones, for example,
as templates for porous membrane materifd0; 51] Powderlike polymers are observed for
most of the samples formed from the IPA and TBA systemsHigeee 2.7 and Figure 2.6,

Figure 2.7, and Figure 2.8 in the appendiy, but this applies especially to the polymers ob-
tained in the SFMiixtures 130/5 and T30/5. To distinguish the impact of mesostructuring on
the samples, we have to look particularly at samples with the highest alcohol contents (I150/5
and T50/5) and botsamples with 15 wt% MMA (T50/15 and 137/15). While the polymer derived
from sample 150/5 is a compact, almost transparent material, we still observe porous polymer
structures originating from sample T50/5. This can be rationalized as sample T50/5 stitiggho
mesostructure formation, while for sample 150/5, a solutiite character appears to dominate.

If both systemsare molecularly disperse, we would not expect significant differences between
both alcohols at a similar composition. Comparing the sangiese to the binodal €., samples

130/5, 134/10, and 137/15), hardly any difference can be seen. All three compositions are on the
water-rich side of the critical point (ckigure2.2). Consequently, they are most probal\w-

like SFME leading to fine, powdelike polymer morphologies. For the TBA system, however,
the critical point lies between sample T30/5 and sample T45/10. Sample T50/15 is already quite
far removed from the oitich side of the critical point, possibly already oating W/Olike struc-

tures (see also the conductivity dateigure 2.3 in the appendiy. The polymer derived from
sample T50/15 is solid, containing micropores similar to the structures expected imi¢io-
emulsions. Such morphologies can also be found for polymerizations in conventional microemul-
sions, with porous but disjointed structurésr O/W and W/Gmicroemulsions and an open,
interconnected morphology for bicontinuous microemulsions. Literature results indicate that
the morphology of such a polymer retains some memory of the initial structure, even with a
larger length scale than thaf the initial microemulsions, with only a few nanometers in diam-
eter. [46; 48] The reason for this memory lies in the repulsive force on the thermodynamically
unstable polymer particles (see secti@rdb.2.3. Obviously, the same is also found in the surfac-

tant-free system of this study.
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Figure2.9 Schematic overview of the results and factors discussed influencing the polymerizations.

The mesostructuring is also relevant for all the other effects discussed above. The transition to
a solutionlike polymerization leads to an overall lower conversion and is thus linked to struc-
turing (see sectior2.5.3. Molar masseare discussed to be mainly dependent on two factors.
The effective concentration of alcohol in the MMigh pseudephases is an indirect effect of
mesostructuring (see sectioh5.2.9. A sterical effect due to the interphase itself is a direct
effect of the balance forces, whietere previously responsible for the formation of SFMEs (see
section2.5.2.7. A schematic overview over the results discussed and the resulting effects is

depicted inFigure2.9.
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2.6 Conclusiorand Outlook

Microemulsion systems comprise an interesting reaction medium for polymerizations, allowing
precise control of the polymerization kinetics and morphologi48; 46] However, surfactants

can remain in the polymer and influence its propertig3.A new method has been presented

for the preparation ofpoly(methyl methacrylate) (PMMAN surfactantfree microemulsions
(SFMEs)It allows to gain control over polymer sizes, molar masses, kinetics, and macroscopic
polymer morphologies without the help of any surfactants. In contrast to previous approaches
aiming to avoid the use of surfactants, the present work is also freectéqtive colloids[10]
Although a tiny amount of examples of polymerizations in SkfdEeported so far, they worked

with a polymerizable hydrotrope instead of a polymerizabld3fl] 29]designed for special ap-
plications with a tiny number of suitable monomers. The presented technique, in contrast, is
likely to be applicable to a large number of acrylic monomers. It is different from the classifica-
tions of polymerization reactions in caoentional (surfactantor protective colloidbased or so-
lution based) reaction medi@8; 52 46]and joins a series of innovative applications of surfac-

tant-free microemulsions as reaction medja3; 36, 37, 54]

Molar masses and conversions range in the same size region as PMMA particles derived from
conventional microsuspension polymerizatiof2] As expected, ethanddased reaction mix-

tures, in which no mesostructures could be found in the initial starting mixture, lead to much
higher molar masses and lower yields compared to the SFME systems lisémurit that the
composition of the MMAich pseudephase, as well as the alcokath interphase and its repul-

sive force, plays a decisive role for conversion and mean molar mass. The macroscopic morphol-
ogy is likely to be a direct result of mesostructggimproviding a kind of mesoscale template
(comparable to conventional microsuspension polymerizati{@ds51]). The transition to solu-

tion polymerization and the composition of the reaction mixture relative to the critical ot
decisive(the latter corresponds generally to the type of structuring, oil-in-water (O/W), bi-
continuous omwater-in-oil (W/Q)). We could also demonstrate that moving away from the phase
separation boundary towards an unstructured system lowers the conversion yield and changes
the morphology to a more compact polymer structure (as expected for structurally uncontrolled

solution plymerizationd3]).

Polymerizing in an O/Midased SFME system can provide an attractive alternative to classical
microemulsionand microsuspension polymerizations, especially if polymers without impurities
are of interest. Before thinking of an application in an industriatext (e.g, for poly(vinyl chlo-

ride) (PVCpr poly(vinyl acetate) (PVAg)further studies will be required after this proof-
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concept, with a focus on the material properties. Taking advantage of the spitiegmorphol-

ogy obtained by polymerizations at the-aith side (relative to the critical point) can be inter-
esting for producing porous material, such as used for filteC®polymerizations in relevant
systemse.g., MMA-2-hydroxyethacrylate (HEMAyhich were already discussed for filtration
applicationg[51; 55], could be compared to polymers derived from conventional systems. Fur-
thermore, this study might also be relevant for surfactaamd cosurfactanbased polymeriza-
tions in microemulsions, as the impact of different alcohols as possible cosurfactantcespro

additivesis explored.

All in all, we have been able to demonstrate that simple, shbein alcohols (using them as
easily removed hydrotropes) are suitable for polymer synthesis within a controlled surfactant
free microemulsion/suspension polymerizationa new intermediate irbetween the well
known solution ie., molecularly dispersed) and microemulsiesuspension polymerization

processes.
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2.7 Appendix

2.7.1 Composition of allamples

Table 2.1 Exact compositiasiof the investigated ternary systems

Sample ID MMA Water EtOH IPA NPA TBA
/ wt% [ wt% / wt% [ wt% [ wt% / wt%
E30/5 5 65 30 - - -
E40/5 5 55 40 - - -
E50/5 5 45 50 - - -
E35/10 10 55 35 - - -
E40/15 15 45 40 - - -
130/5 5 65 - 30 - -
140/5 5 55 - 40 - -
150/5 5 45 - 50 - -
134/10 10 56 - 34 - -
137/15 15 48 - 37 - -
P30/5 5 65 - - 30 -
P40/5 5 55 - - 40 -
P50/5 5 45 - - 50 -
P40/10 10 50 - - 40 -
P45/15 15 40 - - 45 -
T30/5 5 65 - - - 30
T40/5 5 55 - - - 40
T50/5 5 45 - - - 50
T45/10 10 45 - - - 45
T50/15 15 35 - - - 50

2.7.2 CriticalPoints

Table .2 Compositions of the critical points found by approximation experiments in the four ternary systems

Hydrotrope MMA Water EtOH IPA NPA TBA
/ wt% / wt% [ wt% ! wt% [ wt% / wt%
EtOH 30.0 38.7 31.3 - - -
IPA 18.7 50.1 - 31.2 - -
NPA 10.2 58.0 - - 31.8 -
TBA 9.4 55.2 - - - 35.4
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2.7.3 Viscosity anensityData andCalculatedHydrodynamidradii

Table 2.3 Viscosity and density data and calculated hydrodynamic radithy@& €& pupo v8 v 0Ce]eX AvX X_ 8 v
for not determined. For samples in which no size coulcetegrdined as the autocorrelation function is too weak for

calculation, Gsgiven asa value.

Sampe D [ gmi ieas  ieas dem . fom
E30/5 0.949146 0.935219 2.19 0.97 0 0
E40/5 0.935219 0.913071 2.37 1.06 0 0
E50/5 0.913071 0.928803 2.31 1.05 0 0
E35/10  0.928803 0.904188 2.33 1.03 n.d. 0
E40/15  0.904188 0.887408 2.36 1.06 n.d. 0
130/5 0.945066 0.947869 2.67 1.33 0.69 1.11
140/5 0.921132 0.904841 n.d. 1.48 n.d. n.d.
150/5 0.896327 0.879443 n.d. 1.56 n.d. n.d.
134/10 n.d. n.d n.d. n.d. n.d. n.d.
137/15 n.d. n.d n.d. n.d. n.d. n.d.
P30/5 0.907784 0.907785 2.61 1.17 151 1.84
P40/5 0.907785 0.922513 2.70 1.23 0.96 141
P50/5 0.922513 0.901559 2.60 1.18 0.61 0.78
P40/10 0.901559 0.88621 2.67 1.21 n.d. 1.47
P45/15 0.941748 0.926507 3.26 1.32 n.d. 1.04
T30/5 0.926507 0.900059 3.26 151 2.21 5.04
T40/5 0.900059 0.91649 3.77 1.73 1.48 2.17
T50/5 0.91649 0.89576 4.51 1.69 0.75 0.25
T45/10 0.89576  0.878934 4.38 1.78 n.d. 243
T50/15 0.879645 0.862528 4.72 1.78 n.d. 0.98
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2.7.4 TernaryPhaseDiagrams irMol Fractions
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Figure 2.1 Ternary phase diagrams at 46, given in molar fractions
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2.7.5 AutocorrelationFunctions derived by DLS
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Figure 2.2 Autocorrelation functions obtained from DLS measurements 4€C4®r the ternary systems with EtOH
(a) and (b), IPA (c) and (d), NPA (e) and (f), TBA (g) and (h) for reaction mixtures as niragkeedr2. Panels (a),
(c), (e), and (g) show the samples containing a fixed MMA contenivttfoSand 30, 40, and 50 wt% alcohol, respec-
tively; (b), (d), (f), and (h) show the samples with MMA contents of 5, 10, ant¥d&nd different alcohol contents,
dependingon the position of the binodal line.
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2.7.6 ConductivityData
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Figure 2.3 Conductivity versus water content curves for the systems EtOH (purple), IPA (blue), NPA (green), and TBA
(orange). The curves cut the samples containing¥% MMA and 3Wt% alcohol (X30/5) at the dashed lines. A small
amount of NaBisused as the charge carrier.

Conductivity measurementsre performed to further investigate the kind of structuring of our

four systems. The small amount of %6 NaBr did not noticeably change the phase behavior,

as already proven by Bucheclatral.[35] The conductivity curveare diluted along the dashed

lines in the phase diagrams and cut the composition X30/5 for every system (see dashed lines,
figure S3). We observe percolation curves for IPA, NPA, and TBA, which are expected for micro-
emulsion systems and can also be applie®kH35] For EtOH, a continuous decrease in con-
ductivity can be observed during dilution. For both propanols, the samples 130/5, respectively
P30/5, lay in the decreasing branch, indicating anneivater-like structure of the SFME. This
could also be expecteddm the location of the critical point. For the TBA sample, the location

of T30/5 is at the turning point of the conductivity curve, indicating a bicontirligasor worm

like SFME. As teldutanol forms chaidike aggregates in binary mixtures with wattis behav-

ior could be expected even when low concentrations of a hydrophobic compound are inserted

into the prestructure. [56; 35]

61



Surfactantfree Microemulsion and Microsuspension Polymerization of Methyl Methacrylate

0.4 0.6
w(Methyl methacrylate)

04 0.6
w(Methyl methacrylate)

0.2 0.4 0.6 0.8 1.0

w(Methyl methacrylate)

0.0 0.2 0.4 0.6 0.8 1.0
w(Methyl methacrylate)

Figure 2.4 Ternary phase diagrams of MMA, water, and the hydrotropes (a) ethanol (samples E)pfopawol
(samples 1), (c)-propanol (samples P), and (d) tétyl alcohol (samples T) given in weight fractions. The phase
boundary is determined at Z& (greyareabiphasic) and 48C biphasic below the red line). The dilution line of con-

ductivity experiments (s&@gure 2.3) is marked black dashed.
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Figure .5 Initial polymerization kinetics of microsuspension polymerizations initiated thermally with 0.2, 0.1, and

0.04 mol% BCC followed by DLS. All samples have the composition T30/5.
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2.7.7 Macroscopic anilicroscopidmages obDried Polymers

T30/5 T40/5 T50/5 130/5 140/5 150/5

Figure 2.6 Appearance of freezéried microsuspension polymers (a) with the hydrotrope TBA after 22h and (b) with
the hydrotrope IPA after 15h.

63



Surfactantfree Microemulsion and Microsuspension Polymerization of Methyl Methacrylate

Figure 2.7 Light microscope images with different magnification factors of frek®® microsuspension polymers
with the hydrotrope IPA after 15h.
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Figure 2.8 Light microscope images with different magnification factors of frefieel microsuspension polymers
with the hydrotrope TBA after 22h.
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2.7.8 Exemplangvaluation of M, by GPC

Figure 2.9 Exemplary rawdata for My-determination on the example T50/5 5h (blue) and three narrow MBtehd-
ards(Std)from PSS, containing each four different molar masses.
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2.7.9 Exemplaryfie Line Determination

0.0

B405 37715
@!34/70

0.0 02 04 0.6 0.8 1.0
w(Methyl metacrylate)

Figure .10 Exemplary tie line determination. The MNish end of the tie linets identified as the intercept in be-
tween the line of constant MMA to alcohol ratio derived by NMR and the binodal line. Therightend of the tie

linesisidentified as intercept in between the line of constant water ratio as derived by Karl Fischer experiments and
the binodal line (marked as black, red and green dashed lines for both sides). The tie lines arise from the connection
of the determined oiland water-rich ends (solid Ies). The initial sample compositions before centrifugation (marked

as squares) are slightly more alcolhich compared to the determined tie lines. This is due to the alestidhment
in the interphase in between the -céind waterrich phases, which igjected in the tidine determination process.
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3 IndustriallyRelevant Co)polymers and
Hydrotropes forUse in SFMBolymeriza-
tion

3.1 Abstract and Preface

0.25 0.50 0.75

Monomer/Growing Polymer Phase

Figure3.1 Graphical abstract schematically illustrating the use of extending the concept of polymerizations in SFME
to industrially relevant (co)polymers

In the previous chaptep, the concept of polymerizations igurfactantfree microemulsions
(SFMEsyith the model monomemethyl methacrylate (MMA(s introduced Chapter3 aims to
extend the concept of microsuspension polymerizations in SFME to further industrially relevant
polymers and copolymers, namely poly(vinyl chlorid@®yC)poly(vinyl acetateco-acrylic acid),

and poly(vinyl acetateo-methyl methacrylate), and poly(styrerem-acrylonitrile). Further-
more, some glycol etherare tested for their suitability as a hydrotrope. For some systems,
polymerizationsare performed, and resulting polymemre characterized, while for poly(sty-

rene-co-acrylonitrile), only investigations of the pseutkrnary systems before polymerizations
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are done. It is found that, in princite, SFME polymerization should be possible for all investi-
gated systems. In the system poly(acrylic amdnethyl methacrylate), whiclsinvestigated in
more detail, itis observedhat the choice of the SFME system impacts not only the conversion

but also the copolymer composition.

Contributions to the experimental work:

x Jonas Blahnik: Concejatlization,experimentalwork, data evaluation
X Chantal Walser: Experimental Wodata evaluation dopolymers)

x David Hennek: Experimentabrk (glycol ethers)
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3.2 Introduction

Poly(methyl methacrylate) (PMMAS) an industriatelevant polymer famous for its optical trans-
parent properties[1] Due to its properties (not harmful, easy to handle],situ}viu €& BD
amodel monomeften usedfor polymerizatons in research2 t5] Pure PMMA is mainly pro-
duced by bulk, suspension, or emulsion technigy&kln terms of microsuspension or micro-
emulsion particles, other polymeseem industrially more relevanHowever, in copolymers
MMA is sometimesisedas one of the monomerdRelevant substances made by microsuspen-
sion processes include,g., poly(vinyl chloride{PVC]6] or co-polymers like poly(styreneo-
acrylonitrile) or acrylates, which are often used in different compositipfjg\n important mon-
omer is vinyl acetat€VAc) which is mostly used for the synthesis of poly(vinyl alcoffdhA)
but also forPVAdtself. [8; 9] An exampleof numerous applications of acrylic or vinyl acetate
based copolymers are binders usedg, in paints, glues, or mortals, and are mostly produced

by emulsion or suspension method&0]

An advantage of the method of microemulsion or microsuspension polymerizatamsaorfac-
tant-free microemulsion (SFMHB)ight be the purity of the derived polymers, free of any surfac-
tants or auxiliary colloidgll1 t13] as claimed irchapter2. However, it might also have some
drawbacks: Usually, the solvent (water and alcohols) must be removed in order to access the
microemulsion or microsuspension polymeesy, by distillation or sprayrying. If the (co)pol-
ymerwill finally beformulated in a liquid product, it might be a big advantaghéf hydrotrope

can remain for the final applicationThus, the separation of the polymer or water and hy-
drotrope could be avoided partly or even completely. Relevant solvents in the context of paints

are,e.g, glycols, which can have amphiphpioperties.[10]

This chapter aims to extend the concept of polymerizatiorSRME$o further industrially rel-

evant polymers and copolyme@nd other hydrotropes. Thus, the phase behaviovAflacrylic
acid(AA) VAGMMA, styrene/AN and 1,2dichlorethane(DCERs precursor and model mole-
cule for vinyl chloridésinvestigated using the hydrotrogéso-propanol(IPA) n-propanol(NPA)
andtert-butyl alcohol(TBA). Pol}(Acco-AA) and polyYAcco-MMA) are investigated in more
detail concerning conversion, weight average molar masgdbyermeation chromatography
(GPC)polymer composition, and glass transition temperature. The glycols diethylene glycol bu-
tyl ether (DEG), diethylene glycol monomethyl ether (DEGME), and dipropylene glycol methyl

ether (DPMpretested as hydrotropes for their use with the monomer MMA.

A short introduction about the industrial relevance of each investigated system will be given in

each section of the Results and Discussion part.
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3.3 Materials andMethods

3.3.1 Materials

Methyl methacrylate (MMA, 99% purity, stabilized wittm&thoxyphenol G0 ppm), vinyl ac-
etate (VAc, 99%, stabilized with hydroquinon& ppm), styrene (99%, stabilized witktett-
butyl catachol, <15 ppm), acrylonitrile (AN, 99%, stabilized with monomethyl ether hydroqui-
none, 3545 ppm), n-propanol (NPA, 99.5%diethylene glycol methyl ether (DEGME, 99%), di-
ethylene glycol butyl ether (DGB, 99%), dipropylene glycol methyl ether (DPM, 99%, mixture of
isomers)and dimethyl sulfoxidals (DMSGds, 99.5atom %D)are obtained from Merck (Darm-
stadt, Germany)tert-Butyl alcohol (TBA, 99%s purchased from Carl Roth (Karlsruhe, Ger-
many). Tetrahydrofuran (THF, analytical reagent graéledylic acid (AA, 98%, stieed with4-
methoxyphenol 180220ppm), andiso-propanol (IPA, 99.8%)ebought from Fisher Scientific
(Schwerte, Germany). Poly(methyl methacrylate) standards (Reajt@&Snmkitrl) are ob-
tained from PSS Polymer Standards Service (Mainz, GermBan{d-tert-butylcyclohexyl) per-
oxy dicarbonate (BCC, 9p¥provided by PERGAN (Bocholt, Germabyghloroethane (DCE,
technical gradeijs providedby Vestolit GmbH (Marl, Germany).

Prior to use, MMASs distilled at 40°C and 60nbars AAis distilled at 40°C and 10 mbars, and
VAcis distilled at 40°C and 24@nbarsto remove the stabilizeDistilled monomersre stored

up to 3weeks in the fridge. Prepacked columns for removing inhibitors (Merck, Darmstadt, Ger-
many)are used to purify styrene and AN directly before usgueous solutionsire prepared

using deionized water with a resistivity of ¥B@m. All other chemicalare used without fur-

ther purification.

3.3.2 TernaryPhaseDiagrams
Phase diagramare determinedas described in sectioR.3.2 For pseuddernary phase dia-
grams, one or more substancase mixed previously at a fixed mixing ratio and considered as a

single component in the phase diagram.

3.3.3 Dynamidight Sattering (DLS) of SFNstems
DLS experiments of SFME systameperformed as described in secti@i3.5

3.3.4 Polymerizations
Approximately G of the components (water, hydrotrope, monomer(s} thol% BCC referring
to the monomers as initiato@remixed in a 20nL glassialand closed with an aluminum crimp

cap withpolytetrafluoroethylene PTFEseptum. Airis displaced by flushing with nitrogen via a
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cannula for 9Gs. Polymerizationsare stopped after a certain time ijnmediately freezing them

in liquid nitrogen. Afterward, polymeisre freezedried.

3.3.5 GelPermeationChromatography (GPC)
GPdsperformed as described in secti@i3.1Q

3.3.6 MonomerRatios in theCopolymers byNuclearMagneticResonanceSpec-
troscopy (NMR)

'HNMR spectrare recorded on a Bruker Avance 300 NMR spectrometer (Billerica, MA, USA)
at 300 MHz. For VASA copolymers, DMS@ is used as a solvent. Data evaluatism@one by
using MestReNova (version 6). Calculations of compositimdone by comparing integrals of

peaks that can be clearly assigned to a single molecule.
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3.4 Resultand Discussion

3.4.1 Poly(vinyl acetateo-acrylic acid)
3.4.1.1 Characterization of the SFNBtstem

Both VAc and AA are commonly used monomers in industry. VAc is a monomer that is slightly
more hydrophilic thane.g, MMA, whichis structurally related. This can be seen as the water
solubility is 0.20 gtfor VAc and 0.15 g for MMA, and the Kow (n-octanolwater partition
coefficient) value is 1.38 for MMA and 0.6 for VIAd; 15]The reactivityof VAcis overall lower
thanthat of MMA and especiallgf AA.[16] A main application 0¥ Ac t next tothe production

ov PVA@nd its copolymers for themselvess the production of poly(vinyl alcohol) via the hy-
drolysis ofPVAc, which removeke acetate groupd17] The direct approach from the theoret-

ical monomer vinyl alcohol is nearly impossible due to tautomerization to acetaldefiytid.8]

AA isa quite hydrophilic monomer, which is completely watriscible. It comprises a quite high
reactivity in comparison to other vinylic monomef$6] AAis mainly used aa polyelectrolyte

by neutralization after the polymerization, making it extremely hydrophilic. Pdxais used as

a superabsorbent polymer. By adding AA to a dispersion polymer, the hydrophilicity can-be fine

tuned, whereby both the AA content and the degree of neutralization play a[ddé.

PolyVAcco-AA) is a commercially relevant polymer.g, for the production of paints, stickers,
in the textile industry, agriculture, cosmetics, water clarification, oil recovery or paper industry.
[8; 9]

As AA is completely wataniscible, the question arises, how to treat it in terms of ternary phase
diagrams. In the year 1991, igfirst published that AA acts ashydrotrope in SFME systems
with MMA and the crosdéinker ethyleneglycoldimethacrylate (even though the term hydrotropy
isnot used)[20] In another example, Ads used for encapsulation of hydrophobic, pharmaceu-
tically active substancdsy forming arSFMEN the presence of watef21] Both approaches are

indeed interesting but cannot be directly applied to industrially relevant systems.

Figure3.2 depicts pseuddernary phase diagrams of VAc, AA, water, and alcohol (TBA, NPA, or
IPA) asnadditional hydrotrope. TBs used twice as hydrotrope, but with AA being both part

of the oil phaseKigure3.2 a) and of the hydrotropeRigure3.2 b). Interestingly, the phase dia-
grams of AA and TBA show a comparable binodal, indicating that AA has indeed hydrotropic
behavior. On the other side, samples with AA as part of the oil phifisshewa quite symmetric
biphasic region without decreasing the biphasic region too much. As this approach has the ad-

vantage of a fixed AA to VAc ratio for each individual phase diagratalso for different
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samples, itis decided to focus on diagrams with AA as part of the oil phase, even though the

0 *¢](] 3]}V * % ES }( 8Z ZC E}3E}%  A}uo ul&®@ JIEE
When moving from TBA to NPA (efgure3.2 d) and IPA (cfrigure3.2 c), the biphasic region
further decreases, like alreadiescribedfor MMA. [13]

—— 0 wt% AA - - -0 wt% AA
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w(Acrylic acid/Vinyl acetate) w(Acrylic acid/Vinyl acetate)

Figure 3.2 Pseudeternary phase wdhgrams of the systemMAVAcat 45°C: (aAA/VAcas oitphase and TBA as hy-
drotrope, (b)VAcas oil phase andATBA as hydrotropes, (& VAcas oitphase and IPA as hydrotrope, f¥ VAc

as oilphase and NPA as hydrotrofgamples which are further investigated are marked and designated. Sample com-
positions can be found ifable .1 in the appendix.

Samples investigated furthare chosen with approximately equidistance to the phase diagram

for each system. In the system with IPA, all samples contain a fixed monomer ratiovfol5
(each 7.5wvt% AA and VAc) and a varying IPA content. In the systems with NPA and TBA, the
alcohol andmonomer ratiosare slightly changed in order to stay at a similar location on the
water-rich side of the binodal. The location of samp#gwinted in the phase diagrams gure

3.2. The exact compositions are givem Table S3.1 in the appendix.Figure3.3 depictsthe
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autocorrelation functions derived by DLS for all samples. Most pronounced autocorrelation
functions can be observed for the sample containingivt® AA for IPA, 5@t% AA for NPA, and
28wt% AA for TBA. However, distinct autocorrelation functions can be observed for all investi-
gated samples, which indicates mesostructuring. Thus, all samples showditable for

polymerization in SFME.

1 0 T T T T 1 0 T T T T
(a) ~ AVI5/0 (b) . AVN5/0
o +—AVIM5/9 | aid = AVN5/9
’ ~  AVI15/16 =] AVN5/16 |
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Figure3.3 Autocorrelation functions derived/lDLS for the systems Water, Acrylic acid//VAc, and the hydrotropes (a)
IPA, (b) NPA, (c) TBA at’&s

3.4.1.2 Polymerizations

Figure3.4 depicts theconversion of samples with Omol% BCC as initiatoFor all three alco-

hols, the conversion increases over time and does not seem to be completed after the observa-
tion time of 7h. Conversions for samples with higher AA contents reacht@®after 7h for all

three alcohols However, especially for samples with lower AA contents and with NPA as hy-
drotrope, conversions are quite bad. This behavior seems to be somehow correlating to the
quality of mesostructuring, which is worst for most NPA samples (except for ASON1hich

shows by far the best structuring and the highest conversionsFiglure 3.3). However,
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structuring alone might not completely explain the differences, but also the reactivities of the

alcohols, as already discussed in secldn[13]
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Figure3.4 Conversion during thérét 7 hours of the polymerization of VAc and AA in different weight ratios with the

hydrotropes (a) IPA, (b) NPA, and (c) TBAM0I2 BCCorresponding to thenonomer phasés used as initiatoat
45°C.
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Figure3.5 (a) Acrylic acidantent in the derived polymer aftertvplotted against the acrylic acid concentration in the
reaction mixtures before polymerization, the black line gives the concentration before as reference. (b) Vinyl acetate
conversion after h against the acrylic &t concentration in the reaction mixtures. The acrylic acid conversion can be
expected to be 100%.olors and markings correspond to the phase diagraigiare3.2.
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The AA to VAc ratio in the derived polynedetermined by NMRFigure3.5 a shows the AA to

Vac ratio in the polymer after 7 plotted against the initial AA content in the reaction mixture.
The initial concentrations are plotted ablack line as reference. The ratios in the latter polymer
are overall higher than before, which confirms the significantly higher reactivity of AA in com-
parison to VAc and the fact that VAc is considered as one of the vinylic monomers with the
lowest reacivity. [22] Reactivity ratios between AA and VAc for copolymerization are given as
8.66 (for AA) to 0.021 (for VA§L6] Thus, and also based on NMR data, AA conversion can be
assumed to be almost complete afteh7Figure3.5 b depicts the VAc conversion, which is cal-
culated from NMR data and the overall conversion. NPA samples, which already showed the
lowest overall conversion, shotlie highest AA contents and thdke lowest VAc conversions

for all samples.

The polymerizations with TBA and IPA differ in their course. While for TBA the VAc conversion
increases with increased AA content in the reaction mixture, the behavior is opposite for IPA
samples. Thus, at lower AA contents, IPA leads to optimal conver3iBi seems to be favored

at higher AA contents, beginning to perform better beginning around80 AA.

700

= TBA ]

600d 4 IPA i

£ = NPA ]

~ 500 4 -
w
E

B 400 - ]
o

|

§ 300 - i .
=3

8 200 -
hel
>

T 100 —

04 L) ] 4

91  16.7 28.633.3 50

AA ratio in oil phase before polymerization / wt%
Figure 3.6 Hydrodynamic radii o Ac/AA copolymers after I¥ polymerization timeas a function of the initial AA
concentration before the polymerization startetispersed in EtOH at 26.
Hydrodynamic radii of polymers dispersed in EtOH are depictEjiure3.6. Sampleshat per-
form best in terms of conversion are now the ortleat comprise quite high radii, with IPA sam-
ples of low AA contents going to thacron range. This is, on the other side, not astonishing, as
higher VAc conversions come along with increased hydrophobicity tand, probably also
lower solubility in EtOH. This is especially relevant for NPA, showing overall low hydrodynamic

radii in the range of 120nm. For IPA, the radii drop from the micron range to the same size
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range as NPA particles for samples with initial AA contents ofv@8®6or more. For TBA, a
steady increase from around 280n to over 650hm in hydrodynamic radius can be observed

with increasing initial AA content.

Overall, it can be concluded that by the use of the hydrotropes IPA, NPA, or TBA¢&@pol-

ymers with different properties and especially different AA contents can be synthesized. This is
especially of interest, as reactivity ratios of both monomerasée be differently stronty af-

fected by the SFME/alcohol environment. This is proven, as not only the absolute conversion
changes but also the VAc contents in tiesultingpolymer. Thus, by optimizing the system, it

might be possible to improve the lowactivity of VAc in contrast to AJR2]

A problem might be the low conversion of VAc, which could possibly be optimized by either
higher temperatures, longer polymerization times other, maybe combinednitiator systems.

The choice of the systewbviously hasan impact on the polymer itself and the hydrodynamic
radii when dispersed. The average molar mass could not be determined due to the high AA con-
tent and thus, the bad solubility of the copolymer in the solvent THF, which is used in the avail-
able GPC setup. Of course, the average molar mass would be a relevant property to know before
application.Another important property that remains to be investigated is the distribution of
the two monomers in the copolymer. Due to the clearly different reactivities, it is assumed that
AA and VAc are not homogeneously distributed in the polymer. It is assuraelddth proper-

ties explain the differences in the hydrodynamicirgdf. Figure3.6). This should therefore be

checked in the future.

3.4.2 Poly{inyl acetate-co-methyl methacrylate)

3.4.2.1 Characterization of the SFNBfstem

MMA and VAtavealreadybeenused in other experiments before (cf. chap&ior MMA and
section3.4.1in this chapter for VAc), but not combined so far. Both monomers can be counted
as hydrophilic oils with not very different properties, and both are suitable for SFMEs, as dis-
cussed in sectioB.4.1 [14; 15] Thus, in contrast to VA&A-copolymers, MMA and VAc must
certainly be considered as shared oil phases in ps¢edwmry phase diagrams. Poly(\fée

MMA) is considered for use as membrane material or for nanoparticles for medic§28s24|

Other relevant applications, not only for poly(Vé@&MMA) but further copolymers, are the

field of adhesives or paintf22]

Figure3.7 depicts pseuddernary phase diagrams with water, the alcohols IPA, NPA, and TBA

as hydrotropes, and MMA/VAmixtures with different compositions as the oil phase at°@5
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As both monomers are not very different concerning their properties, as already discussed, also

the phase behavior does not seem to be significantly different.
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Figure3.7 Pseudeternary phase diagrams of the syst&wiMA/VAcat 45°Cwith different MMA to VAc ratios using

the hydrotropes (a) IPA, (b) NPA, and (c) TBA.

For all three alcohols, only little changes can be observed when changing the VAc to MMA ratio.
For MMA, the biphasic region might be slightly larger on the wetdr side of the phase dia-
gram and slightly lower on the gilch side. Thus, the binodal see to be shifted slightly to the
water-rich side. However, these changes are really small and probably neglecablesady

found for the MMA system (cf. chapt@), [13] the biphasic region increases from IPA via NPA

to TBA. Due to the similarity of phase diagrams with different VAc/Mi&s, the same three
sample compositions with W%, 10wt%, and 15 wt% monomegese chosen for all VAC/MMA

ratios in approximate equidistance to the binodal for the three alcohols. Exact sample composi-

tions are given ifable 3.3 in the appendix.
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Figure3.8 Autocorrelation functions derivedytDLS for the systemater, MMA/VAc, and the hydrotropes (a) IPA,

(b) NPA, (c) TBA at 46.

Autocorrelation functions of some samples are giveRigure3.8. For TBARigure3.8 c), com-
positions with MMA contents of 0, 30, 50, 70, and 106 are tested. Distinct autocorrelation
functions can be observed for samples witlvi8 and 10nm% monomers For 15 wt% mono-
mers,the autocorrelation function decreases drasticaflimilar as described for pure MMAS.
section2.4). Samples with pure VAc (which is moderately more hydrophilic than MMA) show
slightly lower mesostructuring=ormixtures a clear trend towards better structuring with in-
creasing MMA content cannot really be observed. Also NPA (cfFigure3.8 b), where only
mixtures with 30, 50, and A®t% MMA are tested, the trends between the ratios are ne-
glectable.One can observe a drop in the quality of autocorrelation functions fromt% and
10wt% to 15 wt% monomer conterior NPA, as wellFor IPA, only two samples with &%
MMA and 10wt% or 15wt% total monomer concentratioare tested (cf.Figure3.8 a). Both
autocorrelation functions do not significantly differ. In comparison to NPA and TBA, the quality
of the autocorrelation function for 10 wt% monomer phase is worse, and the one fat%5s

better. The samésfound for pure MMA (cf. sectioR.4.]).

83



Industrially Relevant (Co)polymers and Hydrotropes for Use in SFME Polymerization

3.4.2.2 Polymerizations
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Figure3.9 (a) Weight average wiar masses and (b) conversions of poly(M&&A/Ac) after 1 polymerization time

at 45°C, initiated by 0.#t% BCC.

Figure3.9 depicts the weight average molar mass and overall conversion of reaction mixtures
with all three different hydrotropes and different MMA/V Aatios. The conversiofrigure3.9 b)

drops drastically from pure VAc\@% MMA) from around 6@t% for IPA and NPA samples and
20wt% for MVT5 when adding just ¥3% MMA. From 1@&t% MMA, the conversion is contin-
uously and almost linearly increasing towards pure MMA. The weight averalge mass Fig-

ure 3.9 a) is increasing from 0 to 100 wt% MMA but wéttower slope for lower MMA contents

and a higher one towards pure MMA. This data suggests that the copolymerization of MMA and
VAc in SFME is not favorable. In contrast to the-XAcystem (cf. sectiod®hi4.1.9, NMR exper-
imentsarenot possible as the signase not separable and clearly attributable to MMA or VAc.
Thus, the VAc conversi@annotnot be calculated likewise. However, due to the very low con-
versions, we can expect very high MMA ratios in the copolymer. For this system, possibly an-

other initiator system or higher temperatures could be worth trying.

3.4.3 Proofof-concept: Vinythloride (VC)

PVC is an extremely important polymer in industry. In the year 2022, PVC accturit@®d%

of the total global plastics productiof25] Next to solution and bulk polymerization, especially
emulsion and suspension techniquease relevant polymerization methods the industry.[26;

27] This makeg isurely worth trying to use the method of polymerization in SFME for the pro-
duction of PVC. The monomer VC has, however, the drawback of being gaseous, slightly water
soluble cancerogenjand toxic[28] Thus, VC is not the easiest molecule to handle in a standard

laboratory, especially without suitable autoclaves.
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Figure3.10 Phase diagrams ofater, DCE, the industrial precursor of VC, and the hydrotrop&§RA)nd (b)TBAat
25°C and autocorrelation functions of samples from the phase diagrams derived by DLS of the sybtBAwn(t)
(d) TBAat 25°C. On the bottom, the structural formula of DCE and VC are given.

To nevertheless obtain a proof-concept also for VC, its industrial precursor-diéhloro-

ethane (DCH} used for structural investigation. In the process of VC synthesis, DCM is dehy-
drochlorinated, resulting in V@29] DCE is a toxic substance as well and requires appropriate
protective measures. However, DCE is liquid at standard conditions in contrast to VC, making its

handling much easier. Using this precursor as a model substance is also common in industry.

[30] Figure 3.2 in the appendixshows that using a similar model substance without double

bonding in terms of SFME is acceptable, as it could be shown that MMA and methyl isobutyrate

(MIB) behave quite identidglconcerning their phase behavior and mesostructuring.

Figure3.10 depicts ternary phase diagrams of water, D@l the hydrotropes NPA and TBA.

Phase diagramare found that can be expected for rather balanced SFME systemdea@#to

a slightly higher biphasic region than NPA, whictommonlyobservedfor other monomers
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already (cf. sectio2.4.1). Autocorrelation functions are remarkably pronounced and de@eas

with increasing distance to the binodal, as expected for an SFME system.

Thus, the basic conditions for attempting SFME polymerizations of VC are given. The increased
pressure is not expected to cause a problem regarding structuring, as-ieMiggregatesre
also reported in systems with supercritical /31] which is commonly known to require signif-

icantly higher pressures than the polymerization of VC.

3.4.4 Proofof-concept: Styrene anécrylonitrile(AN)
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Figure3.11 (a) Phasaliagram of vater, different mixtures of styrene and AN, and the hydrotrdpd (b) and (c):
autocorrelation functions of samples from the phase diagram derived by DLS of the sy3teths.top right the
structural formula of AN and styrene are given.

Poly(styreneco-AN) (SAN)s a common copolymer of styrene, which usually comprises compo-
sitions around 2B0wt% acrylonitrile and 780wt% styrene[32] The addition of acrylonitrile

to pure styrene improves the mechanical properties and chemical resistance of the polymer.
[33]Important in the context of SAN is also the terpolymer Acrylonitrile butadiene styrene (ABS),
which is produced by adding SA¥ssed side chains to a butadiene main chain. This creates a

grafted, branched copolymef34] ABS, in contrast to pure SAN, has an improved impact
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strength. Technically, often a blend of SAN and ABS is[@&&oth SAN and ABS are produced
by freeradical polymerization in bulk, emulsion, or suspensi86] However, acrylonitrile is
discussed as very toxi87 t39] Thus, also the system styre@aerylonitrile is only shown con-

cerning its SFME system, but the resulting polymers are not studied further.

Pseudeternary phase diagrams of water, TBA, and different styrene/AN ratios are dravigr-in

ure 3.11a. The biphasic region of pure styrene is quite high, while AN comprises a rather low
biphasic region. The styrene/AN mixtures lay steadily in between, whereby the distance be-
tween 0 and 3@Wt% AN is higher than between 70 and 006 AN Figure3.11b depicts auto-
correlation functions of compositions consisting of eacht% monomer(mixture) in the sys-
tems with Owt%, 30wt%, and 5@vt% AN in styrene in approximate equidistance to the binodal.
While pure styrene (TFB) comprises a quite low pronounceditocorrelation function in this

area, the autocorrelation functions of both pseutirnary systems indicate quite pronounced
structuring. Samples containing 8% monomer(mixture) in the systems with @8@%, 50 wt%,

and 70wt% AN comprise all very sintiland wellpronounced autocorrelation functions, while

the sample with pure AN shows way less pronounced structuring. Interestingly, both AN and
styrene comprise way less pronounced autocorrelation functions compared to the mixed sys-
tem. Probably, AN andysene mark the two limits for monomers to form a suitable SFME. An
SFME has to be a balanced system with an oil which is neither too hydrophobic nor too hydro-
philic. [40] Styrene comprises no other atoms but carbon and hydrogen, making the molecular
very unpolar with a low water solubility of ORl. Styrene is probably one of the most hydro-
phobic oils, which still formsneSFME. A similar, literatislenown example is limonene, which

also cmsists only of H and C atoms. While limonene has a extremely high miscibility gap in the
system with EtOH and water, it forms an SFME with a comparably large biphasic region with
TBA[41] AN, on the other side, is much more hydrophilic, with a water solubility af 3 In

the system with TBA, AN still shows some structuring indicated by DLS. The system ethyl acetate
(which is even slightly more soluble in wafé2]), EtOHand water has a slightly lower biphasic
region. DLS measurements in this system do not indicate structuring anypftddowever,

the pseudeternary system with styrene and AN seems to form very balanced systems, especially
for mixtures around 30 wt% and 5@% AN, which would be the relevant ones for application.
Thus, the formation of an SFME system is given, which idirdtestep for considering the

method of polymerization in SFME.
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3.4.5 GlycolRhers asHydrotropes for SFMBblymerizations

0.00
(a) ) 1.0 : T T ‘
= DEGME-1
05 Ho” O » DEGME=2 |
’ DEGME-3
DEGME-4
o 0.6 DEGME-5 |
g (=) -
& o -
270 2 *
=~ =
& 050 g, & 0.4 -
®OEGME-2 95 o
L ]
.DEGME1 %
0.75 \ = 024 o o ]
25 % - sl -' .«n".:":‘ -~
P e 5 47
=~ 0.0 R FL T gl s S —
e
I
1.00 y '
0.00 1E-5 1E-4 0.001 0.01 0.1 1
0.00 0.25 0.50 0.75 1.00 t/ms
w(Methyl methacrylate)
(c) ) 10 , : . :
0.8 i
0.6 -
©
& 04 .
[=2]
0.2 g
0.0
1.00 T T T T 1
7 0.00 1E-56 1E-4 0.001 0.01 0.1 1
0.00 0.25 0.50 0.75 1.00
T/ ms
w(Methyl methacrylate)
(e) 1.0 . T T T
)Oi/ = DPM-1
o - ¢ DPM-2
081 T o DPM-3 T
DPM-4
0.6+ -
©
& 0.4 -
[}
: n -’f.
024 o B, TRt .
wa '
[ ]
0.0 1
1.00 T T T T
1E-5 1E-4 0.001 0.01 0.1 1
0.00 0.25 0.50 0.75 1.00 o/ ms
w(Methyl methacrylate)

Figure3.12Investigation of the use of glycol ethers as hydrotropes in SFME with MMA as oil phase. (a) Phase diagram
and (b)autocorrelation functions derived by DLS for vdigtthylene glycol monomethyl ether, (c) phase diagram and

(d) autocorrelation functions derived by Diigh diethylene glycol butydther, and (e) phase diagrams and (f) auto-
correlation functions derived by DLSdipropylene glycol methyl ether. All measuremearesperformedat 25°C.
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Glycol ethers are industrially relevant solvents with many applications, but especially in the coat-
ings industry[43] They are especially famous for their good solubility properties and their over-
all low toxicity.[44] Many manufacturers produce glycol ethers nowadays, but especially Dow
Z u] o }u% vC ] (Ulue (}E % E} p JvP PoC &}o 8Z Ee- pv
[45] We tested three different glycol ethers for their suitability as hydrotropes in SFMEs with
MMA: Diethylene glycol monomethyl ether (DEGME) diethylene glycol butyl ether (DGB) as
ethylene glycol ethers, ardipropylene glycol methyl ether (DPM) as representative of the pro-

pylene glycols.

Figure3.12 depicts ternary phase diagrams and autocorrelation functions derived by DLS for
systems withwater, MMA, and the hydrotropes (a) and (b) DEGME, (c) and (d) DGB, and (e) and
(f) DPE at 28C. All ternary phase diagrams show biphasic regions that can be expected for ra-
ther balanced SFME systen®0] However, there are differences in the shape of the binodals,
which is quite symmetrical for DPM, tilted to the watich side for DEGME, and tilted towards

the oitrich side for DGB (drigure3.12 a, ¢, ande). Differences can also be found in the auto-
correlation functions. For each phase diagram, four to five samples on the-vietiesideare
prepared, where the préuzo region is expected to be located. In the system with DEGME (cf.
Figure3.12b), no distnct autocorrelation functions can be observed in this region. For the sam-
ple DEGMB, whichcontains the highest MMA contei@bove the highest point of the binodal),

one can observe a very less pronounced shift in thgig intercept for low lag times.

It may be possible that the quality of autocorrelation functions indicating structuring would in-
crease by going further toward the @ith side of the phase diagram (to where a larger mo-
nophasic region is due to the asymmetricity of the biphasic regidogvever, this region is not

of interest for surfactanfree microemulsion or microsuspension polymerizations, as surely wa-

ter-in-oil-like structures would be present.

In both other systems, using D@Bgure3.12d) or DPM FFigure3.12f), distinct autocorrelation
functions can be observed, indicating the presence of mesostructures. While the most pro-
nounced structuring can be observed in the most wateh sample for the system with DGB,

the most oitrich sample comprises the highesayis intercept in the system with DPM.

Polymerizationsre performed in all three systems fortvat 45°C with 0.4mol% BCC as initia-
tor. Freezedried samplestill contained large amounts of the others, so further investigations
by weighting the conversion or determining average molar masses byafef@possible. For

all systems, the reaction mixtures turned milland polymes could be observed visually after

freeze drying, which show different appearances. For DEGME, where no distinct
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mesostructuring could be observed by DLS Kifure3.12), much less polymer seems to be
present, sticking to the glass of the sample container. In contrast, it seems that more PMMA
could be synthesized visually for DPM and DBGigiire 3.3 in the appendix).

90



Conclusions

3.5 Conclusions

In this chapter, different, industrially relevant (co)polymers and hydrotr@resested for their
suitability of polymerizations in SFME. The systamgl(acetate) VAQ tarylic acid AA) is com-
posed of a hydrophobic (VAc) and a very hydrophilic monomer (AA), which is completely water
miscible and acts as a hydrotrope. The system shows interesting results, especially due to the
fact that the choice of theurfactantfree microemulsion (SFMEystem (both the hydrotrope

as well as the location in the phase diagram) setninfluence the copolymerization reactivity

and parameter, restihg in different VAc ratios in the polymer produced. The system MAe-

thyl methacrylate (MMAhastwo hydrophobic monomers, which can definitely both be counted

to the oil phase of a pseudernary phase diagram. Even though both monomers are not too
different concerning their polarity and phase behavior, their reactivity is significantly different.
Unfortunately, conversions are bad for MMA/VAc mixtures and especially drastically dropping
when adding the first 10 wt% MMA to pure VA&wen ithe proofof-concept does not look too
promising, this does not mean that acceptable results could possibly be acheegelly chang-

ing the initiator system or the reaction temperature. Ebchloroethane (DCEsa model sub-
stance for vinyl chloride and theystemstyrene t acrylonitrile (AN)only the phase behaviois
investigated. Both systems form SFME systems with distinct mesostructuring. Thus, the first step
towards using SFME polymerization for those syste&mone. Glycol etherare used as hy-
drotropes br the polymerization of MMA. Whildipropylene glycol methyl etheDPM and
diethylene glycol butyl etheGB show mesostructuring, the autocorrelation functionsdf
ethylene glycol monomethyl etheDEGMIEderived bydynamic lightscattering PL$ do not

really indicate distinct structures. Polymerizaticare performed in this systemHowever, the

resulting polymersare not further investigated, as the glycol ethers are hard to separate.

Sincechoice of the systerhas an influence on the reaction kinetics and the properties of the
polymer, using anSFMEas reaction mediunmight give acces$o copolymers thatare hardly
formed due tobad copolymerizatiomates. VAeAA copolymers worked well, while \ARAMA
copolymers did not seem very promising. However, in both cases, VAc is the one problematic
monomer with lower reactivity. To compare polymers from SFME and from classical suspension
methods, the target poperties of the polymer should firéte defined Unfortunately, hese are
properties that are mostly hidden as kndwow inthe industry. Even if it might still be a long

way until these (co)polymers might be synthesized in SFME in industry, the firsastejane:

It could be proved that many industrially relevant monomers can form SHiEEpolymeriza-

tion experimentsled to polymers with different properties, which makes further research on

this topic interesting.
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3.6 Appendix
3.6.1 System Poly(acrylic aaid-vinyl acetate)

Table S3.1 Compositions afamples investigated in the systeinyl acetateco-acrylic acid

Sample w(Vac) W(AA) w(Water) w(IPA) W(NPA) w(TBA)
/ wt% / wt% / wt% | wt% | wt% [ wt%
AVI15/0 15.00 0.00 52.00 33.00
AVI15/9 13.64 1.37 55.00 30.00
AVI15/16 12.50 251 55.00 30.00
AVI15/28 10.71 4.29 60.00 25.00
AVI15/33 10.01 5.00 60.00 25.00
AVI115/50 7.50 7.50 65.00 20.00
AVN5/0 5.00 0.00 75.00 20.00
AVN5/9 4.55 0.46 75.00 20.00
AVN5/16 4.17 0.84 75.00 20.00
AVN5/28 3.57 1.43 75.00 20.00
AVN10/33 7.00 3.50 68.45 21.05
AVN15/50 7.50 7.50 63.00 22.00
AVT5/0 5.00 0.00 65.00 30.00
AVT5/9 4.55 0.46 65.00 30.00
AVT5/16 4.17 0.84 65.00 30.00
AVT5/28 3.57 1.43 65.00 30.00
AVT10/33 6.67 3.33 60.00 30.00
AVT15/50 7.50 7.50 52.00 33.00

Table 3.2 Data of mdar and weidpt ratio of AA to VAc before polymerization and in the polymer aftep@lymeri-
zation time as well as the conversion aftdr Folymerization times.

before polymerization after 7h of polymerization  conversion of monomers
w(AA) X(AA) W(AA) X(AA) conversion of  total con-
/ wt% / mol% | wt% / mol% VAc/ wt% version
/ wit%
IPA
9.1 10.7 331 37 26 43
16.7 19.3 37.3 42 25 65
28.6 32.4 68.4 72 56 67
33.3 37.4 69.6 73 54 59
50 54.4 79.7 82 59 69
NPA
9.1 10.7 50.7 55 46 23
16.7 19.3 66.6 70 60 21
28.6 324 70.9 74 59 44
33.3 374 82.7 85 74 38
50 54.4 80.8 83 62 70
TBA
9.1 10.7 29.9 34 23 36
16.7 19.3 52.1 57 43 40
28.6 324 64.6 69 50 56
33.3 37.4 56 60 34 69
50 54.4 65.1 69 30 85
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(a) Samples AVI (o)) Samples AVN
15/9 15/16 15/28 15/33 15/50 5/9 5/16 5/28 10/33 15/50

Samples AVT
5/9 5/16 5/28 10/33 15/50

Figure S3.1 Macroscopic appearance pbly(vinyl acetateco-acrylic acid) polymers derived from systems with the
hydrotropes (a) IPA, (b) NPA, and (c) TBA.

93



Industrially Relevant (Co)polymers and Hydrotropes for Use in SFME Polymerization

3.6.2 System Poly(vinyl acetat®-methyl methacrylate)

Table 3.3 Compositions asamples investigated in the systemyl acetateco-methyl methacrylate.

Sample MMA con- w(VAC) w(MMA)  w(Water) w(IPA)/ w(NPA) w(TBA)
tent / wt% [ wt% [ wt% [ wt% wt% [ wt% / wt%
MVI10 50% 5.00 5.00 65.00 30.00 - -
MVI15 50% 7.50 7.50 47.00 38.00 - -
30% 3.50 1.50
MVN5 50% 2.50 2.50 65.00 - 30.00 -
70% 1.50 3.50
30% 7.00 3.00
MVN10 50% 5.00 5.00 50.00 - 40.00 -
70% 3.00 7.00
30% 10.50 450
MVN15 50% 7.50 7.50 40.00 - 45.00 -
70% 450 10.50
0% 5.00 0.00
30% 3.50 1.50
MVT5 50% 2.50 2.50 65.00 - - 30.00
70% 1.50 3.50
100% 0.00 5.00
0% 10.00 0.00
30% 7.00 3.00
MVT10 50% 5.00 5.00 45.00 - - 45.00
70% 3.00 7.00
100% 0.00 10.00
0% 15.00 0.00
30% 10.50 4,50
MVT15 50% 7.50 7.50 50.00 - - 50.00
70% 4.50 10.50
100% 0.00 15.00
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3.6.3 System Vinythloride/Dichloroethane

Figure 3.2 Comparison afhe behaviour of the molecules methyl methycrylate (MMA) and methyl isobutyrate (MIB)

in SFMEs consisting of MMA/MIB, water, and the hydrotropes EtOH, IPA, NPA, and TBA: (a) ternary phase diagrams,
(b) autocorrelation fuctions derived by DLS, and (c)otegion curves, which intercut the samples at the black dashed
lines. 0.2vt% NaBiis added to the initial solution for conductivity measurements. All experingetgerformed at

25 °C.

Figure S3.2 depicts the comparison of methyl methacrylate (MMA) and methyl isobutyrate
(MIB) concerning their behaviour in an SFME. MMA and MIB differ only in the double bond
found in MMA. The comparisaamade as the question arised, if nq@olymerizable substances

such as MIB could be suitable as model substance for the investigation of its polymerizable dou-
ble. The location of the binodal in ternary phase diagramd={giire 3.2 a) is nearly identical

in between MMA and MIB for all four hydrotropes,cept for TBA, where MIB comprises a
slightly higher biphasic region. The percolation cuvresHglure S3.2 ¢) intercut the samples
marked in the ternary phase diagram at the black dashed line, indicating the kind of structuring
found in the SFME. 0\2t% NaBiis added to the initial solutions in order to ensure a sufficient
number of charge carriers for conductivity measurements. The shape of the curves of MMA and
MIB appear almost identical. Conductivity curves for EtOH show an steadily decreasing course,
which suggests a pure dilution effect without relevant structuring for both oils. IPA, NPA, and
TBA show the shape expected for percolation curves. The samples of the IPA and NPA systems
intercut the percolation curve at the decreasing part, indicating aimeitater-like structure for

both MMA and MIB. For TBA, the conductivity curve is intercutted pretty much at the peak of
the curve, indicating a bicontinuodike structuring. Autocorrelation functions show the biggest
difference between MMA and MIB (dfigure S3.2 b). However, this difference is mainly con-
cerning the yaxis intercept and almost not the lag time, which is more relevant. The consistently
lower y-axis intercept for MIB could possibly be explained by the sibgie, allowing more

degrees of freedom dut the freely rotatable binding compared to the double bond of MMA,
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which could make the structure more fluctuating. However, the behaviour of MMA and MIB is

remarkably similar, making MIB to a surely suitable model molecule for MMA.

Table 3.4 Compositions adamples investigated in the systemyl chloride withdichloroethane as model substance.

Sample w(DCE) w(Water) w(NPA) w(TBA)
[ wt% [ wt% [ wt% [ wt%

ND35/5 5.00 60.00 35.00

NDA45/5 5.00 50.00 45.00

ND55/5 5.00 40.00 55.00

TD35/5 5.00 60.00 35.00

TDA45/5 5.00 50.00 45.00

TD55/5 5.00 40.00 55.00

3.6.4 System Poly(styenmo-acrylonitrile)

Table 3.5 Compositions of samples investigated in the systigmene-co-acrylonitrile.

w(Styrene) w(AN) w(Water) w(TBA)

Sample / Wi% / Wi / Wi / W%
T50 5.00 0.00 40.00 55.00
T530 3.50 1.50 60.00 35.00
T1030 7.00 3.00 45.00 45.00
T550 2.50 2.50 65.00 30.00
T1050 5.00 5.00 50.00 40.00
T1670 3.00 7.00 60.00 30.00
T10100 0.00 10.00 70.00 20.00

3.6.5 System with Glycolethers agdilotropes

Table S3.6 Compositions of samplegith MMA as monomer and the glycolethers DEGME, DGB, and DPM as hy-
drotropes.

Sample w(MMA) w(Water) w(DEGME) w(DGB) w(DPM)
/ wt% [ wt% [ wt% [ wt% / wt%
DEGMEL 0.03 0.60 0.37
DEGMRE2 0.04 0.49 0.47
DEGME3 0.05 0.45 0.50
DEGMH 0.05 0.34 0.61
DEGMB 0.14 0.33 0.53
DGR1 0.05 0.65 0.30
DGR2 0.05 0.55 0.40
DGR3 0.05 0.45 0.50
DGRBR4 0.11 0.50 0.39
DGRB5 0.16 0.41 0.43
DPM1 0.05 0.55 0.40
DPM2 0.05 0.45 0.50
DPM3 0.12 0.43 0.45
DPM4 0.20 0.33 0.47
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Figure S3.3 Visual appearance dfeezedried samples with glycol ethers aftehpolymerization time at 45C with
0.4mol% BCC asitiator.
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4 Surfactantfree Microemulsions (SFMES)
as alemplate forPorousPolymerSyn-
thesis

Figure4.1 The graphical abstract shows a typical phase diagram for a polymerizable SFME system. The area in which
SFMESs can be expected is marked in blue. Three SEM images of polymers and their area of origin are given: droplet
like polymers from O/Mike SFME, spge-like polymers from W/@ke SFME, and a polymer without observable
nanostructures from the region where no mesostructaresfound before polymerization.

In the previous Chapters 2 and 3, the focus of the reserah the impact of the surfactant

free microemulsion (SFME) systems on polymerization kinetics, derived molar masses, and con-
versions. Chapter 2 did already show light microscopy images of derived polymers and teased
that differently shaped polymers can béserved. In the following chapter, the focwd! beon

the interplay of the previous structuring and the derived polymer morphology.

This work comprises a systematic study to compare the morphologglpfmethyl methacry-
late) (PMMAMonopolymers as well as PMMply(2-hydroxyethyl methacrylate) (PHEM£9Q-
polymers with the expected nature of the SFME before polymerization. A surfamaaetd mi-

croemulsion with nonionic surfactanisinvestigated as a reference system.
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Simple SFME systems composed of water, a hydrotispg@(opanol(IPA)or tert-butyl alcohol

(TBA), andMMA as polymerizable oil as well as the more complex system comprigipdrax-

yethyl methacrylate (HEMA) as additionalamphiphilic cemonomer,are investigated. A sur-
factantbased system using a mixture of Tergitol@52 and Synperonic A11Q(TH) as surfac-

tants, water, and MMA in the presence and absencelBMA as polymerizable cosurfactast
investigated as a reference system. Structural anaigsitone by recording pseudternary

phase diagrams, dynamic light scattering (DLS), and conductivity measurements. Polymeriza-
tionsare performed using the oisoluble initiator BCC at £& for 24h with adjacent lyophiliza-

tion. The morphology of dried polymeisdetermined by light microscopy, scanning electron

microscopy, and BET adsorption isotherms.

Porous polymers of different morphologies (from coagulations of drdjiket aggregates to
spongelike ones) in the size range of 20 up to some um can be derived from previously
mesostructured, surfactadiree mixtures. Previously unstructured,-aith regions lead to solid,
transparent polymers without nanostructured morphologies. The surfaebased reference
system comprises remarkably similar phase behavior before polymerizations and similar poly-
mer morphologies as the comparable surfactéiete g/stem. This leads to the assumption that

the hydrotropic behavior of HEMA and its interplay with MMA and water is the strugfiag

factor in this system.

This chapter ipublishedin Journal of Colloids and Interface ScieficeBlahnik, J. Schuster, R.
Mdller, E. Miiller, and W. Kur@urfactantfree microemulsions (SFMES) as a template for porous
polymer synthesjsICIS2023 655, 371-382). [1]

Contributions to the experimental work:
x Jonas Blahnik: Conceptualizatiemperimentalwork, data evaluation

x Jennifer Schuster: Experimentabrk, data evaluation
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4.1 Introduction

Many methodsconcerning the production gborous polymeric membranes have been pub-
lished in the last decadeR2; 3] A muchdiscussed method makes use of the structuring of bi-
continuous or lamellar microemulsions as templa{8s4; 2] The microemulsion breaks during
polymerization due to the growing polymers and is no longer thermodynamically stable (excess
of 7-10 keT) when using nopolymerizable surfactant$5] Thus, the original structure is usually

not present anymoref5] However, polymers with morphologies similar to those of the previous
microemulsion can be observed but by a factor of -1000 larger size range, usually in the

nanometer to micrometer regior5 t7]

Methyl methacrylate MMA) is a commonly used monomérat isreported toform microemul-
sions with norpolymerizable and polymerable surfactants[2] 2-Hydroxyethyl methacrylate
(HEMA, which iscompletely watermiscible in contrast to MMA, is discussedg®lymerizable

cosurfactantn literature andcan influencehe pore size of MMA/HEMA copolymer§; 8]

Ultra-flexible or surfactanfree microemulsions (SFME) are usually ternary, mesostructured lig-
uids containing water, oil, and a hydrotrope instead of a surfacf@hSeveral studies in recent
years established a more detailed understanding of the structural and mechanistic effects within
SFMES[10t13] SFMEsre used as a reaction medium from the beginning. Indeed, enzymatic
reactions in these ternary systemase even the reason to postulate that mesostructures must
be present[14; 15]Other examples, like organic reactions or inorganic nanoparticle synthesis,
are rare up to now|[16 t20] We recently published a contribution abbsurfactantfree micro-
emulsion and microsuspension polymerization of PMMA with a focus on polymerization kinet-
ics.[21] As an outlook, we could showdhthe nature of mesostructuring close to the binodal

seems to impact the morphology of the latter PMMA polymer.

The present contribution comprises a preaffconcept for the preparation of porous polymeric
particles in surfactanfree microemulsions. We investigate SFME systems containing water, the
monomer MMA, andtert-butyl alcohol (TBA)iso-propanol (IPA), or HEMA as hydrotropes.
Pseudeternary systems containing both the hydrophilic monomer HEMA and TBA @rdPA
further studied. A surfactadbased system containing a mixture of the surfactants Synperonic
A11-LQ(TH) and Tergitol 2512 in the presence or abace of HEMA as a cosurfactéinves-
tigated as a reference system. (Psetdernary phase diagramare recorded for all systems,

and the critical points determined for ternary systems. Further investigation on mesostructur-
ingis done by dynamic light scattering (DLS) and conductivity measurements. Polymerizations

areinitiated by the oilsoluble peroxy dicarbonate BCC at°€5for 2. Polymersredried using
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freezedrying, and full dryings ensured in a drying cabinet. The morphology of polymens-
vestigated using light microscopy, scanning electron microscopy (SEM), and nitrogen adsorption

isotherms following théBrunauerEmmettTeller BE) model.
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4.2 Materials andVethods

4.2.1 Materials

Methyl methacrylate (MMA, 99%urity, stabilized with 4methoxyphenol G0 ppm), 2-hydrox-
yethyl methacrylate (HEMA, 97% purity, conta@50 ppm monomethyl ether hydroquinone

as inhibitor), Tergitol 15512 (Tergitol, HFH0% concentration, alcohols G12-secondary, ethox-
ylated), sodium bromide (99% purity), CombiTitrant 5, methanol (anhydrous for analysis, max.
0.003%H,0) anddimethyl sulfoxideds (DMSGds, 99.5atom %D) are obtained from Merck
(Darmstadt, Germany)lert-butyl alcohol (TBA, 99%g purchased from Carl Roth (Karlsruhe,
Germany)lso-Propanol (IPA99.8% is bought from Fisher Scientific (Schwerte, GermaBig).
(4-tert-butylcyclohexyl)peroxydicarbonate (BCC¥®B provided by PERGAN (Bocholt, Ger-
many).Synperonic AL Q(TH) (HB0% concentration, alcohols G138 ethoxylated)s obtained

from Croda (NettetaKaldenkirchen, Germany).

Prior to use, MMAs distilled at 40°C and 60nbars MMA to remove the stabilizddEMA used
for polymeriationis purified with a prepackednhibitor-removingcolumn(Merck KGaA, Darm-
stadt, Germany). Aqueous solutioase prepared using deionized water with a resistivity of

18 M @m. All other chemicalare used without further purification.

4.2.2 TernaryPhase Diagrams

Phase diagramarerecorded at 25C+ 1 °Cand 45°C+ 1 °C according to the method of Clausse
et al.[22] as described in sectiad 3.2 For pseudeternary diagrams, the hydrotropmixture,
surfactant/cosurfactammixture (instead of the hydrotrope), or monomatixture is handled
like a single component. Hydrotrope or monomer mixtuaes madewith weight ratios of 1:1.
The surfactant/HEMA mixture contained %% HEMA, 1%t% Tergitol 18512 and 19wt%
Synperonic AL Q(TH)[23] The phase diagram of the surfactdmsed reference system with-
out cosurfactant (1:1 mixture of Tergitol and Synperonic by mass) @igbecorded by adding
the surfactant mixture to binary mixtures of water/MMA, and the phase diagram &A%
recorded by preparing individual samples in the oaad the twophase region close to the
phase border. Weight fractioreze calculated from the masses of the individual components by

precise weight measurements.

4.2.3 CriticalPoint Determination

Critical points are determined as described in sec#dh3
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4.2.4 Compositions dPhases andie Lines
Tielines of real ternary mixtures are determined as described in se2ti®d Todetermine the
phase compositions of pseudernary mixtures,'H-NMR and Karl Fischer titratiomase estab-

lished for both the waterand oilrich phases.

4.2.5 Dynamidight Sattering (DLS) of SFN¥Stems

DLS experiments are conducted as described in se2thh

4.2.6 ConductivitMeasurements

Conductivity measurements are performed with the same setup as described in s2@&ién

Due to the different position of the phase boundaries of the system MMA/HEMA/surfactant at
different temperatures, the measuremeid carried out at 45°C £ 0.2°C, which correspsoiod

the polymerzation temperature.Binary MMA/alcohol, pseudbinary MMA/HEMA/alcohol,

and MMA/HEMA/surfactant mixtureasre prepared with an addition of 0.&t% sodium bromide

on the waterrich and different to the experiments in sectidh3.6 0.04 wt%sodium bromide

on the oitrich side to ensure a sufficient amount of charge carriers and a minimal amount of

water necessary to ensure the complete dilution of the salt.

4.2.7 Polymerizations

8 ml of eactreaction mixture, including 0.&10l% BCC (referring to the monomeaje placed in

20 mLrolled-rim glasses and closed widduminum crimp capwith polytetrafluoroethylene
(PTFEseptum. After sealing the tube, the oxygsnmeplaced with nitrogervia a cannula for 45
seconds The polymeurationsare carried out for 24 hours at 48C ina heating bath.Polymeri-
zationsare stopped by freezing in liquid nitrogexmd placed in a Modulyo 4K freeze dryer (Feld-
kirchen, Germanyand dried under reduced pressure & mbars¥or 48h. Ater freezedrying,

the samplesare stored in a dryingabinet at 11(FCuntil a constancy in weight.

4.2.8 LightMicroscopy
Light microscopy images of dried microsuspension polyragrdaken as described in section

2.3.12

4.2.9 ScanninddectronMicroscopy (SEM)

Field emission scanning electron microscopy (SEM) imagagcorded on a Zeiss Leo 1530
scanning electron microscope (Carl Zeiss Microscopy G@bétkochen Germany). Polymers
are sputteredwith Au/Pd for 30s (2.45kV, 22mA) under arargon atmospheraisinga Polaron

E 510 Series Il Sputter Coater (Polaron Instruments, London, UK).
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4.2.10 BETAdsorptionlsotherms

The specific surface areaf selected, dried polymer samplase determined by nitrogen ad-
sorption following the BrunaueEmmettTeller (BET) adsorption model using an Accelerated

Surface Area and Porosimetry System ASAP 2010 of Micromeritics (Norcross, GA, USA).
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4.3 Results

4.3.1 Structuralinvestigations ofernary andPseudoternary SFMBystems

Ternary phase diagrams of systems containing water, MMA, and the hydrotropes
IPA/TBA/HEMA are depicted fingure4.2 a-c (including reaction mixtures). We observe phase
diagrams that can be expected for rather balanced SFME sydtedhs.

Figure4.2 Ternary phase diagrams of MMA, water, and the hydrotrdjagsso-propanol(samples IM), (b) tedbutyl
alcohol (samples TM), (ch®droxyethyl methacrylate (samples HWhe phase boundary is determined at’25(grey
areabiphasic).(d) shows the pseudigrnary diagram of the reference system MMA, water, and surfactant/cosurfac-
tant mixturehydroxyethyl methacrylate, Synperonic AlQ(TH), and Tergitol 1512 at 25°C (grey area) and 4&

(red line). The dotted black lines describe the dilution cuiatesonductivity measurement3.he critical point is
marked as adark greystar, and ie lines are drawn as dark grey linesthe ternary systemsrThe further studied
compositions are marked with different symbols and their sample naBtesctures of used chemicals are depicted
on the bottom.
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The phase diagrams at 26 and 45C are nearly identicébr the ternary systemsThus iisnot
differentiated inbetween temperatures. The phase diagrams of the systems containing IPA and

TBA as hydrotropes were already investigated in a previous $tiidshapter2). [21]

The biphasic region increases in the order +FBA<HEMA (cfFigure4.2). The system with
HEMA has a relatively large tvpbhase region in the phase diagram given in mass fraction, espe-
cially when compared to IPAhe tilt of the tie lines is getting steeper and is shifted toward the
water-rich side. Also, the critical point is shifted toward the wateh side in the order
IPA<TBA<HEMA. The same diagrams given in mol fractions instead of weight fractions are de-
picted inFigure $4.1 in the appendix In molar fractions, the binodals look quite similar, with

HEMA having even a slightly lower biphasic region compared to IPA and TBA.

Figure4.3 Pseudeternary phase diagrams of water, the psedgonary oil phase MMA/HEMA (50:50), and the hy-
drotropes (a) IPA (samples IMH), and (b) TBA/HEMA (samples TMH) as well agguranglphase diagrams of
water, MMA, and the pseudternary hydrotrope mitures (c) IPA/HEMA (samples IHM) and (d) TBA/HEMA (samples
THM).The phase boundary is determined at°25(grey arediphasi¢. The dotted black lines describe the dilution
curves for conductivity measurementhe further studied compositions are markeith different symbols and their
sample namesThe black contoured points in the psettédmary diagramsare studied regarding the composition of

the two pseudephases
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Two different kinds of pseudternary systemsareinvestigated: HEMA as part of the hydrotrope
phase or HEMA as part of the oil phase. As HiEMkeadyappliedas hydrotrope irFigure4.2

cU §Z]e u]PZs §Z §S & Z}] (CE}u }oo}]l Z ules[e A] AX ,}JA A «
vantage of different HEMA to MMA ratios across the phase diagram. The second variant of
HEMA/MMA mixturessapplied in order to compare polymers resulting from identical HEMA to
MMA ratios. The role of HEMA will be part of the discussion in se4tibfh The pseuddernary
systems with MMA/HEMA as gihase (cfFigure4.3 a and b) comprise a significantly lower
biphasic region compared to the ternary systems. The miscibility of the pgeudary oil phase

with water is clearly higher on the aich side, making the phase diagram asymmetrical. The
pseudocternary systems with HEMas part of the hydrotrope mixture (cFigure4.3 c andd)

show quite symmetric biphasic regions, comparable to the ternary systemsHigume4.2. The

size of the biphasic region of the alcolEMA mixtures is inbetween pure IPA and pure HEMA
(or TBA and HEMA, respectively). All samplesdhainvestigated further are marked fRigure

4.2 (exact compositions can be foundTiable $4.1 andTable $4.3in the appendiy.

Figure4.4 Autocorrelation functions obtained by DLS measurements &€4b6rthe ternary systems witlia) IPA, (b)
TBA, and (c) HEMA and (d) the surfacfams$ed reference systefor reaction mixtures as marked figure4.2.
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Figure4.4 shows autocorrelation functions for the mixtures markedrigure4.2. The quality of

the autocorrelation functions of the ternary systems of IPA and TBA increases around the critical
point. However, distinct autocorrelation functions can still be found at a higher distance to the
critical point For the TBA and pure HEMA system, the most wabtérsamples (TM and HM

4) comprise the best structuring, while for IPA, the maximum can be found around 20 wt% MMA
(sample IM20).Overall better-pronouncedautocorrelationfunctionscan befound on the more
monomerrich side of the critical pointStructuring is decreasing faster on therah side of the
critical point For samples with an MMgoncentration of 48vt% or higher in the case of IPA as
hydrotrope, 34wt% or higher for TBA, and 88% or higher for HEMA, no autocorrelation func-

tion, but only noise can be observed.

Autocorrelation functions of the pseuelernary systems are depicted Figure S1.2 in the ap-
pendix The general trends are very similar compared to the ternary systems. The location of the
most pronounced structuring seems to be mainly dependent on the MMA concentration within
the alcohol systemsround 14wt% for the IPA system, which corresponds to the samples IHM
14 and IMH29 (where MMA is only half of the 2@% total monomer phase). In the pseudo
ternary TBA systems, the most pronounced structuring is observed at the lowest MMA concen-
trations, as in the ternary systems. Structuring can be observed up to around 25 wt% MMA for

both alcohol systems.

Conductivity curves for ternary and pseutimnary systems are depicted Figure4.5. Please

note that a tiny amount of NaBsadded to each sample to ensure a sufficient amount of charge
carriers, as described in the experimental section. These tiny amounts (0.2 wt% wit@ixte
chosen as a compromise between not affecting the measurements and providing enough charge
carriers for the measurement. Eadashed linentercuts the conductivity curve with the same
color at thecorrespondingpoint marked inthe respective phase diagrarf(Figure4.2). The
systems IPAMMA (IM), IPAMMA/HEMA (IMH), and TBMMA/HEMA (TMH) include composi-
tions at the rising part of the conductivity curve, the region around the maximum, and also the
falling portion (sedrigure4.5 a, b, ande) with increasing water content. In the systems TBA
MMA (TM), HEMAMMA (HM), and MMAPA/HEMA (IHM) (sdeigure4.5 ¢, f, andg), even the

most waterrich sample is only at the region of the maximum. Thus, no samples on the falling
portion of the conductivity curve are present. A large amount of all samples, including even the
most waterrich sample of the system MMABA/HEMA (THM. Figure4.5 d), lie on the rising

part of the conductivity curves.
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Figure4.5 Conductivity curves of the pseutiynary systemat 25°C containing HEMA as part of the oil phase, MMA,

water, and the hydrotopes (a) IPA, (b) TBA, as well as HEMA as part of the hydrotrope phase and the alcohols (c) IPA
and (d) TBA, and conductivity curves of ternary systems containing Wadéx, and the hydrotropes (e) IPA, (f) TBA,

and (g) HEMA. (h) shows conductivity curves of the surfactant/Hedéd reference system. Up to @6 NaBmare

added to the initial compositions to ensure enough charge carriers.dzetied linentercutsthe conductivity curve

with the same colemarking exactly at the composition markedrigure4.2 or Figure4.3.
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4.3.2 Structuralinvestigations ofhe ReferenceSystems
Two different systemare investigated as reference: A surfactémdsed system with MMA and
Synperionic/Tergitol as well as a surfactapsurfactantbased system with MMA, HEMA, and

Synperionic/Tergitol[23]

The phase diagram of the latter cosurfactant/surfactant system is depictegyiure4.2 d. The
two-phase region is quite high and increases from 25 °C f&€4Butocorrelation functions be-
have similarly to the SFME systemskajure4.4). The most pronounced function can be found

for the most waterrich sample (SHM). For the two most ottich samples (SHM9 and SHM

37), no mesostructuring can be observed. All intercuts with samples are on the increasing side
of the conductivity curvesConcerning all three phase diagrams, autocorrelation functions, and
conductivity curves, a very close similarity between the systeaier/MMA/HEMA andwa-
ter/MMA/surfactants/HEMA can be observed when comparing samples with similar locations

in both phase diagrams (dfigure4.2 c andd, Figure4.4 candd, andFigure4.5 g andh).

The surfactant system without HEMA appears to hasmallerbiphase range than the system
with HEMA at both temperaturephase diagram and correlation function can be founéiin
gure $4.4, compositions iTable $1.2 in theappendiy. Detection of the phase boundary in the
system without HEMA ascosurfactantis complicated byliquid crystal formation, so the phase
boundary is only an approximate rangehe system is overall very hard to handle due to very
large areas of liquid crystalline behavior, whids not beerstudied in detaiko far The auto-
correlation functions of the two possibly suitable mixtures in this system4Siid SM8) ap-

pear identical.

4.3.3 Investigation of PMMARolymers

Figure4.6 depicts SEM images of the system MMA/TBA/water. Macroscopic anenigho-

scopic images as well as more SEM images of polymers derived from the systems MMA/TBA/wa-
ter and MMA/IPA/water can be found frigure $1.5 and Figure $4.6 in the appendix The ap-
pearance of the macroscopic morphology changes around the phase diagram. While samples
derived from the most waterich compositions (TAb, IM-9) appear white, opaque, and pow-

der- or spongelike, PMMA derived from the most aich samples (TM5 and IM-64) appear

transparent.
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Figure4.6 SEM images of polymers deriviedm the system MMA/TBAVater at a magnification factor of 3,000 and

a snapshot of the sample FRB at a magnification factor of 30,000.

The microscopic morphology changes just like the macroscopic one. SEM images show polymers
consisting of a coagulation of droplite aggregates (T and TM8) changing to a spongike
morphology with holes (TM5 and TM23). The sample T4 reveals sme kind of layered
structure on a fractured edge but otherwise looks unstructured, just likedBIVA closer look at

the sample TM23 shows pores in the size range of 2D nm. (cf. Figure4.6) Sizes of other
samples from the TBA and IPA samples can be séegure 1.7, giving sizes of PMMA droplets

in the area of 60Gim to some pum for Thd and 35 pum for TM8, and pore sizes of 2103 pm
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for TM-15. In the IPA system, sizes for clearly structured systems range fopni(IM9) to
11 pm (IM-20).

Figure4.7 Surface areas derivedoim nitrogenadsorption measurement (BET) of PMMA particles derived from the
water/TBA/MMA system plotted against the MMA weight fraction. The grey shaded area represents the region in

AZ]1 Z ]+8]v 8 us} }EE o 3]}v (uv 3]}ve }uo E]E _CU>¢ AZ EAZ]E8-SEEN 3FE
E » v3e 3Z & P]}v AZ & }voC v}]e }uo (Juv Jv >"u *uE& u vse ~u CEI AUV
Nitrogen adsorption measurements for the TBA systemHigiure4.7) found specific surface

areas of 6.3 rhg! (TM-5), 7.5m? g* (TM-15), and 18 rhg? (TM-23), followed by a drop in the

specific surface area below the detection limit. Using a simple, spherical model with the density

of PMMA given in the literaturg24] this would correspond to particle sizes of u& (6.3 nt

g?, TM5) to 0.3um (18 ntg?, TM23), whicHits the sizsof the poresmeasured iffEM images

For TM8, where a size range of3umis measured in SEM images, a specific surface of around

1 m? g* should theoretically be found, which might be too low for the experimental setup. The
reference system with only surfactants and MMA without HEMA led to a very viscous,-yellow

to-brown polymer paste anis not considered further (cfigure St.14).

4.3.4 Investigatiorof Poly(MMAco-HEMA)opolymers

Figure4.8 depicts SEM images of selected porous polymers derived from the systems water
HEMA/surfactantdVIMA, water-HEMAMMA, and watertHEMA/TBAVIMA. Macroscopic, light
microscopic, and SEM images of all investigated samples can be fokiguiia $1.8, Figure S

4.9, Figure $1.10, Figure $1.11, Figure $1.12, Figure $1.13, andFigure St.14in the appendix

Just like for pure PMMA samples, porous polymers can be observed for previously structured
systems on the waterich side and unstructured polymers for the previously molecularly dis-

persed systems.
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For systems with MMA/HEMA mixtures and alcoholsKifure $4.9 and Figure $4.10), both
IPA and TBA lead to comparable polymers like pure MMA (compare]l M5 to TM23, Figure
4.6 with TMH5 and TMHLO, Figure4.8). HEMA&lcohol mixtures, however, lead to less defined
polymer morphologies (cFigure St.11andFigure $1.12).

Both systems without alcohols but only HEMA or HEMA/surfactant mixtures show splkage
morphologies with holes at very low MMA concentrations already, in contrast to samples from
SFME systems with IPA or TBA (Sigere4.6 for TBA, samples with IPA are depictedrigure

S4.6 b). Especially SMBI (with surfactant and HEMA) and HMwithout surfactant, but HEMA)
seem to produce very similar morphologies but in a larger size range for samples without sur-
factant. The overall finest structuieobserved for TMHLO (segrigure4.8f) in the system wa-

ter-MMA/HEMATBA.

Figure4.8 SEM images ofquous polymers from the systems with (a) and (d) MMA/HEMA/surfactant, (b) and (e)
MMA/HEMA, and (c) and (f) TBA/HEMA/MMA with a magnification factor of 3,000.
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4.4 Discussion

4.4.1 TheRole of HEMA iPseudoternary Systems

While the ternary systems with MMA and IPA or TBA as hydrotrbpes alreadybeen de-

scribed previousl§21], the question of how to treat HEMA in a psed#onary system arises.

While MMA is clearly defined in the literature as an (albeit relatively hydrophili¢g28]IHEMA

is used as a cosurfactant in some systej@is26]which, in combination with its complete mis-
cibility with water, indicates the possibility of hydrotropic behavjtf] One could consider two
possibilities concerning pseudernary systems: HEMA as part of the oil phase as a monomer
together with MMA or as a hydrotrope with the alcohols IPA or THBgure4.2 ¢ shows the

phase diagram with water, MMA, and HEMA as a hydrotrope. Although the biphasic region is
more extended than with IPA or TBA, the shape can still be expected for an SFME system. Also,
quite pronounced structuring can be found in the fd&izo regin of the system by DLS (cf.
Figure4.3 c). Comparing the ternary systems with MMA and the hydrotropes IPA, TBA, and
HEMA in molar fractions (dfigure St.1), HEMA performs even slightly better than IPA and TBA
with a smaller biphasic region. Thus, HEMA must be considered as quite a good hydrotrope for
SFME systems with the drawback of a high molar mass, enlarging the biphasic region in compar-
ison to alcoholéike TBA or IPA when considering mass fractions. However, investigating pseudo
ternary systems with HEMA as part of the hydrotrope phase only (which would be correct based
on the behavior observed) has the disadvantage of different HEMA to MMA ratiossattr®

phase diagram. This will change the polymer properties (especially the hydrophilicity) drastically,
which is also a drawback of the surfactdratsed reference systems with HEMA as a cosurfac-

tant. [23]

Tie lines with HEMA are tilted strongly towards the waieh side of the phase diagram (cf.
Figure4.2 ¢). That indicates that the eflch phase might be quite hydrotropéch compared to
the waterrich phase, when expecting the mesoscale pseplkase separation to be similar to
the one in the nearby Ouzo regidi2l; 27] The investigation of the compositions of the sepa-
rated phases in théiphasicregion close to the binodal of the pseutlernary systems with

HEMA/MMA mixtures as oil phase (cf.

Table $1.4) approves this and shows that the major part of the HEMA in the system might be in
the oilrich phase, similar to TBA. Thus, to compare the systemsswaypossible, polymeriza-

tions are performed for both possibilities of pseudernary systems: HEMA as hydrotrope,

AZ]1 Z 1+ u}E }EE 3 (E}u }oo}] Z u]eS[e %}]vs }( A] AU v
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leading to copolymers with similar MMA to HEMA ratios across the phase diagram and making

the polymers thus more comparable.

4.4.2 Investigation offlseude)TernarySystemsBefore Polymerization

DLS and conductivity curves observed by conductivity measurements are used to investigate the
nature of the systems. When an impact on the polymer derived is expected, knowledge about
structuringper seand the kind of structuring are relevant. In conventional microemulsion sys-
tems, conductivity curves are plotted,g., against the volume fraction or the square root of the
surfactant concentration in order to evaluate them on the basis of the Percolation or Effective
Medium theories.[28; 29] Since the applicability of these models to SFM&snot yet been
discussed and proven, we only consider the position with respect to the maxandraompare

the curves, which allows a plot of conductivity against the mass fractionigtzs$o used for
phase diagramgq30] In the region around the maximutim conductivity a bicontinuoudike
structure is expectedwhile anO/W-like SFME can be expected on the falling partition of the
curve, and aV/ O-like SFME can be expected on the increasing part of the curve. In contrast to
surfactantbased systems, we expect a continuous transition from molealitarerse to struc-
tured systems. The distinctiaamade on the basis of autocorrelation functions from DLS meas-

urements.

Concerning the ternary systems without HEMA, the first three samples from the-vigeside

for both the IPA (IMB, -20, and-32) and the TBA (T4, -8, and-15) system show distinct cor-
relation functions indicating mesostructuring, T8 seems to be aim-between case, while only
noise can be observed in the other casesKifure4.4). The compositions IN20, IM32, TMS8,

and TM15 intercut the conductivity curves on the rising branch, indicating inverse (water in oil
like) structuring. However, especially-20 is not far from the turning point where bicontinuous
structuring can bexgected. TMb is located directly on top of the curve, indicating bicontinuous
structuring. IM9 intercuts the conductivity curve on the falling part of the curve just after the
maximum, thus on the gih-water-like region. These samples around the maximof the con-
ductivity curves are in proximity to the critical point of the ternary systems, where phase transi-

tion can be expected30]

HEMA behavemainlylike a hydrotrope in the pseudternary systems, as already discussed.
While the autocorrelation function is the highest at the most waieh sample in both
TBA/HEMA systems, the best structuring sample seems to be shifted towards a more menomer

rich region for the IPA system, with HEMA being part of the oil phase (the most pronounced
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autocorrelation functions are found for IMBB and IHM14). However, when only MMA is con-
sidered as the oil, the highest structuring for both systems is arounit%MMA. Thus HEMA

does not seem tanfluence the location of maximum structuring drastically.

The point of inflection of conductivity curves, however, appears to be shifted slightly towards
the waterrich side with HEMA, being in betweera8d 20wt% MMA (IM9 and IM20) for the

IPA system without HEMA and between 6 andvi% MMA for the pseuddernary systems
(around IHM6 and between IMHL4 and IMH29). As the critical point of HEMA locates similarly
to the TBA system in the ternary system in contrast to IPA (where the critical point is more oll
rich), it is not astonishing that the pseudernary TBA/HEMA system differs less from the ter-
nary systems than IPA/HEMA.

The HEMA/surfactardbased system (cFigure4.2 d) is quite temperaturesensitive. The phase
diagram at 45C, as well as the autocorrelation functions and conductivity curves, behave sur-
prisingly similarly to the system with pure HEMA as a hydrotropé-igfire4.2 candd, Figure

4.4 candd, andFigure4.5 g andh). The samples SHEP and SHM7 show no distinct auto-
correlation functions but only noise, which would not be expected at all for a surfabtesdd
system. All samples intercut the conductivity curves on the rising part of the curves, indicating
only inverse microemulsions present in this system. This is contrary to the general idea of using
bicontinuous microemulsion phasdg&3] In this system, HEMA seems to play the dominant role

in defining the nature of structuringlhe two nonionic surfactants appear to incorporate into
the existing prestructure in the surfactanfree system at 45°C rather than pretending to have

a different structure A further stabilization or even a destabilization due to the surfactants can-
not be excluded. However, as seen in the comparison between 25 °C &@q #he system gets
more temperature dependent due to the ethylene oxide groups of both surfactantse 8iec

pure surfactantbased system without cosurfactant (Eigure S1.4) forms highly viscous phases

in large parts of the phase diagram at 45, only two very waterich points could be selected

for further investigation and polymerization.

4.4.3 PMMA Polymers

PMMA particles derived from ternary systems with IPA or TBA as hydrotrope show distinct dif-
ferences across the phase diagram. This differencealkandy be seen macroscopically -

ure S4.5in the appendiy. The change from opaque to transparestrresponds to the region
where no structuring could be observed by DLS anymore. In the TBA system, nanostructured
polymers can be seen in SEM images from sample§ TaMTM23 (seeFigure4.6). Counterin-

tuitive, the finest structures cannot be observed for samples with previously most pronounced
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autocorrelation functionsife., TM-8) but on the edge regions where mesostructuring is just still
present (.e., TM-5 and TM23). According to conductivity curves, Bvshould be bicontinuous,

and the other samples (T8 to TM23) should be inverse (dfigure4.5f). Indeed, the polymer
derived from TM5 has a morphology similar to what we expect from a bicontinuous microemul-
sion but with a pore size of some hundred nanometers to some micrometer23Tkas a
spongelike appearance with more holes, what we expeciira W/O-like microemulsion (cf.
Figure4.6). In between, larger and more drdjxe shapes in a size range 6fi dm could be
observed for TMB that remind of the shape of Ouzo aggregates. Polymers of a similar size but
with more holes could be observed for T8 (for size evaluation, dfigure S1.7 in the appen-

dix).

For IPA samples, results are similar:dMvhich should form a®/W-like SFME, leads to droplet

like agglomerates in a size range of aroundni (cf. Figure $4.6 b). Sample IM20, which
showed the most pronounced autocorrelation function before structuring, leads to larger, drop-
let-like agglomerates, just like the sample ‘BMFurther samples with IPA are not really well

structured anymore.

Overall, the sizes of polymers range from some hundred nanometers to a few micrometers,
which is by a factor of 100 to 1000 larger than initial SF§IPs21] As already mentioned in

the introduction, a destabilization of X0 kgT is calculated to be caused by the growing polymer
chains in investigated conventional microemulsidl4; 5] Thereason for this memorys dis-
cussed to lign the repulsive force on the thermodynamically unstable polymer parti¢tds
which might also be applicable to SFME24]

In literature, several studies dhe use of Ouzo systems for polymerizations are known, mainly
using a topdown naroprecipitate technique ofdissolved polymef32] but alsousing insitu
polymerizations like in our cagd3; 34]. Morphologies of those particles are mainly spherical,
sometimes agglomerates of droplets, comparable to our system$,TIM-20, and IM9. As dis-
cussed in a previous papdehe SFMEwill get unstable during polymerization, leading to an
Ouzolike stabilizingeffect. [21] This seems to be especially the case for samples close to the
critical point (TM8, TM20, IM-9) and makes sense due to the fact that SFMEs and the Ouzo

regime are closely linkefR7]

The novelty of using igitu polymerizations in the SFME regime, howeveavhiat happens when
using the edgeegions ofthe previously mesostructured area: Just like reported for surfaetant

based microemulsion$31; 5]one can observe a morphology similar to the one of the previous
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SFMEi(e.,compare samples I, TM5, TM23). Thus, not only dropldike morphologies like

for Ouzepolymerizations but also bicontinuous and spodige morphologies could be ob-
tained. The consistent sizes of SEM and calculations for BET adsorption isotherms (where ad-
sorptionistested on much larger sample sizes) suggest that the structure does not only appear

superficially but continues homogenously inside the polymer particles.

4.4.4 PMMAHEMACopolymers

Starting with the mostisple system using only water, MMA, and HEMA as a hydrotrope, things
are not as straightforward as for pure PMMA at first sight. The polymer derived from ke
Figure4.8 b), where the SFME should be bicontinuous due to the conductivity experiments (cf.
Figure $4.3 g), shows more of a morphology with holes, which would be expected Wif@

like system.

Overall, the tendency to form inverse structures seems to increase in the order
IPA<TBA<HEMA. The same order can also be found for the location of the critical point and
the location of intercepts in the conductivity points. (cf. sectiod.1) However, the system wa-
ter/MMA/HEMA has the drawback of different MMA to HEMA ratios across the phase diagram.
Furthermore, HEMA is known to build hydrogels, which might disturb the-valhnced behav-

ior of SFMEs/Ouzdomains.[35] The droplets embedded in the unstructured polymer matrix
(cf. HM5, HM19, HM33, Figure $4.8) could indicate that phase separation occurred due to
hydrogel formation, and polymers with significant MMA/HEMA enrichnaetformed. How-
ever, thisis not investigated further. The same might also be the case for pséerdary mix-

tures with HEMA as part of the hydrotrope phase.

The most interesting MMA/BMA copolymerare derived from samples with MMA/HEMA mix-
tures with a fixed MMA to HEMA ratio of 1:1 by mass as the oil phase (systems TMH, IMH). Due
to the higher alcohol content in comparison to HEMA, the nature of the alcohols seems to dom-
inate over HEMA, leading to drimp-like polymers for very waterich samples for IPA (IM#
IMH-14, all SEM images of this system are depictédgare S1.10in theappendiy and droplet

as well as bicontinuous/inverdike polymers for TBA samples (TMMHTMH10, seeFigure4.8

c andf, all samples of this system are depictedFigure $4.10in the appendiy. Even though
IPA/TBA dominates the structuring, the impact of HEMA might still be noticeable, shifting the
areas of larger, Ouzlike droplets but also th&/O-like structures more to the waterich side

of the phase diagram. The most interesting sample might be -IMHvhich shows pores in a
size range of € um, comparably with those derived from surfactardsed microemulsions in

the literature without polymeizable surfactantq.36; 7]
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4.4.5 Comparison oPolymerizations irSFMEand QurfactantbasedMicroemul-
sions

The similarities between theusfactantbased and the surfactadtee systems with HEMA be-
fore polymerizationdavealreadybeenmentioned in sectiod.4.2 Just like the ternary systems,
alsothe polymers show quite similar behaviors. The samples-Stdhtd HM4 show remarkably
similar structures bt in smaller size ranges for the surfactdrased system (1-:0.5um for
SHM3 vs. 810 um for HM4, seeFigure4.8 a and b). SHMS8 (seeFigure4.8 d) has a slightly
porous and overall much less defined structure, while no nanostructuring could be observed for
polymers derived from more MMfich mixtures in the SEM, even after washing steps (images
of all samples are printed fRigure $1.14, before and after washing can be comparedrigure

S4.15in the appendiy, what is surprising for a surfactabaised system.

It appearsas ifHEMA would dictate the structure both before and during polymerization in this
system, while the surfactantcorporate and possibly stabilize the interphase, but without
changing it During polymerization, we expect additional stabilization to occur due to the pres-
ence of the surfactants. This appears to result in smaller overall pore sizes with an otherwise
similar structure(compareFigure4.8 a andb). There are som®uzolike systems described in

the literature where additional surfactants have been addg@8; 37, 38] However, this was
before the Ouzo effecivasdiscussed in a broadescientificcommunity. It was already men-
tioned in a review that in terms of precipitation in Ouzo systems, the characteristics of these
systems seem to be nearly independent of the surfactf88] A similar case can be found in a
publication about high alcohol contents in a nonionic microemulsion sydtésdescribedhat

the alcohols dominate above the surfactants in those systems higth levels of solvent$39]

This publication dates from a time before surfactdree (micro)emulsionsre known to a
broader community as well10] which leads to the assumption that it was not even thought of

the possibility that this alcohol domination origins from a-steucture without the surfactant.

Thus, in some systems, as in the pregefgrence systemthe added nonionic surfactantsight

only have an additional kinetic stabilizing effect but are not fundamentadlgessary for the
nature of the systemOn the contrary, in the present example, the smallest pore sizes could be
obtained both with and without HEMix the surfactanifree systemwith the hydrotrope TBA
(TM5 and TMHLO).
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4.5 Conclusionand Outlook

In the present contributionwe investigate the impact of the mesostructuressimfactantfree
microemulsions (SFMEs) the nanostructures of the dried polymers. While polymerizations in
SFME$avealready reportedn chapter2, [21] we canclearly link the correlation between the

mesostructure of the former SFME to the resulting polymer morphologies for the first time.

SFME systems with MM&e investigated with different hydrotropesso-propanol (PA, tert-
butyl alcohol(TBA, 2hydroxyethyl methacrylat¢dHEMA). Pseudeternary systems with both
MMA/HEMA with and without IPA or TBA as additional hydrotraresnvestigated and com-
pared to a system with MMA/HEMA and the surfactants Tergite&12 and Synperonic A1l
LQ(TH).[23] HEMA is discussed as a polymerizable cosurfactant in literg#yr6] but also

shows more hydrotropic than esolvent or cosurfactant behavior, in our opinion.

It is found that it is possible to achieve different kinds of mesostructured polymers that are
linked to structures expected in previous SFMEs (drdidetshapes coming from®/W-like
SFMEs as well as spoAde shapes derived from bicontinuous W&/O-like SFMEs). However,

the sizeof the derivedpolymersis by a factor of 100 to 1000 higher than threesostructures

found in theinitial SFMEgJ21; 10]Both the different morphologies as well as patrticles in the
micrometer range behave like polymers derived from conventional microemulsion systems
without polymerizable surfactantg7; 36] Sizes found iiscanning electron microscopy (SEM)
images are in agreement with specific surface areas measured by nitrogen adsorption measure-

ments following theBrunauerEmmettTeller (BETmodel.

The differencebetween the MMA/HEMA systems with and without surfactants is surprisingly
low and leads to the assumption that the interplay of MMA, HEMA (additional TBA/IPA, if pre-
sent), and water defines the basic structure without the surfactants. The surfactant onght

have an additional stabilizing effect on the growing polymer particles, leading to slightly smaller
sizes, but without changing the basic morphology. However, the smallest pore size in-sponge
like particles, both with and without HEMa#re observed irthe surfactantfree system with TBA

as a hydrotrope (around 20fm for TM23, < 1um for TMH10). While the use of SFME for
droplet-like polymer morphologies.€.,for encapsulation) was already discussed several times,
[40; 41]we could show that also other morphologies are possible. This opens a field of possibil-

ities, e.g, for filtration applications.
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4.6 Appendix
4.6.1 Compositions aBamplesinvestigated in thi¥Vork

Table $4.1 Composition of samples of ternary SFME systems investigated further in this study.

System Sample Water MMA  HEMA  IPA TBA
[ wt% [ wt% [ wt% [ wt% [ wt%
IM-9 60.0 9.1 30.9
IM-20 43.7 20.2 35.1
MMA::AWE" IM-32 29.1 32.0 38.9
IM-48 15.2 48.3 345
IM-64 7.2 64.9 27.9
TMS5 65.0 5.0 30.0
™S 50.1 9.0 40.9
MMA-TBAwa-  TM-15 36.2 15.9 47.9
ter T™-23 27.0 23.0 50.0
TM-34 18.9 34.2 46.9
TM-45 13.3 45.9 40.8
HM-4 58.0 4.0 38.0
HM-5 44.8 5.2 50.0
MMA-HEMA HM-9 34.9 9.0 56.1
water HM-19 21.7 19.2 59.1
HM-33 11.2 34.0 54.8
HM-43 7.0 43.0 50.0

Table $4.2 Composition of samples of surfactamased systems investigated further in this study.

Water MMA HEMA Synperonic/

System Sample | Wi% | Wi% | Wi% Tergitol (50/50)
| wt%
SHM3 48.0 3.9 29.8 18.3
MMA- SHMS8 34.9 8.1 354 21.6
HEMASynperonic/  SHM19 20.1 19.1 37.1 22.7
Tergitolwater SHM29 13.0 29.9 35.4 21.7
SHM37 10.0 38.0 32.2 19.8
MMA-Synperonic/ SM4 72.0 4.0 24.0
Tergitolwater SM8 64.0 8.0 28.0
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Table $4.3 Composition of samples of pseutiwnary SFME systems investigated further in this study.

System Sample Water MMA HEMA IPA TBA
/ wt% / wt% [ wt% [ wt% / wt%
IMH-4 76.8 2.45 2.45 18.3
IMH-14 62.6 7.4 7.4 22.6
Mul\ﬂﬁ/\/'\_/lgiger_ IMH-29 46.3 14.55 14.55 24.6
IMH-45 31.1 22.55 22.55 23.8
IMH-62 19.7 31.05 31.05 18.2
TMH5 71.0 2.5 2.5 24.0
TMH10 58.1 55 55 30.9
MMA/HEMA- TMH18 46.0 9.45 9.45 35.1
TBAwater TMH29 35.1 15 15 34.9
TMH43 24.1 215 21.5 329
TMH53 19.0 26.5 26.5 28.0
IHM-6 55.0 6.4 19.3 19.3
MMA- IHM-14 43.1 14.1 21.4 21.4
HEMA IPAwa- IHM-26 26.6 25.9 23.75 23.75
ter IHM-40 15.5 40.3 22.1 22.1
IHM-54 8.6 54.0 18.7 18.7
THM5 54.4 5.0 20.3 20.3
MMA- THMS8 44.0 8.0 24.0 24.0
HEMA/TBA THM13 34.1 13.0 26.5 26.5
water THM24 22.0 24.0 27.0 27.0
THM33 15.1 329 26.0 26.0
THM42 10.6 42.0 23.7 23.7
Table $4.4 Distribution of thewo phaseseparated phases of theseudeternary phase diagrams.
Phase Water /wi%  HEMA/wt% MMA / wi% 'PAVf/’tr(yFA /
oil-rich 28.96 34.50 15.08 3271
IPAL water-rich 74.34 9.00 2.16 1450
oil-rich 2287 26.53 31.48 19.12
IPA2 water-rich 8249 6.13 1.40 9.98
oil-rich 17.69 3047 37.83 14.01
IPAS  waterrich 8288 6.97 155 8.60
oil-rich 4097 1246 1255 34.01
TBAl .
water-rich 74.29 5.15 2.75 17.81
oil-rich 30.83 1551 19.76 33.90
TBA2 .
water-rich 79.21 5.14 1.74 13.90
oil-rich 23.36 18.80 27.21 30.62
TBA3 .
water-rich 8290 5.27 1.20 10.63
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4.6.2 TernaryPhaseDiagramsGven inMol Fractions

Figure $1.1 Phase diagram of the ternary systems water, MMA, and the hydrotropes HEMA (brown), TBA (blue), and
IPA (pink) at 28C given in mol fractions. Tie lines are drawn as dashed lines.
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4.6.3 DLS andonductivityData of thePseudecternary Systems with HEMA

Figure $4.2 Autocorrelation functions obtained by DLS measurements &C46rthe pseudeternary systems with
water, a mixture of MMA and HEMA (50:50 by weight) as oil phase ati@Aadr (b) TBA as hydrotrope, and pseudo
ternary mixtures with water, MMA as oil phase, and a mixture of HEMA and (c) IPA, or (d) TBA, as hydiamtropes,
reaction mixtures as marked igure4.2.

The most pronounced autocorrelation function in the pseddmary system with a mixture of
MMA and HEMA as oil phase and IPA as hydrotropd-{gfire $1.2 a) can be found at a mon-
omer content of 29wt% for IPA (sample IMBR), which is significantly higher than for the sys-
tem with HEMA as part of the oil phase (IHM, thus 14wt% oil phase, ckigure St.2 c) or the
IPA system without HEMA. Considering only the MMA content as oil in both pseudoy
systems, the mospronounced autocorrelation function can be found at an MMA fraction of
around 14wt%. In the systerMMA/HEMATBA (with HEMA as part of the oil phase), autocor-
relation functions for samples up to 8% monomers (TM#3, TMH10, and TMHL8) are all
quite identically well pronounced. All those samples contain up taw@b MMA. The pseudo

ternary system wh HEMA as part of the hydrotrope phase with TBA shows already more de-
creasing but still pronounced structuring an®% MMA (sampld HWM8).
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Figure $1.3 Conductivity curvesbtained ly electricatconductivity measurements at 25°C of the ternary systems con-
taining MMA, Water and the hydrotophes (a) IPA, (b) TBA, and (c) HEMAlashell linentercutsthe conductivity
curve with the same colanarking exactly at the composition markedrigure4.2.

4.6.4 Investigation of thé&eferenceSystem without HEMA

Figure $4.4 Investigation of the surfactartased reference system without cosurfactant containing Water, MMA,
Synperionic and Tergitol. (a) ternary phase diagram at@%grey) and 4%C (red). Blue points mark compositions
that are one-phasic and taken for determination of the phase diagram. (b) Autocorrelation functions derived by DLS

at 45°C.
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4.6.5 PolymerPerived fromTernary SFMBystems

Figure S4.5 Macroscopic and microscopjuctures of freezelried polymers derived from the systems {&-
ter/TBA/MMA, (b) water/IPA/MMA, and (c) water/HEMA/MMA
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Figure S4.6 SEMimages of freezelried polymers derived from the systems (a) water/TBA/MMA and (b) wa-
ter/IPA/IMMA.
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Figure $4.7 SEMimages of selected, freezgzied polymers derived from the systems (a) water/TBA/MMA and (b)
water/IPA/MMA with manually measured pore/droplet sizes
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Figure $1.8 SEMimages of freezelried polymers derived from the system water/HEMA/MMA.
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4.6.6 Polymererived fromPseudoeternary SFMBystems

Figure $1.9 Macroscopic and microscoectures of freezelried polymers derived from the pseutinary systems
with MMA/HEMA (50:50) as oil phase, water, and (a) TBA and (b) IPA as hydrotropes.
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Figure S1.10SEM images of freeziried polymers derived from the pseutisnary systems with MMA/HEMA (50:50)
asoil phase, water, and (a) TBA and (b) IPA as hydrotropes.
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Figure S.11Macroscopic and microscogitctures of freezelried polymers derived from the pseutdonary systems
with HEMA/Alcohol (50:50) as hydrotrope phase, water, MMA and (a) TBA and (b) IPA as part of the hydrotrope phase.
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Figure $4.12 SEM images of freeziried polymers derived from the pseutimnary systems with HEMA/Alcohol
(50:50) as hydrotrope phase, water, MMA and (a) TBA and (b) IPA as part of the hydrotrope phase.

136



Appendix

4.6.7 Polymerderived fromQurfactantbasedReferenceSystems

Figure $1.13 (a) Macroscopic and microscopicctures and (b) SEM images of freezied polymers derived from the
surfactantbased reference systecontaining Hydroxyethyl methacrylate, Synperonic-AQ{TH) and Tergitol 15
12.
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Figure $4.14 Macroscopic images of samples derived from the system Water, Myt#eronic AXLQ(TH) and
Tergitol 15512 without HEMA.
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Figure $4.15 SEM images ofglymers derived from the surfactabised reference systeoontaining Hydroxyethyl
methacrylate, Synperonic A113(TH) and Tergitol 1512 before and after washing with water.
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5 Thelmpact ofAdditives orfurfactantfree
Microemulsionsand Polymerizations in
Those

5.1 Preface and\bstract

Figure5.1 Graphical abstract: Addition gfodium dodecy! sulfateSp$to surfactantfree microemulsion§SFMEY):
strengthening, changing, oweakening the structure?

In conventional polymerization processes, a lot of auxiliaries can be pre$enh surfactants

to kinetically stabilize the produgcto salts,e.g, as part of common initiator systems for (mi-
cro)emulsion polymerization systemis.,sulfates and persulfategl t3] The latter might influ-
ence not only the reactioper sebut also the surrounding system, which might be taken into

account rarely.

There are already some studies about the impact of salts and special electroldagactant

free microemulsions (SFMER) t7] Of course, a lot of publications on the influence of cosurfac-
tants on classical microemulsions are knoJ8). 9] However, classical microemulsiongre
mainly studied in times when most colloid chemists would never have considered that

mesostructuring could also exist in surfactdrge systems[10] This assumptiomasalready
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beenbrought inchapter4, based on the results comparing polymers derived from surfaetant

free and surfactanbased systems.

The present chapter aims to understand the impact of surfactants and electrolytes in SFMEs.
Instead of adding cosurfactants to conventional microemulsions, we approached this topic from
the other side: Adding surfactants to surfactdree microemulsions r&d investigating the

change in their phase behavior.

Beginning with the welinvestigated SFME system octanol, ethafitlOH) and water,[11; 7,
12; 13]nonionic and anionic surfactantse added, and their impact on the phase behavor
investigated. In the next step, other oils and hydrotropes taken into account to generalize
the concept before moving to our wekhown polymerizable systems withethyl methacrylate
(MMA). The impact osodium dodecyl sulfateSD$and salts of the Hofmeister series on poly-

mers derived from microsuspension polymerizatisimvestigated in a final step.

Parts of this work are planned for future publication. Some more selected experiments including
the phase behavior with other surfactants, supplemented by further scattering data, might help

to fully understand this topic.
Contributions to the experimental work:
x Jonas Blahnik: Conceptionalizatierperimentalwork, data evaluation
x Selina Reigl and Diana Funkner: Experimamtak (preexperiments with SDS)
x Sebastian Hof and Antonia Schmalhofer: Experimewmbak (polymerizations with SDS)
X Andreas Kanygin and Sebastian Hof: Experimemigd (polymerizations withsalts)

X Philipp SchmidSWAXS experimenésmd data processing
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5.2 Introduction

The impact of additives is always an interesting question in colloidal chemistry. Investigating the
role of salts on macromolecules and living systems started back in theet®ury already[14]

A pioneer in the work of specific ion or salt effects is Franz Hofmeister, whose publications from
the 1880s are still famous todaji5] Hofmeister is especially known for his research on the
impact of different salts on the saltiig and saltingout of proteins, leading to the famous Hof-

meister series for cations and anions ($égure5.2). [16]

Figure5.2 Hofmeister series for anions and cations depicting their saltirrgnd saltingout effect for proteins accord-

ing to their positions. Additionally, anions and cations are labeled according to their kosmotropic or chaotropic char-
acter. This figurésinspired by the work of Johannes Mehrindér)

It seems counterintuitive that the tendency of cations and anions is different. While in the case
of anions, the trend goes from hard, strongly hydrated ions (satiin) to weakly hydrated,

soft anions (saltingn), it is just the other way around for @wans. In this context, it is necessary

to note that Hofmeister investigated the impact of salts on proteins, which carry charges on
their surface, influencing the effectfl6; 17] The terms chaotropic and kosmotropic, which
were used for decades, are possibly misleading in their original meaning (strmctilkiag and
structure-breaking) due to the short range of the interactions of ions in wdteg] However,

we will keep the terms for convenience, meaning the trends weakly hydrated/soft/low charge

density versus strongly hydrated/hard/high charge density.

V JuU%}ES v8 }v %S 8§} pv E+S v §Z (( 8 }( » oS ]J* }oo]ve[ ~
((Jv]38] *U_u v]vP 8Z § A} Z & }E 3A} *}(3 ]}ve v plo Jvv E ¢
solution, while a combination of a hard and a soft ion is diaathgeous for building thosgL8]

dZ]e Epo ]« A EC Jviu]s]A v v Ju% E 3§} 3Z Epo "o]l -
uate student learnse.g, in the HSAB concept for acids and bases, dating back in the 1B&0s.

20]
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It was a question of many publications which kinds of interactions play essential roles for specific
ion effects,e.g, dispersion, hydration, polarizability, or charge dendity] This might not be
clarified generally, as the system itself plays a decisive role. In this context, especially the head

groups of ionic substances and interfaces in the system need to be mentidded?7]

The roles of head groups of charged surfactants and their counterions were intensively investi-
gated in the last decadef21] The role of headgroups of charged hydrotropes was studied by
Mehringeret al., adding the length of the hydrophobic side chain as a second axis to the head

group series, resulting in a twadimensional concep{22]

There are already the first publications on the impact of salts and special electrolysesfac-
tant-free microemulsions (SFMEEJ] Many electrolytes, including the surfactant sodium do-
decyl sulfate (SDS), were studied on their concentratiependent influence on a single SFME
composition by scattering experiments. However, the phase behavior was not studiediget. It
found that the weak aggregation of pf@uzo aggregates is very sensitive to the addition of elec-
trolytes, and the préDuzo domains increase as soon as ethanol is salted out of the-vietier

pseudo phasg4; 5] The impact of SDS as a true surfactant is less clear.

The impact of electrolytes and surfactants on SFME systems is of interest from different points

of view:

x As different electrolytes may be present in a polymerization proaegs &s part of the
initiator system for microemulsion processes, but also in the form of charged surfac-
tants), it is important to know the role of salts on the SFME system and the polymeriza-

tion kinetics in SFME systems.

X While the impact of SDS on SFMEs is not completely understood $0] fluat of un-
charged surfactants was not systematically investigated yet, to our knowledge. How-
ever, previous results of this work (cf. discussiortidpter4) indicate that nonionic

surfactants have a significantly low impact on SFMEs, in contrast to charged ones.

x Cosurfactants in conventional microemulsions may also be used as hydrotropes or even
the oil phase in SFMEs. The impact of cosurfactants and high solvent concentrations on
microemulsions was mainly investigated in times when hardly any colloid chemist was
thinking about mesostructuring in surfactafitee systems[8; 10, 9] Approaching this
topic from the other sidetadding surfactant instead of adding cosurfactants or solvents

t UJPZS Z 0% 3} pv E*35 v u Z v]eue Jv ”~ }VA v3]}v o_
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cosurfactants or high solvent ratios in more detail. This work might lead to a novel ap-
proach of formulating thermodynamically stable microemulsions with low surfactant

concentrations.

In this contribution, we investigate the impact of adding the surfac@D80 ternary systems
consisting of water, various hydrophobic compounds (namebgtanol, ethyl acetate, limo-
nene, citronellol, triacetin, and methyl methacrylate (MMA)), and simple alcohols such as etha-
nol (EtOH)jso-propanol (IPA)n-propanol (NPA) antert-butyl alcohol (TBA) as hydrotropes.
The surfactants sodium lauryl ether sulfonate (SLES) and polyethylenelflydotiecyl ether
(C12E10areinvestigated as references. lontrast to previous works, we investigate the effect
not only on specific composition but on the phase behavior in general. The impact on the phase
behavioris studied by recording (pseudpernary phase diagrams and the effect on mesostruc-
turesisinvestigated by dynamic light scattering (DLS) and samalle Xray scattering (&/AXS).
Thermally activated, freeadical polymerizations initiated by BCC of MbtAperformed in sys-
tems with the addition of different salts and surfactants. Fredded polymersare evaluated

according to their conversion and their weighterage molar mass.
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5.3 Materials and Methods

5.3.1 Materials

Methyl methacrylate (MMA, 99% purity, stabilized withméthoxyphenol G30 ppm), ethanol
(EtOH, 99.8%h-propanol (NPA, 99.5%), polyoxtyd lauryl ether (C12E10, technical grade); (R)
(+Himonene (94%), citronellol (95%j)-octanol (99%), triacetin (99%), sodium bromide (99%),
sodium chloride (99.5%), sodium sulfate (99%), ammonium chloride (99%), potassium chloride
(99%), sodium fluoride (99.5%), sodium iodide (99.5%), and sodium ethyl sulfatea(@&sb)

tained from Merck (Darmstadt, Germanigrt-Butyl alcohol (TBA, 99%), calcium chloride dihy-
drate (99%), and magnesium chloride (98.%%€) purchased from Carl Roth (Karlsruhe, Ger-
many). Tetrahydrofuran (THF, analytical reagent grade), ethyl acetate (99.8%), sep@ntyl

sulfate (99%), sodium-octyl sulfate (99%), sodium thiocyanate (98%), &wepropanol (IPA,
99.8%rebought from Fisher Scientific (Schwerte, Germany). Poly(methyl methacrylate) stand-
ards (ReadyG#it PS$nmkitrl) are obtained from PSS Polymer Standards Service (Mainz, Ger-
many). Bis-(4-tert-butylcyclohexyl) peroxy dicarbonate (BCC, 9%rovided by PERGAN
(Bocholt, Germany). Sodiumdodecyl sulfate (SDS, 99.8%)purchased from AppliChem
(Darmstadt, Germany). Sodium laureth sulfate (SLES, technical grade, trade name Marlinat

242/70)is provided by Sasol (Hamburg, Germany).

Prior to polymerization, MMAs distilled at 40°C and 6@nbars to remove the stabilizer. Aque-
ous solutionsare prepared using deionized water with a resistivity ofM&xm. All other chem-

icalsare used without further purification.

5.3.2 Ternary Phase Diagrams

Phase diagramare recorded at 25C+ 1 °C (for all oils bu¥IMA) and 45°C+ 1 °C (in the case
of MMA) as described by Clausskal,, [23] compare sectior2.3.2 For pseuddernary phase
diagrams, the additive (surfactant or electrolytelised with a fixed weight ratio as part of the
hydrotrope. Surfactantare used in weight fractions (corresponding to the hydrotrope) only,

while all electrolytearetested with a concentration of 13 mM, corresponding tao SDS.

5.3.3 Dynamidight Sattering(DLS)

DLS experiments are performed as described in seltidm

5.3.4 CriticalPoint Determination
Critical point{CPspare determined as described in secti@.3
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5.3.5 Smallandwide-angle Xray Sattering (SWAXS)

Smalland-wide-angle Xray scattering (SWAXS) measuremearesperformed on a benclouilt
XENOCS (Grenoble, France) using a Mo radiatiag Xource (= 0.0071nm). A large online
scanner detector (34hm diameter) is used to record the scattered beam, covering a lgrge
range (0.2t 40 nm*) with an offcenter detection. The collimatiois applied using a 12: mul-
tilayer Xenocs mirror (for Mo radiation), connected to two sets of scdéss FORVIS slits
providing a 0.& 0.8 nm Xray beam at the samplgosition. Preanalysis of the data is performed

with a FIT2D software. Scattered intensiti@e detected versus the magnitude of the scattering
vector ML Bve; &« -:—Z;G/vith a wavelength of the incident radiatio@and the scattering

angle & The solutionsre filled in 2 mm quartz capillaries. Usual corrections for background
(empty cell and detector noise) subtractions and intensity normalization usinedeigity pol-
yethylene film as a standamte applied. The experimental resolutias 4/q = 0.05. The scat-
tering vector calibration standard silver behenate in a sealed capillary. All measuremargs

carried out at room temperaturg14; 24]

5.3.6 Polymerizationand Yield Determination
Polymerizationsre performed at 45°C+ 1 °C using 0.2nol% BCC as the initiator (referring to
the monomer) for 7h and freezdried afterward as described in secti@8.9 The mass of the

additivesis subtracted in the conversion determination.

5.3.7 GelPermeationChromatography (GPC)

Gel permeation chromatographyg performed as described in secti@n3.1Q
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5.4 Resultand Discussion

5.4.1 Impact of SDS on SFMEs

5.4.1.1 Impactof SDS on th&/stem OctaneEthanoiWater

The ternary (or pseudternary) phase diagram of the systamater/EtOH (+SDS)/Dctanol is
depicted inFigure5.3 a. The addition of small amounts of SDS in a fixed ratio in relation to EtOH
leads to a continuous decrease of the liqliglid two-phase region with an increasing SDS
amount. Simultaneously, the shape of the binodal changes and gets more symmetricrasscthe
imum is slightly shifted to the octanaich corner. The liquidolid two-phase region (leading
back to the low solubility of SDS in EtOH) is increasing. Thisdigjuddwo-phase region is al-
most linear and continuously increasing with increasing &Db&nt. However, as this region is
not of our main interest, the border to the twphase liquidiquid region is meant when only

phaseborder or twophase region is written.

Figure5.3 (a) Impact of different SDS to ethanol ratios on (pseteimary phase diagrams of the system water, 1
octanol, ethanol (+SDS) and éitocorrelation functions of compositions in the region of maximal structuring in the
surfactantfree system (blue) and the pseuttwnary system with 7.5% SDS in EtOH (2.3% SDSowetiadlcomposi-

tion, green).

Figure5.3 b depicts the autocorrelation functions of two points in similar distances to the phase
border, one in the préDuzo region of the surfactatitee microemulsion (called PO) and one in
the corresponding area in the pseudlernary system with 7.%t% SDS in BH (which corre-
sponds toa quite low surfactant concentratioexactly 2.32%t% SDS in this composition, called
LS). The autocorrelation function of @nprises aighery-intercept and a higher lag time
than the autocorrelation function of P@oth compositions are in the region around the phase

border, where the most pronounced autocorrelation function can be foun&jgsres.4 shows.
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This point of the most pronounced autocorrelation functions is shifted towards higher oetanol

ratios with increasing SDS content, compagdblthe shift of the appearances of the twzhase

E PJ}v 18 o(X ,}JA A U o0+} 00 }3Z & bipbdbcyedisiiBaidSSZ, "(}Eu G
cf. Figure5.4 a) show at least as pronounced autocorrelation functions as PO, the sample of the

highest structuring in the pr®uzo system (ckigure5.4 b andc). Thus, the impact of surfactant

is present in the whole formdiphadc system, not only in the immediate vicinity of the pseudo

critical point.

Figure5.4 (a) (PseudgTernary phase diagrams of the systewater, 1-octanol, EtOH(+7.5 wt% SDS) and samples
investigated by DLS (b) autocorrelation functions of compositions in the surffitangystem (blue) and (c) the
pseudeternary system with 7.5% SDS in EtOH (2.3% SDS in the composition, green).

When SDS is added to PO, a steady decrease in the correlation functions is fouRij(see
5.5a), as already published by Marcesal.[7] The same can be observed for LS (Segire

5.5¢), where SDS is added on top of the amount of approximately 2.3%, which are already pre-

sent in the composition LS. Even though the absolute autocorrelation functions are higher, the

same effect is present.
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The absolute intensity oMBAXS (seEigure5.5 b andd) at lowg-values decreases with increas-

ing SDS content. There is no real maximum at the compositions PO and LS but a continuous
increase in intensity atM\ r. When adding SDS to thomixtures, a maximum emerges and
shifts towards higheg-values associated with repulsive aggregates, as already published by
Marcuset al. [7] In the system LS, basically the same trend as in the system PO is observed.
However, the absolute intensities are higher in the system LS, having overall higher slopes and

shifting the maximum to even highgrvalues.

Figure5.5 (a) Autocorrelation functions derived by DLS and (b) SWAXS spectra of different additions of SDS to the
composition PO in the pi@uzo region. (c) Autocorrelation functions and (d) SWAXS spectra of different additions of
SDS to the composition LS in teeydoternary 7.5% SDS/EtOH in the region, whibiphasic in the SDféee system.

A distance between aggregates cangdstimated roughipy the location of the maximum inten-

sity without determining structure or form factors. The distances range fraim3LS+5% SDS)

via 7 nm (PO+3% SDS), 10 nm (LS+3% SDS)rto(P&®+1% SDS). It was calculated approxi-
mately that there should be between 30S+5% SDS), 55 (PO+3% SDS), 165 (LS+3% SDS) and 420
(PO+1% SDS) SDS molecules per aggrégat®ure SDS micelles are given witraector of

1.55nm at similar concentrations the literature(corresponding to a distance of 4.1 rand
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53-73 SDS molecules per micell6; 27] Theseestimationssuggest that mixed aggregatase

formedinstead of conventional SDS micelles.

5.4.1.2 OtherQils andOther Hydrotropes

Figure5.6 (Pseudg)Ternary phase diagrams of the systewater, (a) EtOH (+SDS) agttlyl acetate, (b) EtOH (+SDS)
andtriacetin, (c) EtOH (+SDS) dintbnene, (d) NPA (+SDS) ¢intbnene, (e) TBA (+SDS) &mbnene, and (f) EtOH
(+SDS) andtronellol at 25°C.
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Further hydrotropes and hydrophobic compouratetested. There is only little effect of SDS in
the case of ethyl acetate and triacetin, which both have a quite low miscibility gapg-igees

5.6 aandb). The system with limonene is interesting, as the behavior of the system is different
with different alcohols (se€igure5.6 c-e). LimoneneEtOH has a very high miscibility gap, and
the addition of5 wt% SDSas a part of the EtOH phasir)es not show any impact on the phase
border at all. When adding SDS to limonéieA, which still has a quite large tphase region,

the two-phase region is decreased slightly, while the shape does not significantly change. When
moving from NPA to TBA ihe ternary systems, the maximum of the binodal is shifted to the
limonenerich side, while theCPis much more to the waterich side. The addition of SDS leads
to a significant decrease in the twahase region, coparably to the octaneEtOH system. The
decrease due to SDS is stronger on theioll side in this case. Also, in the system citronellol
EtOH (se&igureb.6f), a decrease due to SDS can be observed. The system bshailadyto

the octanotEtOH system, with the maximum of the binodal being shifted to theiahil side,
which is thus getting more symmetrical. The decrease is, in contrast to the limdrfesys-

tem, not different between the oiland the watefrich side.

Figure5.7 DLS autocorrelation functions of samples of the systemsdtr, limonene, TBA (+SDS) andWayer,

citronellol, EtOH (+SDS). Samples with SDS are in the previous Ouzo region without additional SDS. Corresponding
phase diagrams are depictedkigure5.6.

Light scattering experimentare recorded in the systemémonene TBA andtitronellol-EtOH,

which both show a reduced biphasic region due to SDS. Compositions are printed in the phase
diagrams irFigure5.6 e andf. Autocorrelation functions derived by DLS (8@gure5.7) show
basically the sami&end as for theoctanolEtOH system. When moving from the surfactéee

pre-Ouzo region (marked as pure TBA or pure EtOH) to the novgdloamee system with SDS, a

significant increase in thegxis intercept as well as in the lag time can be observed.
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5.4.1.3 OtherSurfactants

Figure5.8 (a) Ternary phase diagram of the systesater, EtOHpctanol, and pseudternary diagrams when adding

5wt% SDS, SLES, and C12EHI@d1 (b) Autocorrelation functions when adding an absolute amountva® SDS,

SLES, and C12E10 to the composition PO in th@yze region and (c) Autocorrelation functions of the psdeduwary

systems with 3% SDS and SLES in EtOH in the formeplage region.

The impact of the common ionic surfactant sodium lauryl ether sulfate (SLES, mixture of C12 and
C14) and the nonionic surfactant polyethyleb@ laurate (C12E10) is depicted-igure5.8. The
uncharged surfactant C12E10 does not significantly impact the phase behavior. The autocorre-
lation function when adding a total amount of8% surfactants to EtOH in the composition PO
shows a slightly lower-gxis intercept and a slightly higher lame compared to PO without
additives. SLES, in contrast, acts as a mild variant of SDS. A difference to SDS is that the decrease
of the binodal is more pronounced on the watech side, while on the ciiich side, even a slight
extension of the formerwo-phase region is deserved. The overall decrease in the Hlmguiai

binodal is less pronounced. The liqdlid twophase region is much more pronounced
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compared to SDS. In the former typhase region (compositions{1Sand L, seeFigure5.8 a
andc), the autocorrelation functions are, in all cases, more pronounced compared to the abso-
lute addition to the composition PO (s€éggure5.8 b). However, in contrast to the results seen

before, the increase in the DLS signal is lower.
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5.4.2 Discussion Impact ofQurfactants on SFME

From scattering experiments on the system octanol/ethanol/water with the addition of differ-
ent salts and also SDS, Maretigl.[7] concluded that true surfactant micelles appear progres-
sively within the addition of SDS to the composition of octanol/ethanol/water investigated in
their research. The authors were, however, not sure what happens at low concentrations of SDS.
It is possike that the addition of SDS destroys the surfactaee clusters first before a micellar
system is formed or that there is a transition in betwegf].Marcuset al. also concluded that
pre-Ouzo aggregates are of overall weak aggregation and, thus, very sensitive to the addition of
electrolytes.[7] The study investigated a lot of salts but at rather high salt concentrations. Fur-

thermore, the phase behavior was not investigated attttime.

As shown in this workhe addition of even small amounts of SDS leads to a significant decrease
in the biphasic region of the system octanol/ethanol/water gfjure5.3 and Figure5.4). The

impact of SDS is surprisingly high for those relatively small concentrationst.tn EtOH cor-
responds to an absolute concentration of 2\88%6 or 80mmol kg* of the absolute formulation

of the sample LS without additional SDS). The decrease in autocorrelation function by DLS and
the decrease in absolute intensity in SWAXS spectra, as well as the emerging maximum at higher
g-values upon adding SDS for the composition in the@uego region (PO) were already re-
ported by Marcuset al.[7] The behavior in the previously biphasic region is however new. (cf.
Figure5.5). Comparing both DLS and SWAXS data, we observe that autocorrelation functions as
well as the intensity of SWAXS diffractogramsgfdi0, are increased for LS. Interestingly, the
SWAXS data for LS without additional $®Kch only contains an absolute SDS amount of
2.3wt%)reminds us of that of an SFMEB], even though SDS is already present. When adding
extra or further SDS, the effect is similar for both LS and PO.

Some thoughts must be considered to interpret this behavior:

X We expect SDS as a surfaaive molecule to locate somewhere in the interphase of
the surfactantfree aggregates. This surely happens at higher concentrations, where the
repulsive forces due to charged aggregates can be seen in SWAXS spectra. It must be
noticed that in SFMESs, no clear interface as in conventional surfalctes®sd micro-
emulsions is presenf10] On the other side, iis proven thatthere is an interphasen
which enrichment of the hydrotrope can be observé®; 13] Thus,the term inter-

phaseshould be preferredn the context of SFMEs.

X At higher surfactant concentrations, we would expect SDS/octanol micelles in these sys-

tems.[7] Thus, the ethanol would be somehow displaced from the interphase.
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x PreOuzo aggregates are very fluctuating, with a lifetime probably by a factor of 1000

lower than conventional microemulsiond.3; 30]
X There are préDuzo aggregates present in the Ouzo region in a kind of equilibfair.

In contrast to SDS, nonionic surfactants, like C12E10 in this systéfig(cé5.8), do not really

affect the location of the binodal and do not really affect autocorrelation functions by DLS. The
sameisfound in chapte 4 for the system water/TBA/HEMA/Tergitol/Synperonic, where the two
nonionic surfactants did not seem to impact the binodal. Aldpcorrelation functions and
conductivity curves seemed relatively unaffected by Tergitol and Synperonic in that chapter.
Only the growing polymers seemed to have slightly smaller pore sizes but with the same mor-
phology. We concluded, at this point, thtere must be an additional stabilization of the
nonionic surfactant during the polymerization process gettion4.5). Thus, the fact that SDS

is surface active alone does not explain the observed effects.

Investigating the effect of SDS on ternary systems with other oils and hydrotropEig(oE5.6

and Figure5.9 for MMA at 45°C) might help to understand the impact of SDS further. Ethyl
acetate/ethanol does not form a mesostructured SFME (even though the system is sometimes
called SFME in literaturg)L0] In this particular system, SDS only shows a very tiny impact which
is neglectable. The same is the case for triacetin/ethanol, a system with a very small miscibility
gap, that is considered an SFME system with weak structuringigafe5.6 aandb) [32] Thus,

we can conclude that there is no impact of SDS when both the hydrotrope and the oil are quite

hydrophilic, leading to a very small miscibility gap and no or only weak mesostructuring.

A very interesting system to investigate is with limonenéhail phase. In contrast to triacetin,

this oil is very hydrophobic. Limonengtested with EtOH, NPA, and TBA as hydrotropes (cf.
Figure5.6 ¢, d, ande). Previous literature suggests that for this system, thegtracturing of
alcohols in water is essential for the formation of an SFME (like it is the case fofZBpRar

EtOH, which comprises a very high miscibility gap, no edfeaitcan be observed on the ternary
phase diagram when adding SDS. With NPA, a slight effect can be observed, while we observe
an impact similar to that of octanol for the system limonene/TBA. The same is the case for cit-
ronellol/EtOH (cf.Figure 5.6f). Autocorrelation functions for both systems are more pro-
nounced in the previous biphasic region, just like for octanoF{gtire5.7). For the system with

MMA at 45°C (cf.Figure5.9), the effect increases from EtOH to TBA, just like the quality of

mesostructuring.
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These systems lead to a few conclusions. The presence of mesostructures in the system without
surfactant seems to be a necessary condition for the reduction of the biphasic region. Otherwise,
it cannot be explained why no effect of SiI98bserved in the system with limonene and EtOH

as a hydrotrope but with TBA. This presence, however, seems to be a necessary but not sufficient
condition for lowering the biphasic region with SDS. As mentioned above, a system with very
hydrophilic oil andrery hydrophilic hydrotropeg(g. ethyl acetate/ethanol or triacetin/ethanol)

with a small miscibility gap is hardly influenced by SDS. Even though structuring can be observed
in the system with triacetin[32] no distinct effect can be observed with SDS. This might have
two reasons: on the one side, the miscibility gap is already extremely small, so it can hardly be
reduced further. On the other side, it is possible that in addition to the mesostructuringreith

the hydrotrope or the oil must be suitable to serve as a cosurfactant for SDS. Triacetin is sterically
demanding and, thus, probably not a very suitable cosurfactant. In summary, we probably need
a balanced SFME system which is not too hydrophilic atdavsufficiently large biphasic region

to observe an impact by addingnic surfactants like SDS.

The next question that arises is what exactly happens within the addition of SDS to the previous
biphasic region when the system is suitable. In the biphasic region just below t@uaere-

gion, the secalled Ouzo effect occurd.1] In a recent contribution, iis proven that Ouzo emul-
sions and préDuzo aggregates always coexist in bulk in a dynamic equilibf@lfirhe energy
barriers in the Ouzo domain are quite low, just in the region of a #&w{83] Thus, the energy
required to bring the system into a thermodynamic equilibrium is not very large. Even though
no calculationsredone for this particular system, a stabilization in the range-2kdT is think-

able for the adsorption of molecules onto a surface and reporéed, for antagonistic salts.

[34] Both the Ouzo and the pr®uzo aggregates were shown to be only present above the min-
imal hydrotropy concentration (MHJB1] This is possibly the minimal concentration to where
the phase diagram might be reduced. This would support the thesis that in the system with tri-

acetin, a further reduction is hardly possible.

In conventional studies on the effect of ethanol on SDS (instead of the other way ailikend
done herg, it is written that the critical micellar concentration (CMC, which is aroumiV8in

pure water at room temperatur¢35]) is at first slightly decreasing up to an ethanol concentra-
tion of 15% and afterward increasing upon the addition of ethai3@l} Thisis explained as eth-

anol follows both cosolvent and cosurfactabéhavior [36] With an SDS concentratioof
80mmolkg? at the sample LS, we are in the same order of magnitude as the CMC in a water or
water/alcohol mixture might be. However, as an interphase is already present in the system, it

might be more beneficial for SDS to incorporate into the already existingphmse instead of
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forming micelles. As we do not see the typical peak for a repulsive aggregate for LS in the SWAXS
spectrum (on the contrary, the spectrum looks more like that of a very pronounced SFME, cf.
Figure5.5), the impact of SDS at these rather low concentrations seems to be more like that of

a cohydrotrope (like the case for facilitated hydrotrofp@7; 38]) or of antagonistic salt$39]

With an augmenting amount of SDS, its impact increases, and the structure changes towards a
swollen SDS micell§Z] As we remember that the mean lifetime of an SFME is by a factor of
approximately J000 smaller than a conventional microemulsif80); 10]we can expect a sta-
bilization of the preOuzo domains by the addition of SDS, slowing down the fluctuations and
leading thus to a less pronounced signal in DLS. By adding more SDS, the character changes, and
SDS will dominate the properties of the aggrtegd.e., shape and size) more and more. Starting

from a previous metastable Ouzo domain (in balance with@ueo domains), the addition of

small amounts of SDS is able to shrink the size of the Ouzo droplets until a probably stable sys-
tem is reached, even beforgassical micellar systems can be observed. Even though DLS and
SNVAXS spectra for these systems.{the composition LS without additional SDSFjure5.4
andFigureb.5) are significantly more pronounced than in the {fd@zo domaing.g, the com-

position PO, cfrigure5.4 andFigure5.5), we arecurrentlynot sure if we can interpret the data

asaggregateshat are also larger in size. This would have to be proven in further experiments.

The influence of sodium (alkyl) sulfates (from sodium sulfate to ethyl, pentyl, and octyl to do-
decyl sulfates) shows a continuous trend from saloug (sodium sulfate) to saltinm (SDS)
(seeFigure5.16). The binodal, as well as the autocorrelation functions for ethyl sulfate, are more
or less similar to that of pure TBA. With a longer alkyl chain length, the decrease is getting more
pronounced. With increasing chain length, there is a shift from a péan effect via a hy-
drotrope effect to a surfactant behavidd0] Please note that sulfate as a head group is consid-
ered rather soft and less hydrated, while sulfate as a counterion is very hard and hyd#d&ed.

21; 16] Thus, it would also be of interest to test not only other nonionic surfactants or SLES
(which showed a similar effect, séeggureb.8) but also ionic surfactants with other head groups

(i.e., carboxylates or phosphates) for further understanding this effect.

Summarizing things up so far, we can conclude that the impact of SDS on SFMEs is a very bal-

anced effect.

X The impact of SDS can only be seen in ternary systems, which comprise mesostructuring

and a miscibility gap, which is nioto small.
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X The fact that SDS is a surfactant alone does not explain the behavior, as nonionic surfac-
tants show no impact on the ternary phase diagram at all, even though they should also
be adsorbed at the interphase of pf@uzo aggregates, but obviously without charg

the characteristics.

X The large impact of salts on SFMEs (cf. chdpted.2and literature[7; 5; 4]) strength-
ens the hypothesis that the ionic character of SDS is the relevant factor. As conventional
salts do onlyshow a significangaltingout effect for kosmotropes but not really a salt-
ing-in effect for chaotropes, the combination of the surfaaetive and the ionic charac-

ter of SDS seems to be the crucial factor.
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5.4.3 Impact of SDS aridectrolyteson Rolymerizations in SFME
5.4.3.1 Impact of SDS on the System MilaoholsWater

Figure5.9 (PseudgTernary phase diagrams at 4& of systems containing Water, MMA, and the hydrotropes (a)
EtOH (+SDS), (b) IPA (+SDS), (c) NPA (+SDS), and (d) TBA (+SDS). Samples investigated further are shown in the systems
IPA and TBA. Critical points of the ternaryesyst without SDS at 2& are marked as grey stars.

Phase diagrams with MMA and (a) EtOH, (b) IPA, (c) NPA, and (d) TBR atrd%lepicted in
Figure5.9. The impact of SDS is increasing in the order from EtOH to TBA, in which also the
autocorrelation functions get more pronounced (ciiapter2). The region of highest SDS impact

is shifted from the more MM#Aich in the case of EtOH, over the middle in the case of IPA, to
the waterrich two-phase area in the case of NPA and TBA.CPenarked as grey star in the
phase diagrams) is shifted in the same order and range. The systems with the hydrotropes IPA
and TBAare investigated further. Examined compositions are showRigure5.9 b andd. For

each system (without additional SDS, as well as with an additional amount wf%.&nd

5.0wt%), samples close to tl@P~ oo ~ W_+U }EJZZ A]S &€ oo ~> _» v }v §Z
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E] Z -] ~ @ue chdsén in approximate equidistance to the binoddl, CP1, and R1
contain no SDS at all before the addition of further SDS, while samples with numbers 2 or 3 are

pseudaternary with a small SDS concentration.

Figure5.10 DLS autocorrelation functions of samples of the TBA system, each without additional SDS (fully painted),
and with an additional amount of 2\6t% (half colored) and Wt% SDS (framegdas marked in the phase diagrams

in Figure5.9.

Light scattering experiments of the TBA system are depictédyure5.10. Theyare performed
without additional SDS (fully painted), as well as with an additional amount aft25(half
painted) and 5.vt% SDS (framed). For samples in the@teo region (TBA L1, CP1, and R1,
seeFigure5.10 a, b, andc), autocorrelation functions are quite pronounced on the watieh

side of the CP (L1) and close to the CP (CP1) with a lag @Girhens and a yaxis intercept of 0.8

to 0.9. The autocorrelation function of R1 on therigh side is less strong comparedL1 and

CP1 but still indicates good structuring. Samples in the formerpiaase region but without
additional SDS (L2, CP2, R2, as well as L3, CP3, R3) show all distinct autocorrelation functions in

the case of CP2 and CP3, comparably to the samgle @#the oirich side, autocorrelation
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functions get more pronounced when moving from R1 to R3, while on the wiateside, au-
tocorrelation functions are slightly less strong for L2 and L3 compared to LFi(gee5.10d

to j compared toato c). When adding an additional amount of 2.5 wt% or everm8% SDS,

the quality of autocorrelation functions decreases drastically, as already seen in the Octanol

system (cfsection5.4.1.]).

Autocorrelation functions for the IPA systemargonly recorded without additional SDS (just the
amount necessary for the pseudernary system) and are shown kigure5.11. Structuring on

the oilrich side (IPA R1) is more pronounced than on the watdr side (IPA L1), in contrast to

the TBA system. As a parallel to the TBA system, the impact of SDS when moving to the former
two-phase region is most pronounced on the-tiéh side (IPA R2, R3) than on the waieh

side (IPA L2, L3).

Figure5.11DLS autocorrelation functions of samples of the IPA system without addition@sSbB&ked in the phase
diagram inFigureb.9.

Polymerizationsare performed in the TBA and IPA systems and stopped after 7 hBignste

5.12 depicts the weightaverage molar mass and the conversion of samples in the TBA system
(cf. Figure5.9 and Figure5.10 for the corresponding phase diagrams and DLS measurements).
For all individual samples, the mean molar mass and the conversion increase drastically with the
addition of SDS to the primary composition. Whereas weight average molar masses range be-
tween 280kDa (R1) to 470 kDa (L1) in samples without any SDS, they reach almost 2 MDa in the
composition L8+5%SD$ Comparing the location in the phase diagram, the trend of decreasing
average molar mass when moving to higher monomer contents can be observed. This finding
hasalreadybeendescribed irchapter2 and is consistent, even when adding SDS. Conversions
range in the region of 6@t% for samples without SDS and are increasing to ovevt@Ofor
samples with additional SDS. The same results, but plotted as a function of the absolute SDS
concentration (conentration of the base samples plus addition of 2.5 on&®%, if applicable),

are shown irFigure5.13. The conversiorFjgure5.13b) shows a quite clear trend of increasing
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conversion with increasing SDS concentration as a function that runs into saturation. It is notice-
able that the samples L1, CP1, and R1 with an additional amount eA%.%nd 5.Gvt% SDS,
whicharein the monophasic pr®uzo region before the addition of SDS, show a slight down-
ward deviation compared to the overall trend. The weight average molar mass shows the same
trend of increasing Mvalues with increasing SDS concentration, but with a significantly higher

spread.

Figure5.12 Data of polymers derived from samples of the TBA systeffigce5.9) without additional SDS (clear),
2.5wt% SDS (dashed) anavB% SDS (chequered): (a) weight average molar mass and (b) conversion after 7 hours.

Figure5.13 Data of polymers derived from samples of the TBA systerri¢efre5.9) without additional SDS (fully
painted), 2.5nm% SDS (half painted) anav8% SDS (only framed) : (a) weight average molar mass and (b) conversion
after 7 hours, plotted against the absolute SDS concentration.

The results of weight average molar masses and conversions of the IPA system are depicted in
Figureb.14. As in the TBA system (Eigure5.12), weight average molar masses increase with
increasing SDS amount. In contrast, polymerizatawe®nly performed in samples without ad-

ditional SD]with only the amount given from the pseudernary phase diagrams, without
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additional amounts of 2.6r 5.0 wt%) The absolute molar masses of comparable samples are
higher in the IPA system compared to the TBA system @70kDa for TBA L1 and 1.RfDa

for TBA L3 vs. 94Da for IPA L1 and 1.8%Da for IPA L3). Furthermore, the effect of decreasing
weight average molar mass with increasing MMA concentration of the sample can be found
again. The impact of SDS on the conversion is way less pronounced compared to the TBA system,

with all conversions being higher than @@%.

Figure5.14 Data of polymers derived from samples of the IPA systefigcfre5.9) without additionalSDS(a) weight

average molar mass and (b) conversion after 7 hours.

The same data plotted against the SDS concentration are depickdure5.15. As seen in the

TBA system, the weight average molar mass increases with increasing SDS concentration. For
each composition, the trend seems to be quite linear. Concerning the conversion, no significant

change can be observed due to the overall good crsiva.

Figure5.15Data of polymers derived from samples of the IPA systeFigcfre5.9) without additional SDS: (a) weight
average molar mass and (b) conversion after 7 hours, plotted against the absolute SDS concentration.
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5.4.3.2 BetweenSQurfactant,Hydrotrope andalt: Different Length ofSodium Salts

Figure 5.16 (a) Pseuddernary phase diagrams as well as (b) and (c) DLS measurements of the system wa-
ter/MMA/TBA with 0.013n01% sodium sulfate in TBA owB% of sodium alkyl sulfates with different chain lengths

at 45°C as marked in the phase diagram.

Sodium alkyl sulfates with different chain lengths starting from pure sodium sulfate, via ethyl
sulfate up to dodecyl sulfate (SD8je tested as additives in order to get a better insight into
the role of the additive at 48C, at which temperature the latter polymerization will take place.
While the alkyl sulfateare used in a ratio of Wt% of the hydrotrope phase in TBA, 8@ is

used in a ratio of 0.013 mol% referring to TBA, which is just the same molar ratist#s SDS

in TBA (corresponding ta@und 60mmol kg' additive for the composition 30/3.5). The same

molar ratiois applied for other salts as well (see following chapt&e3.3and5.4.3.9.

While NaSQ has a remarkably strong saltiogit effect for such a low salt concentration
(0.06mmol g! for the sample 30/3.5, close to where the first deviation from the binodal from

pure TBA can be observed, $égureb.16a), the binodal for sodium ethyl sulfate in TBA is more
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or less similar to that of pure TBA. From sodium pentyl sulfate via sodium octyl sulfate to sodium
dodecyl sulfate, the saltinmp behavior increases with a decreasing biphasic region. The auto-
correlation functions at sample 30/3.5 show a more pronouncetbeorrelation function for

the addition of NaSQ. For the ethyl sulfate, the autocorrelation function can be compared to

that of pure TBA, while the quality decreases with increasing chain lengtkigpee5.16 b and
0).

Figure5.17 (a) Conversion (N=2) and (c) weight average molar mass of polymers derived from the samples 30/3.5,
and (b) conversion (N=2) and (d) weight average molar mass of polymers derived from the samples 36/12 after 7 h
with the addition of different (alkyl) sulfas in comparison to pure TBA.

The mean conversion after 7h in sample 30/3.5 (BiEpire5.17 a) decreases from TBA (53%)

via NaSQ until ethyl sulfate (40%) and increases afterward via octyl sulfate (63%) to dodecyl
sulfate (67%). Both latter additives lead to higher conversions compared to pure TBA. The trend
in the mean molar mass is less clear (B&gure5.17c). My, decreases within the addition of
sodium sulfate from 32@Da to 27(kDa, and is increased for ethyl sulfate already (KB@).

The maximum, however, can be found for octyl sulfate [A[2a), while dodecyl sulfate is-in
between (74kDa).
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In sample 36/12, only polymerization with octyl and dodecy! suifaperformed, as pure TBA,
sodium sulfate, and also ethyl sulfatexturesare already biphasic for this region. Samples with
pentyl sulfate could not be performed due to a lack of substance. The conversion after 7h (see
Figure5.17 b) is higher than with pure TBA in sample 30/3.5 and higher for dodecyl sulfate than
for octyl sulfate, just like for the sample 30/3.5. The weight average molar mass-ipae

5.17d) decreases from 60kDa for octyl sulfate to 38kDa for dodecy! sulfate.

5.4.3.3 Polymerizations witBifferent Anions andSdium ashe Counterion

Figure 5.18 (a) Pseuddernary phase diagrams as well as (b) and (c) DLS measurements of the system wa-
ter/MMA/TBA with 0.013n01% of salts in TBA with different anions aodium as counterion at 4& (corresponding
to 60 mmol kg for sample 30/3.5 and 8hmolkg-1 for 40/5).

A series of salts with different anions and sodium as counterion is tested on their influence on
the system water/TBA/MMA. A concentration of 0.013 mol% referring to TBA is chosen, which
corresponds to t% SDS in TBRigure5.18 a depicts the pseuddernary phase diagram with
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the tested anions at 45C. The chaotropic salts Nal and NaSCN comprise a miscibility gap quite

similar to that of pure TBA. The binodal might be shifted slightly to theobilside for both salts,

which, however, is not a strong effect. With the hardens Br, Ci, and SG¥, the binodal is

continuously shifted upwards. For 0, only a very narrow strip with little MMA contents

along the watefTBAline is still monophasic. Only SDS leads to a significant decrease in the bi-

phasic region, not comparah 5} vC }( §Z ~v}E&u o_ + 08X E}S $8Z 3§ (}& E &
diagram is not recorded completely. The sdigliid biphasic region is not determined for any

of the ions. Autocorrelation functions derived by DLS are depictdeéigare5.18b (Samples

30/3.5) andFigure5.18 c (Samples 40/5). Both sample compositions are chosen to be in the one

phasic region for all tested additives. For saking salts (NaCl, N&Q), we can observe a more

pronounced autocorrelation function compared to pure TBA without additives.

Figure5.19 (a) Conversion and (c) weight average molar mass of polymers derived from the samples 30/3.5, and (b)
conversion and (d) weight average molar mass of polymers derived from the samples 40/5 after 7 h with the addition
of 0.013mol% in comparison to pure TBAsalts composed of different anions and sodium as counterion.

In contrast to the biphasic region of the (pseddernary phase diagram, which did not get sig-
nificantly smaller with chaotropic anions, we observe a decrease in the quality of the autocor-

relation functions starting from NaBr already. The quality furthecreases to Nal and NaSCN.
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The addition of SDS to this sample leads to the least pronounced autocorrelation function, sim-

ilar as described in sectidn4.3.1already.

Figure5.19 depicts conversions and molar masses for polymers after 7h polymerization times
for the compositions 30/3.5Figure5.19a andc) and 40/5 Figure5.19b and d). Both conver-

sion and weight average molar mass behave mainly similarly indepdgdwriioth composi-

tions. The conversion decreases from TBA without additive steadily y&ONand NaF to NaCl

for the sample 30/3.5. For 40/5, the conversion with8@ is slightly higher than with pure TBA

and decreases afterward. The weight average molar mass decreases in the same order from
pure TBA to NaCl. For both compositions, the conversion, as well as the weight average molar
mass, is significantly lower with NaBr thaith NaCl. Composition with Nal and NaSfohhot

lead to a measurable amount of polymer. Compositions with Nal turned from clear to yellowish
just after adding the initiato(dissolved in MMA) to the water/alcohol/salt mixture, indicating a
kind of reaction. SDS leads to significantly higher conversions and molar masses for both com-

positions.

5.4.3.4 Polymerizations witbifferent Cations andchloride aghe @unterion

The impact of different cations on the phase behavior of the system water/TBA/Mkéated

with chloride as the counterion. Chloriégchosen, even though it showed saltingt behavior

Jv 82 « &] « }( v]}veX E}u] U AZ] z A}po §Z v £S5 |}v ]v §Z
a significant drop in both conversion and weight average molar mass in previous experiments,

which cannot le explained only by a physical ion effect (cf. secfigh3.3.

The impact of cations on the phadéagram and autocorrelation functions derived by DLS is
depicted inFigure5.20. We observe a saltingut tendency withan increased biphasic region

for all salts, starting with Nij which showed the lowest effect, vid, WNa, and Mg, to C&".

This order is from soft, polarizable ions with little charge to hard ions with a high charge like for
anions (cf. sectio®.4.3.3+ v $Zue E A E- (Elu 8Z ,}(u ]88 [ » E] * }(
teins.[15] Concerning autocorrelation functions derived by DLS EBgare5.20b and c), the

trend is not so clear. Nf§ which showed the least effect on the ternary phase diagram, leads to
less pronounced autocorrelation functions compared to TBA. The same is the case for KCI at
composition 30/3.5. The lag time, however, seems quite similar. For sample 40/5, the autocor-
relation function of KCl is more pronounced than pure TBA.Ng*, and C& show an increase

in the autocorrelation function, but with differences between both compositions. Especially
Mg?* leads to a significantly higher autocorrelation function in teenposition 40/5, while Ca

leads to the highest function for 30/3.5.
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Figure 5.20 (a) Pseuddernary phase diagrams as well as (b) and (c) DLS measurements of the system wa-
ter/MMA/TBA with 0.013no0l% of salts in TBA with different cations and chloride as counterion°& &®rrespond-

ing to 60 mmol kg for sample 30/3.5 and 8Gmolkg? for 40/5).

Polymerization data after 7h are depictedkigure5.21. For both compositions, all salts de-
crease the conversion and the weight average molar mass after 7h. Especially for 40/5, no real
differences, and thus no trend can be given in between the ions. For sample 30/3.5, one might
see a trend in the conversiowjth NH,CI leading to the lowest conversion, increasing via KCl to
NaCl. MgG] however, shows a lower conversion again. Concerning the weight average molar
mass at the composition 30/3.5, all masses are quite similar, except KCI, which comprises a
slightly higher average molar mass. In contrast to the anions (cf. séctidh3, the differences

within the cations are significantly smaller.
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Figure5.21 (a) Conversion and (c) weight average molar mass of polymers derived from the samples 30/3.5, and (b)
conversion and (d) weight average molar mass of polymers derived from the samples 40/5 after 7 h with the addition
of 0.013mol% in comparison to pure TBAsalts composed of different cations and chloride as counterion.
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5.4.4 Discussiont Impact of SDS ardectrolytes onPolymerizations in SFME

5.4.4.1 Impact of SDS dWlicrosuspensiofolymerizations of MMA

The impact of SDS on the polymerizable systems with MMA &C4$8 similato what wasde-
scribedbefore (seesection5.4.1). The impact increases from EtOH to TBA (Bigure5.9). In

the same order, the biphasic region and also the quality of mesostructuring increase (cf. chap-
ter 2). Autocorrelation functions derived by DLS kegure5.10for TBA andrigure5.11for IPA)

show a similar behavior to the system with octanol, as well. Upon the addition of SDS, both
conversion and weight average molar mass increase drastically for any sample in the TBA system
(cf. Figure5.12). Also when moving into the previous biphasic region (with only the amount of
SDS necessary for the psett@donary system, thus without additional Sy, from L1 to L2

and L3), both molar mass as well as the weight average molar mass increases for any sample
upon the addition of SDS. However, just like found for polymerizations in SFME (cf. @apter

the average mass decreases with increasing MMA confghtWhen plotting both molar mass

as well as the conversion just as a function of the SDS concentratiing(ofe5.13), especially

the trend of the conversion is clearly dependent on the SDS concentration, independent of the
location in the ternary phase diagram. The weight average molar mass seems to be more de-
pendent on the positiolin the phase diagram (higher for samples with lower MMA content and
lower for samples with higher MMA content). However, alég increases drastically with in-
creasing SDS concentration, and within similar samples (L, CP, R), a less fluctuating trend is ob-
served. Samples derived from systems with IPANiglire5.14 and Figure5.15) behave quite
similarly. Obviously, SDSsignificantlyinvolved in the polymerization process. As the system
gets unstable during polymerizatiofd, t3] it is assumed that SDS will adsorb onto the growing
polymer particle, providing better kinetic stabilization. The same was already postulated for
other polymerization processes upon the addition of 388 Additionally, SDS might shield the
growing polymer particle from contact with water and possibly also lead to less EtOH in very
close proximity. Both together should lead to fewer termination reactions, resulting in both

higher conversions and higher whtgaverage molar masses (cf. discussion in se@ibn[1]

5.4.4.2 Impact ofSalts on theTernarySystem MMATBAWater andPolymerizations in
Those

As described by Marcuet al.[7] and Schittl et al, [5] we observe a significant impact of salts
on SFMEs. While we can observe an increase in the quality of autocorrelation functions derived
by DLS for hard, highly charged anions or cations, the opposite happens upon adding soft, weakly

charged cations or aons (cf.Figure5.18 and Figure5.20). Having a look at the pseudernary
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phase diagrams, no real saltimgeffect by chaotropic ions can be observed (the binodal upon
addition of NaBr or Nal is quite similar to that of pure TBAFigiure5.18). The adsorption of
these ions on the interphase, as reported in the literatdive 5] obviously influences the fluctu-
ations seen in the autocorrelation curves but not the phase behavior, in contrast to SDS (cf.
discussion in sectiob.4.2above). Kosmotropic ions, on the other side, lead to a drastic reduc-
tion of the onephasic region by salthogit ethanol from the waterrich pseudo phase, which is
essential for the stability of SFMES; 13] The fact that all cations seem to have a (more or less
pronounced) saltingyut effect has probably two reasons: at first, the specific ion effect of cati-
ons is generally smaller than for aniofi6] Additionally, chloridésused as a counterion, which

is shown to have a saltingut effect in the series of anions (¢figure5.18). However, as our
main aimisto perform polymerizations, ions on the more chaotropic side of the Hofmejster
series €.9.,Br or ) seem to interfere with the radical polymerization reaction itsedfa drop

in both conversion and weiglasiverage molar mass happens in between chloride and bromide
(cf. Figure5.19, this is already a signal that something else than just an ion effect occurs). Even
more relevant is the fact that no conversion at all can be observed in the presence of iodide or
thiocyanate. The observation of the iodide solution turning yellowish wgmbgting the initiator

(cf. results in sectioB.4.3.3 leads to the assumption that elementary iodine is present in small
concentrations[42] The only possible explanation for this is that the ions, from bromide on-
wards, but certainly iodide and thiocyanate, react with the free radicals formed by the initiator.
Thus, less initiator is available for the polymerization process itself. The inbibffect of 4and

Brz on freeradical polymerizations is known in the literatufd1] The continuous decrease in
both conversion and weight average molar mass from pure TBA via hard anions like sulfate to
chloride leads to the assumption that any adsorption of ions on the interphase of the growing
polymer domains and probably even ionicestgth per seis unfavorable. The low impact of cat-
ions on the polymerizations corresponds to the overall lower specific ion effect of cations in
contrast to anions[16] First publications on theffect of salts on polymerizatiosvealready

been publishedor both microemulsion and microsuspension processes and called retarding ef-
fect.[41] Unfortunately, the vast majority of publications on polymerization provide little infor-
mation about the system in which the polymerization takes place. For this reason, it is difficult
to conclude from the literature whether the retarding effect originaticom an influence of the

salts on the reactivity or from a salt effect on the syst¢#i] However, weakly hydrated ions

will adsorb at the interphase in closer proximity to the polymerization taking place in the mon-
omer-rich pseudephase. In contrast, hard, highly hydrated ions will surely stay in the wiater

phase, leading to a saltingut of ethanol into the monomerich pseudephase. Thus, if an
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interference of the ions with the freeadical polymerization reaction itself would be the rele-
vant factor, specific ion effects surely lead to higher concentrations of chaotropic salts in prox-
imity to the reaction process than of kosmotropic one. The sameld be the case if only ionic
strength would play a role. Thus, it cannot be finally concluded what exactly leads to the retard-

ing effect of ions. However, specific ion effects will surely play a role.
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5.5 Conclusion and Outlook

In this chapter, we investigated the impact of surfactants and saltsurfactantfree micro-
emulsions $FMEpand on freeradical microsuspension polymerization processes in those. The
impact ofsodium dodecyl sulfateSD$istested on several SFME systems with different alcohols

(from ethanol EtOH to tert-butyl alcohol TBA) as hydrotropes and different oils.

It isfound that adding SDS in rather small amoujis to 2.5wt% absolute in the mixture)an

lead to a significant decrease in the biphasic region. For this effect, the Ouzo region in close
proximity to the binodal on the biphasic side might be relevant, which exists in equilibrium with
pre-Ouzo aggregates. Retructuring (.e., the appearance of pr®uzo domains, and thus prob-

ably also the appearance of an Ouzo domain) seems necessary for the reduction of the biphasic
region. Furthermore, the biphasic region must be sufficiently large for the redudiioother

words, the reduction might just be possitom theminimum hydrotropic concentratiorMHQ
upwards. Nonionic surfactants, on the other side, do not seem to impact the location of the
binodal at all. In the previous biphasic region, the intensity of both autocorrelation functions by
dynamic light scatteringDL$ as well asmall/wide angle xay scattering $WAXBspectra is

higher than for samples in the real puzo region. The impact of adding further SDS leads, in
both cases (pr&®uzo andreviously biphasic region), to a decrease in the quality of DLS spectra
as well as the formation of a peak in the SWAXS spectrum due to repulsive aggregates. It cannot
be clarified yet whether this increased intensity has something to do with larger gatgieor

a different nature of aggregates. This particular region might be interesting for further research.
Investigating the change in the exact composition of the watad oilrich pseudo phase might

help in understanding the effects. Further scatigriexperiments, maybe even neutron scatter-

ing with isotope variation, could help to understand what happens in the transition from pre
Ouzo to a micellar system and in the previous Ouzo region. Variation of the head groups of the
surfactant (.e., phosphates or carboxylates would be of interest), as well as testing other

nonionic surfactants, could help to further understand and predict effects.

Understanding these effects might give a novel view into the role of cosurfactants and surfac-
tants in conventional microemulsions. Thus, one could think of formulating microemulsions with

really low surfactant concentrations.

The effect could also be beneficial for reducing solvent concentrations. Replaeirign® of
alcohols with only 2 wt% charged surfactants and still gaining a transparent, thermodynami-

cally stable system might be beneficial for the formulation of savsystemse.g, perfumes.
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Reducing the amount of volatile organic compounds (VOCs) might also be an aim in industrial

processes.

While ionic surfactants have a huge impact on previously mesostructured, surfdictargys-
tems, nonionic surfactants do not seem to have any impact at all. The not existing impact of
nonionic surfactants on SFME systems strengthens the conclusionghapéer on porous pol-
ymers (cf. chapted) that the interaction of the oil and the hydrotrope might direct the nature

of structures in nonionic microemulsions with high solvent/cosurfactant ratios. To fucthrer

firm this thesis, it would be of interest to investigate the impact of different nonionic surfactants
on different SFME systems, including scattering and conductivity experiments in order to com-
pare the nature of structuring (eih-water, bicontinuous, or irerse) with and without surfac-

tants.

Polymerizations show overall higher conversions and higher weight average molar masses upon
the addition of SDS. We expect that SDS will adsorb onto growing polymer domains as soon as
they appear and lead to further kinetic stabilization of growing polydwnains, reducing ter-
mination reactions. This effect is remarkably dependent on the SDS concentration and might be

an easy tool for tuning molar masses.

Concerning the impact of saltsjstfound that hard, highly hydrated ions lead to a strong sailting
out effect due to the saltingut of EtOH from the waterich domain. Soft, weakly hydrated ions

do not really impact the position of the binodal, even though changes can be observed in auto-
correlation functions by DLS. Also, changes in the SWAXS spectra were found by éflarcus

al., [7] coming from the adsorption of weak ions to the interphase.

Freeradical microsuspension polymerizations in SFMEs are extremely influenced by the addi-
tion of salts. The addition of any salt leads to a decreased conversion and average molar mass.
However, the decrease is lower for hard, very hydrated ions (whidhstaif in the watetrich

phase and thus at a higher distance to the polymerization reactions in thigliphase). The
decrease is stronger for softer ions, which will preferentially go to the interphase, resulting in a
locally higher concentration in primity to where polymerizations take place. Even softer ani-
ons (Br, I, and SCW\ interfere with the radical polymerization process directly and quench

it. [41] Even though the absolute reason for the impact of salts cannot be clarified from this
work, specific ion effects will surely play a role. The impact of cations is way less pronounced
than for anions. The study shows clearly that specific ion effects bristonsidered when

choosing the counterions for redox initiator systems or even charged monomers.
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6 Natural Pnhotoinitiator Systems for
Polymerizations in SFMEs

6.1 Preface and\bstract

Figure6.1 Graphical abstract: Using natural photoinitiators for-iifiated polymerizations in SFMEs.

This chapter comprises a pstudy of the suitability of natural phenols and amines as natural
photoinitiator systems using UV light. Thiswz&pre «Spu C (}E SZ /D % E&}i § ~ /IK/E/
§Z v SA}EI "P}IPE vU_ Ju]JvP 8} E pn S8}&F] u s E] o+ ]v 3Z }

Photopolymerization, or UV curing, is a method recently used in industry, especially for coatings.
Highperformance initiators are extremely quick but pose health and environmental concerns.
Many photoinitiators are considered of being harmful to healtbt bome of them have not
been adequately tested. A bagoblem can behe migration ofunreacted initiators, which can
diffuse out of the coating or the polymer matrix. This is particularly relevant in the case of food

contact.

This workstudiesnatural phenols and amines for their suitability as photoinitiators in our simple

surfactantfree microemulsion{FMEsystems comprising water, methyl methacrylate (MMA)
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as the monomer, andert-butyl alcohol (TBA) aso-propanol (IPA) as hydrotropes. W¥Ds
(,=365nm)areused to initiate the polymerizations. The conversion of dried polyrasrgves-

tigated, and average molar massa® determined by gel permeation chromatography (GPC).

Transo-coumaric acid, @nisic acid, 2 8limethoxybenzoic acid, 2dimethoxybenzoic acid and
3,5-dihydroxybenzoic acid show interesting results, but also other phenols, especially in combi-
nation with amines (like proline, arginine or histidine). Theed#ht performance of phenols

and phenol/amine mixturesanneither be linked to the maximum of absorption in their UV/VIS

spectra nor to their bond dissociation enthalpies.

Contributions to the experimental work:

x Jonas Blahnik: Conceptualizatiemperimentalwork, data evaluation

X Chiara Schmid: Experimentabrk, data evaluation
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6.2 Introduction

Photoinitiators are a fast and easy-control method to initiate polymerizations. These two
properties make them especially interesting for coatings. Viscous, polymerizable varnish can be
applied to a substrate and be polymerized in less than one secgrid\birradiation][1] This

% E} HE ]Je o<} 00[2] Teeinical @lpvahXphotoinitiators are, amongst others,
benzoin derivates, benzilketals, acetophenone derivates, aromatic ketones, or ionic ones like
phenyl sulfonium or phosphonium derivatg¢3; 4] Many of these photoinitiators themselves or
their cleavage products are of health or environmental concern. This is especially a problem
when the cleavage products can migrdi&.5] The list of initiators with low migration potential

and low toxicity, which are suitable,g, for food contact, is quite smal4] Up to now, there is

only one real natural photoinitiator that is applied on the market: camphorquinffie.

Photoinitiators are generally divided into two groups: Type | typeé |l photoinitiatorsThe no-
menclature follows the Norristype reactions:[6] Type | generates reactive radicals, which can
start a polymerization directly. Type Il initiators, on the other side, will abstract a hydrogen atom
from a donor molecule, building a reactive radical on the donor molecule, which will then start
the polymeization procesg4] The donor takes a very important role inygoe Il initiation pro-

cess and is called a synergist in an industrial confgkDue to the fact that most industrial
relevant synergists comprise a (ternary) amine functionality, they might also be called amine

synergists[4] But also thiols or even amino acids are reported for their use as synefdists.

Increasingly stricter regulations are creating a need for newbbied andnon-hazardous ini-

tiators. Examples of molecules being tested argy, riboflavin, carotene, curcumin, flavones,

or r-ketoesters|[7 t13] The scientific community is working particularly intensively on photore-
actions in visible ligh{14] The initiators used must therefore be colorpdr sein order to ab-

sorb in the visible spectrum. This has the disadvantage that the final product (coating or poly-
mer) also inevitably takes on a col&or this reason, the following chapter will focus on natural
monophenols, which also occur as building blocks in larger molecules discussed, such as curcu-
min or flavonesMost monophenolsire colorless and absorb exclusively in the UV raligay
different monophenols occur in nature as phytochemicals and can also be synthesized-natural

based, making them suitable for industrial ugkb t17]

In this chapter, a large screening on the suitability of phenolic compounds for polymerization of
methyl methacrylate (MMAIn surfactantfree microemulsion§SFMESksdone. The substances
are studiedastype | initiators anttype Il initiators by adding natural amines, and conversion

and the weightaverage molar mass of derived polymarginvestigated.
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6.3 Materials andMethods

6.3.1 Materials

Azobisisobutyronitrle (AZDN;98%)is gratefully receivedrom Pergan GmbH (Bocholt, Ger-
many).tert-Butyl alcohol (TBA, 99%) and ethanol (Et®BB.8%)is purchased from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany). Curcuiing 6 9 «{dihydidxybenzoic acid ©8%),
2,4-dihydroxybenzoic acid ©8%), 3,4ihydroxybenzoic acid 8%), 2,imethoxybenzoic
acid (> 98%), 2-dimethoxybenzoic acid ©8%), 3,4dimethoxybenzoic acid ©8%), 3,&i-
methoxybenzoic acid (88%), 3,4dimethoxycinnamic acid (88%), 3(4-hydroxyphenyl)propi-
onic acid (398%), 4hydroxy3-methoxybenzoic acid (88%), manisic acid (98%), 4methox-
ycinnamic acid (88%), eanisic acid (¥8%), panisic acid (> 99%), riboflavin, sodiuniny3
droxybenzoate (99%), sodium 4hydroxybenpate (>99%), sodium -4hydroxy-3-methoxyben-
zoate (>98%), and tran®-coumaric acid (88%)are provided by TCI Deutschland GmbH (Esch-
born, Germany). Riboflavin tetraacetadee synthesized and gratefully received from the chair
of Prof.Kénig(RegensburgGermany)[18] 3,4-Dihydroxycinnamic acid @9%)are purchased
from Acros Organics (Geel, Belgium)-BijBydroxybenzoic acid @8%)isprovided by Fluka An-
alytical (Seelze, Germany).-Byroglutamic acid (99%); 2C E}/A£C vIi}199%)] pcouH

u E] 166 9HU ¢} Juu « 0996%),q+=)r-3 } % Z @6%),trEinscinnamic acid
~8P%), and tran®-methoxy cinnamic acid (98%je obtained from Sigma&ldrich Chemie
GmbH (Steinheim, Germany). Ferulic dsigdurchased from Alexmo Cosmetics GmbH (Stuhr,
" @Eu vCeX ' 0098%), kargirtine (for biochemistry)-histidine (for biochemistry),-pro-
o]v 99%i), methyl methacrylate (MMA, 99%tabilized with dmethoxyphenol G0 ppm), N
methyl urea (97%) ¢ o] Co]669°-U-BE] $Z vPd ¥ ~H pIES)are pro-
vided by Merck KGaA (Darmstadt, Germaigd:-Propanol (IPA, 99.8%) and tetrahydrofuran
(THF, anal. grade&ye bought from Fisher Scientific GmbH (Schwerte, Germargly(methyl
methacrylate) standards (Ready@sit PS$nmkitrl) are obtained from PSS Polymer Standards

Service (Mainz, Germany

Prior topolymerization MMA s distilled at 40°C and 6@nbarsto remove the stabilizer. Aque-
ous solutionsare prepared using deionized water with a resistivity oM & m. All other chem-

icalsare used without further purification.

6.3.2 Polymerizations
Samples of each @are prepared in crimpcap vials, consisting of 6% water, 30wt% IPA,

and 5 wt% MMA (composition 130/5, seection2.7.1chapter2), and the photoinitiators being
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part of the water phase. The viadgse closed with an aluminum cap with PTFE septum and
flushed for 30s with nitrogen to displace oxygen (air outlet via a second cannula). Saanples
irradiated for 2h in a homebuilt thermostatted gadget containing six UNEDs CUNG6A1B
(,=365nm, each 0.9V, mounted on a star plate, LE®@ch.de, Mouers, Germany)) at 25,
whereby each LED irradégtone vial from the bottom. Polymerizatiorsse stopped in liquid
nitrogen after 2h and freezadried afterward. Conversionare determined by weighing the

dried polymers.

6.3.3 UV/VisSectroscopy

UV/Vis spectrare recorded with a Perkin ElImer Lambda 18 UVA8fisctrometer (Waltham,
MA, USA). &mol L* of each initiatoris dissolved in ethanol, and samples with benzoic acid
derivatesare diluted further by a factor of 1:20. Cinnamic acid derivates and curcanaifur-

ther diluted by a factor of 1:25. Due to the low solubility of riboflavin in ethanol, a concentration
of 0.83 mmol L is used, filtered and further diluted to achieve the same concentration as for
curcumin. Spectrarerecorded from 50-450nm in 70uL U\cuvettes micro from Brand GmbH

+ Co. KG (Wertheim, Germany).

6.3.4 GelPermeationChromatography (GPC)

Gel permeation chromatography (GR€¥xecuted and evaluated as described in secldh1Q

6.3.5 BondDissociatiorEnthalpies (BDE)
Bond dissociation enthalpies (B2 calculated using the increment tables from Guitatdl.,

[19]if not found in literature[20]
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6.4 Results andiscussion

6.4.1 Screening obifferent Phenols andAmines

As we observed fluctuations in performances in between different experiments, each setup con-
siss of five different samples and one blank irradiated with the UV LEDs at the same time. In the
blank, a polymerization occurs even in the absence of a photoinitiator to a small degree (5
15wt% conversion). For more effective aypbotopolymerizations, radtion with higher en-
ergy/shorter wavelength than 368m (approx. 22€40nm) would be necessarf21] Chemical
formulas of all tested substances are depictedrigure 5.2, Figure $.3, andFigure $%.4 in

the appendix.

Figure6.2 Conversion of photoinitiated, freeriied polymers irradiated for 2. (a)Mono- and polyphenols (0.501%
referring to the monomer), (b) amines and AZDN as a second referemcd2(2.

Figure6.2 depicts the conversions of the first tests with (a) h81% mone and polyphenols

and (b)2 mol% (both referring to the monomer) different amines and AZDN as a second ref-
erence next to the blankhe results ifrigure6.2 show that all moneand polyphenols produce
lower conversionghan the blank without additives. Thus, the phenols have more of an antioxi-
dant effect and scavenge the few radicals formed rather than initiating new ones. Most amines
increase the conversiordightly (to 10-20wt%), but only AZDN leads to relevant conversions
(approx.70wt%).This may have different reasonmmssibly, the phenols work more asygpe Il
instead of aype | initiator. To check this, the phenols will be tested alone and with a synergist
in a next step. However, also the systamd the exact wavelength will have an impact. Except
for coumaric acid, all substances testedrigure6.2 a are mentioned in the literature in the
context of photoreactiond7; 8] While for riboflavin, either a synergist or another wavelength

might help for better performance, curcumisireported as aype | photoinitiator at 365m. A
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closer look into this work reveals conversions %, while no reference without curcumivas

made, which calls the whole study into questi¢@l.

Figure 6.3 Screening of the performance of different phenols as photoinitiatonso{26 referring to the monomer)
with and without 2mol% proline as a synergist. The conversion after 2h irradiation time is depicted.

Figure6.3 and Figure6.4 depict the results of screenings of different phenols (2 mol% referring
to the monomer each, except fétigure6.4 ¢, where 0.5 mol%re used due to thdow availa-
bility of riboflavin tetraacetate) with and without 8101% proline as a synergist. It must be noted
that these experimentare only done once, and fluctuations in the results cannot be ruled out.
However, a blank is measur@teach experimeniWeight average molar masses for these sys-
tems can be found iffable 3.1 in the appendix. However, some results can be clearly drawn.
At first, most sodium salts performed rather baddyg.,sodium 4hydroxybenzoate (cFigure

6.3 ¢), sodium 3hydroxybenzoate and sodiumtiydroxy3-methoxybenzoate (cFigure6.4 b).

On the other side, sodium salicylate (€igure6.4 b) lead to a conversionomparably with the

blank. Gallic acid (drigure6.3 b), ferulic acid (cfFigure6.3 d), as well as curcumin, riboflavin,
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and tocopherol (cfFigure6.4 c), which are all antioxidant§19] performed badly. Also, the po-
sition of substituents seems to make a huge difference. Comparoaumaric acid and-ocou-
maric acid (cfFigure6.3 a), the para form leads to quite low conversions, while ortfommaric

acid performs significantly better.

Figure6.4 Screening of the performance of different phenols as photoinitiatamrso{2 referring to the monomer for
(a) and (b), 0.5 mol% referring to the monomer for (c)) with and withoab26 proline as synergist. The conversion
after 2h irradiation time is depted.

The difference for anisic acid is lower, but the same trend might be sedfiqafe6.3 ). Best
performances are observed for 2@8nd 2,4dimethoxybenzoic acid-{gure6.3 b andFigure6.4

a) and 3,5dihydroxybenzoic acid-{gure6.4 a). All three substances perform significantly better
with proline as a synergist, indicatingygpe Il mechanism. 3;Bihydroxybenzoic acid as well as
o-coumaric acid and-anisic acid, are chosen for further experiments, varying the synergists (cf.
section6.4.3. Figure $.5in the appendix depicts UV/VIS spectra of used photoinitiators. Even

though most initiators do not have their absorption maximum around 365 most still slightly
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absorb in this area. No clear correlation can be drawn between the absorption and the photoin-

itiator performance.

6.4.2 Irradiation ofQurcumin andRboflavin withVisuallight
Riboflavin and curcumin, which both absorb in the visible light rang€ipire .5 in the ap-
pendix),aretested at a wavelength of 458m as wellFigure6.5 depictsconversions of ribofla-

vin, curcumin, and riboflavin tetraacetate after 2h.

Figure6.5 Screening of the performance@b mol% curcumin, riboflavin, and riboflavin tetraacetate (referring to the
monomer) with and without 2nol% proline as synergist irradiated for 2h at 4#6. The conversion after 2h irradia-
tion time is depicted.

Even though curcumin performs better than the blank both with and without proline, the con-
version is less than&t% after 2h irradiation time, showing that these substances are not suit-

able for lightinitiated polymerizations in the SFME systems tested.

6.4.3 Furtherinvestigation oMore HfectiveInitiators withDifferent Amines
Figure6.6 depicts conversions of 0rfol% of the phenols-coumaric acid, @nisic acid, and
3,5-dihydroxybenzoic acid with different amounts of the amine synergists proline, arginine, and
histidine. aAnisic aciddoesnot really perform well for all three amines (¢figure6.6 b). o
Coumaric acid and 3@ihydroxybenzoic acid, however, show different conversions with differ-
ent amines. For -woumaric acid, the conversion decreases with increasing histidine content,
while the conversion increases beginning frormdl% arginine (cfFigure6.6 a). For 3,5hy-
droxybenzoic acid, where arginimenot tested, histidine hathe opposite effect and increased

the conversion to over 7@t% for 1mol% histidine and to over 88t% for 5mol% histidine.
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These two examples show that the initiatgynergist system must be extremely balanced to
obtain suitable results. It is especially interesting that histidine works well as a synergist-for 3,5

dihydroxybenzoic acid, while it even declines the conversidharcase of ecoumaric acid.

Figure6.6 Screening of the performance @5 mol% (a) ecoumaric acid, (b)-anisic acid, and (&§,5-dihydroxyben-

zoic acid (referring to the monomer) with different amounts of the synergistic amines proline, histidine, and arginine
for 2h at 365nm. The conversion after 2h irradiation time is depicted.

6.4.4 Comparison oBond DissociatiorEnthalpies (BDE)

The question arises whether bond dissociation enthalpies (BDE) can somehow be correlated
with the photoinitiator performance. Guitardt al. [19] found that the antioxidant power can

be correlated directly to the BDE (lower BDE corresponds to better antioxidant powergda@ne
think about two possibilities: a higher rate of radical forming with lower BDE or higher reactivity
when the former bond had a higher BOmRble6.1 shows BDEs of different phenols which per-
formed good (+), neutral (0), or bag (n the screening experiments in sectié@.1 The BDEs

vary between 69 and 95 kaalol™. transo-Coumaric acid and 2;8ihydroxybenzoic acid have a
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BDE of 80.1 and 83Kgalmol?, respectivelyp-Coumaric acid, for example, also has a BDE of
80.5kcalmol?, which, howeverisvery poor in the screening experiments. Both the neutral and
the bad phenols cover almost the entire range of BDEsSs, the BDEs do not seem to have an
impact on the photoinitiator performance.

Table6.1 BDEs of phenolic compounds compared to their photoinitiator performance based on the screening tests in

section6.4.1 BDEs marked with a star are calculated using the increment table of Guitard #EBDESs without a
starare taken from the literature[20]

Phenolic compound ?EE . Photoinitiator
cal mol performance
trans-o-Coumaric acid 80.1 +
3,5-Dihydroxybenzoic acid 83.5* +
2,3-Dihydroxybenzoic acid 86.4*; 75.7* o]
Salicylic acid 95.2 o]
p-Coumaric acid 80.5 -
3-(4-Hydroxyphenyl)propionic acid 77.3* -
Ferulic acid 79.7 -
3,4-Dihydroxycinnamic acid 72.1,74.7*, 68.5* -
4-Hydroxybenzoic acid 84.7 -
2,4-Dihydroxybenzoic acid 94.2*; 83.7* -
Gallic acid 70.2; 74.7*, 67.1* -
3,4-Dihydroxybenzoic acid 75.5; 75.9*%; 75.7* -
4-Hydroxy3-methoxybenzoic acid 83.1 -
r-Tocopherol 69.1 -
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6.5 Conclusion and Outlook

Different phenolic acid derivates with and without amino acids as synergists are investigated
regarding their performance as UV photoinitiatonsinso-Coumaric acid, eanisic acid, 28li-
methoxybenzoic acid, 2dimethoxybenzoic acid, and 3¢shydroxybenzoic acid show interest-

ing results, but also other phenols, especially in combination with amines (like proline, arginine
or histidine). The different pgormances of phenols and phenol/amine mixtunneither be
linked to the maximum absorption in tireUV/VIS spectra nor to their bond dissociation en-
thalpies.[19; 20]

Both dimethoxybenzoic acids show good results with proline, whdewnaric acid workwith
arginine, and 3,slihydroxybenzoic acid leads to conversions of more thawi80 with histi-

dine. The different behavior of different amines is very interesting but cannot be explained so
far. Possibly some specific interactions between the naturahphand amine might play a role.

It is known that some phenols and amino acids can form natdeslp eutectic solvents
(NADES)22; 23]

Even though the mechanisms are not yet revealed, natural systems based on phenols and amino
acids seem promising as photoinitiators for further research, which will be done in the ZIM pro-

i § A /K/E/d_]v 8Z v £8 A} C E+<X E /[Ed r&éto%eids ahddster§ u %o} uv U
could be promising natural UV photoinitiatofd3] Just like reported for ther-ketoacids, also
phenolic acid esters could be promising. Further investigations concerning the radical species
and intermediates could be done using electron paramagnetic resonance spectroscopy and ul-
trafast laser spectroscopy techniques, which might helpnderstanding the different perfor-
mances of different systems. Next to their performance in polymerizsintactantfree micro-
emulsion (SFMBYystems, also transfer and comparison of the results to whaésed and water

free coating systems will be interesting. Especially the whiar systems might become chal-
lenging due to solubilization problems. However, especially NADES forming faimeinelpairs

might be interesting in overcoming solubility problerf4]

192



Appendix

6.6 Appendix

6.6.1 Structures ofPhenols andAminesTested asbhotoinitiators

Figure $.1 Structures of amines and the commercial initiator AZDN used in this chapter.

Figure .2 Structures of cinnamic acid derivates used in this chapter.
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Figure $.3 Structures of benzoic acid derivates used in this chapter.

Figure $.4 Structures of polyphenols and vitamins used in this chapter.
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6.6.2 UV/VisSDectra ofinvestigatedPhenols,Polyphenols, aniitamins

Figure 3.5 UV/Vis pectra of investigated phenols, polyphenols, and vitamins diluted in ethanol.
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Table $.1 Weight average molar mass derived from GPC and conversion data of polymers depiace® 3 and

Figure6.4.
pure phenols + 2 mol% Proline
Figure Initiator Mw Conversion Mw Conversion
/ g molt | Wt% / g molt | wit%
Blank 1,629,360 16.8 1,619,158 14.9
p-Coumaric acid - 0.3 - 1.6
Figure trans-o-Coumaric acid 315406 10.0 270183 13.1
6.3a  4-Methoxycinnamic acid 712408 2.2 685,607 3.1
trans-Cinnamic acid 1,085422 4.1 1,120,168 5.2
3-(4-Hydroxyphenyl)propionic acid 838693 2.4 960,632 2.8
Blank 1,441,711 16.3 1,587,865 18.4
Ferulic acid - 0.0 - 0.5
Figure 3,5Dihydroxycinnamic acid - 0.0 - 0.0
6.3b  4-Methoxycinnamic acid 456,564 1.8 538810 15
3,4-Dimethoxycinnamic acid 733872 55 835007 5.3
Curcumin - 1.5 102,354 1.0
Blank 1,434,892 17.4 1,589,716 15.9
4-Hydroxybenzoic acid - 5.0 - 6.1
Figure Sodium 4Hydroxybenzoate - 0.1 - 1.0
6.3c  o-Anisic acid 981,717 6.9 n.d. 12.2
m-Anisic acid 932785 11.8 1,008561 11.0
p-Anisic acid 1,084,805 10.0 1,103954 4.4
Blank 1,502,207 13.8 1,413282 6.6
2,3-Dimethoxybenzoic acid 889313 10.3 876,665 10.4
Figure 2,4-Dimethoxybenzoic acid 1,081,434 6.2 n.d. 49.8
6.3d  2,3-Dihydroxybenzoic acid 369983 3.5 625571 6.9
2,4-Dihydroxybenzoic acid 1,019,655 4.7 816,676 4.6
Gallic acid 563287 2.8 - 0.7
Blank 1,057,268 7.2 1,100,992 7.3
2,3-Dimethoxybenzoic acid 860,059 10.9 1,011,077 28.7
Figure 3,4-Dimethoxybenzoic acid 910162 7.1 965,835 8.3
6.4a  3,5Dimethoxybenzoic acid 907,422 51 1,011,823 6.3
3,4-Dihydroxybenzoic acid - 0.4 412 0.6
3,5-Dihydroxybenzoic acid 879876 9.8 927,319 12.3
Blank 1,121,550 7.6 1,324,944 13.6
Sodium salicylate n.d. 9.1 859248 11.3
Figure Sod?um 3Hydroxybenzoate - 0.5 - 0.6
6.4b Sodium 4Hydroxy3-methoxyben-
zoate - 0.0 - 0.5
Salicylic acid 676,091 3.8 639,360 3.2
4-Hydroxy3-methoxybenzoic acid 825640 2.8 837,894 3.7
Blank 1,374,484 15.1 1,314,772 12.1
Riboflavin Tetraacetat - 1.1 n.d. 3.5
Figure Riboflavin - 1.0 - 0.7
6.4c  Curcumin 316,539 4.4 n.d. 4.3
Tocopherol - 1.0 - 0.0
trans-o-coumaric acid 651,885 13.4 n.d. 14.6
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7 Epilogue

7.1 Conclusion and Outlook
Microemulsion systems comprise an interesting reaction medium for polymerizations, allowing
precise control of the polymerization kinetics and morphologies. In this work, the applicability

of surfactantfree microemulsions (SFMESs) for frealical polymedationsis studied

Chapter 1{General Backgroundgives an introduction to the topic, important fundamental

knowledge for this topic as well as the current state of the art.

Chapter 2(Surfactantfree Microemulsion and Microsuspension Polymerization of Methyl

Methacrylatq is a proofof-concept for polymerizations in SFME. A new method for the prepa-

ration of poly(methyl methacrylateYPMMA)in surfactantfree microemulsions is presented.
Using simple mesostructured systems comprising of water, a sfain alcohol as the hy-
drotrope (ethanolEtOH)n-propanol(NPA)iso-propanol(IPA) ortert-butyl alcoho(TBA), and

the monomer as the oil phase allows to gain control over polymer size, molar masses, kinetics,
and macroscopic polymer morphologies without the help of any surfactants. The method is likely
to be applicable to a large number of acrylic monomers. hiregt to surfactants, aluxiliaries
(water, alcohols) can be completely removed after the polymerizagog, by distillation and
re-used. The method is different from the classifications of polymerizagantions in conven-
tional (surfactant or protective colloid or solutionbased) reaction media. Molar masses and
conversions range in the same size region as PMMA patrticles derived from conventional mi-
crosuspension polymerizations. As expected, ethdmasled reaction mixtures, in which no
mesostructures could be found in the initial starting mixture, lead to much higher molar masses
and lower yields compared to the SFME systems useéslfdtind that the composition of the
MMA-rich pseudephase and its ngulsive force play a decisive rateconversion and the weight

average molar mass.
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Chapter JIndustriallyRelevant Co)polymers andHydrotropes forUse in SFMEBolymerizatior]

extends the method presented in the previous chapter. Further, induselalvant monomers
like acrylonitrile (AN), styrene, vinyl chloride (VC), vinyl acetate (VAc), and acrylic aade(AA)
considered Furthermore, glycol etherare used as hydrotropes in the system with MMA. All
systemsare investigated concerning their phase behavior with different hydrotropes. Since VC
is gaseous at standard conditions, its industrial precyrdimhloroethane is used for experi-
ments. For all monomers and soroéthe glycol ethers, SFMEs can be formand structuring

is found in dynamitight scattering (DLS) experiments. Polymerizatamesione in the systems
VAc/MMA and VAc/AA. While the polymerization of VA& copolymers work well, VAGMA
copolymersdo not yield promisingresultsat first sight. VAc is knowto be a monomer with
rather low reactivity, causing these problems. Nevertheless, the results are very inter@$téng:
choice of the system has an influence on the reaction kingtes properties of the polymer
andthe monomer ratios in the resulting copolymer. Thegen though the example VAAMA
doesnot work well,using an SFME ageaction medium might give access to copolymers that

are hardly formed due to bad copolymerization rates.

Chapter 4 Surfactantfree Microemulsions (SFMEs) asanplate forPorousPolymerSynthesig

focuses on morphologies derived from polymerizations in SFME. The systemsl®aAter TBA
MMA (whichhasalreadybeenstudiedin Chapter 2) as well as a copolymer system withg-
droxyethyl methacrylate (HEMA) and MN#£e investigated The phase behavior is investigated
in equidistance to the binodal from the wateich to the monomeirich corner of the phase
diagrams. A nonionic surfactabased system using ethoxylated alcohols and HEMA as a copol-
ymer is used as a reference. It isifil that it is possible to achieve different kinds of mesostruc-
tured polymers linked to structusexpected in previous SFMEs (droiled shapes coming
from W/O-like SFME, as well as spoHdi@ shapes derived from bicontinuous @fW-like
SFMES). Sizes of polymer particles are in the range a0 >1 um, dependent on the sys-
tem used. Polymersadived from the surfactanfree system and the surfactaffitased reference
system seem very similashowing that surfactants are not necessary for template synthesis in
microemulsions It seems as if not the nonionic surfactant but the interaction oferaWiMA,

and HEMAs responsible for the kind of structuring observed.

The impact of surfactants on SFMEs is the tophapter YThelmpact ofAdditives onQurfac-

tant-free Microemulsionsand Polymerizations inThosg. In the first part of this chapter, the

impact of sodium dodecyl sulfate (SDS) and other anionic and nonionic surfactants on the phase

behavior of different SFME system®investigated. lisfound thatthe addition ofSDS in rather
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small amounts can significantly decrease the biphasic region. Probably, SDS is incorporated into
the already existing interphase of pf@uzo aggregates, leading ttoe stabilization of the fluc-
tuations and decrease in the autocorrelation function derived from DLS. When adding even
more SDS, a shift toward a conventional, micellar system can be observed. In the region where
the biphasic region is decreased (former Ouzagiar),veryintense structuring can be observed.
Here, SD$ obviously abled stabiliz quite pronounced fluctuations. The existence of a-pre
Ouzo system, which is linked to the Ouzo effect, seems to be necessary. Nonionic surfactants,
on the other side, do not impact the location of the binodal, as already found for the system in
chapter 4. The nonionic surfactants will surely incorporate into the existing interphase, as well.
Thus, ¢ectrostaticsmust be the relevant driving force for the effect observed.the second

part of thischapter, the impact of SDS andriouselectrolytes is teted on the polymerizable
SFME system watdso-propanol ortert-butyl alcohol, and MMA. The same effect as described

for other SFME systems occurs upon the addition of SDS. The conversion and molar mass are
both extremely dependent on SDS and increase quite proportipt@althe SDS concentration.
Concerning salts, is found that hard, highly hydrated ions lead to a strong saftng effect

due to the saltingput of the alcohols from the watetich domain. Soft, weakly hydrated ions do

not really impactthe position of the binodal. Freedical surfactanfree microsuspension
polymerizations are extremely influenced by the addition of s@tgerall, the impact of anions

is significantly higher thattat of cations.The addition of any salt decreases the conversion and
average molar massiowever, the decrease is lower for hard, very hydrated ions (which will
stay in the watetrich phase and thus at a higher distance to where the polymerization reactions
take place). Even softer anions(Brand SCi)ican react with the radicals themselves, quench-

ing the polymerizationThis study shows that specific ion effeshould be considered when
choosing cations and anions for polymerization processes, the counterions of persulfates

used in microemulsion polymerizations.

The lastChapter 6{Natural Photoinitiator Systems forPolymerizations in SFMEsomprises a

first study of the use of natural phenols, polyphenols, vitamins, and amino acids as UV photoin-
itiators in the SFME system with watéPA and MMA.The results of this prstudy reveal that
the combination of some monophenols and amino acids can be promisindj fyipetoinitiators.
A more detailed study of these initiator systeas well as the transfer to industriedlevant UV

curing coating systemsA ] o o }v ]Jv 8Z /D % E&}i § N /K/E/d_]v 8Z v AES

The present work focuses on the usage of SFMEs forrdigieal polymerizations and allows
answering first questionst cansurely be proven that the weak structuring of SFMEs is sufficient

for use in freeradical polymerizations. Not only the polymerization kinetics, conversions, and
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average molar masses but also the morphologies can betdimed in these systems without

the needfor surfactants.The submitted patent underlines the noveliydeconomic relevance

of this work The advantages are cledhe use of lowcost, noncritical chemicals, the ability to
separate all process chemicédsg, by distillation) andthe abilityto deriveultrapure polymers
from the process. However, there are also disadvantaljasneed to be mentionedA lower
spacetime yield due to limited monom®r quantities (depending on the system) and the use of
volatile organic compounds (VOQshich may place higher demdson process safetyrhere-

fore, the methodmight beparticularly interesting for special applications that require very pure
polymers, for examplanedical technology. Subtle structuring may also provide access to copol-
ymers that are otherwise difficult to synthesize due to very different monomer solubilities and

poor copolymerization parameters.

It could be proven that many industrially relevant monomers are suitable for polymerizations in
SFME. On the way to scale up and eteean application, especially relevant polymers or copol-
ymers have to be identified ithe next step. Afterward, thearget properties of the polymer
must atfirst be definedin order to be able to really compare the results of surfactaee and
conventional microemulsion or microsuspension polymeh&sg properties are mostly hidden

as knowhow in the industryand require an industrial partndor further research.

From a scientific point of vievit, would surely be interesting to gain a deeper insight into what
exactly happens during the polymerization process. Especially spectrosceitic methods

could be interesting tools. A better understanding of the systems might not only help to further
separate the impacts of alcohols, initiators, temperature, and mesostructuring on polymeriza-
tions in SFME. The results could also be relevant for the understanding of conventional polymer-

ization processes and a better insighto the Ouzo and pr&uzo effect.

A deeper understanding of the interaction of surfactfirge, mesostructured systemand sur-
factants might not only be interesting for polymerizations. Understanding the impact of these
distinct interactions could completely change the view on conventional microemulsion systems

with high cosurfactant or solvent ratios.

Microemulsionsin generalare an indispensable part of industrial processesmparing SFMEs
and conventional microemulsions for application can help to get an insight into the require-
ments for the system: Do we require a distinct interface? Is sudtidactantfree compartmen-
tation sufficient? Or is it just a question of solubili#® this thesis shows, SFMEs can be a prom-

ising alternative as reaction medium for fregadical polymerizations. Obviouslg,subtle,
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surfactantfree mesostructurings sufficient for controlling polymerization kinetics, conversion,
molar mass, and morphology. However, classical surfadgtaséd microemulsions will still be
mandatory when a reaction medium with a wdigfined and welstabilized interface is re-
quired. In the near future, we expect that applications of surfactémee and conventional mi-
croemulsions will develop in parallelepending on the real requirements of the system and the

latter product.
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