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Abstract  
 
 
In this work new fluorinated and non-fluorinated mono- and bifunctional trithiocarbonates of 
the structure Z-C(=S)-S-R and  Z-C(=S)-S-R-S-C(=S)-Z were synthesized  for the use as 
chain transfer agents (CTAs) in the RAFT-process. All newly synthesized CTAs were tested 
for their efficiency to moderate the free radical polymerization process by polymerizing 
styrene (M3). Besides characterization of the homopolymers by GPC measurements, end- 
group analysis of the synthesized block copolymers via 1H-, 19F-NMR, and in some cases also 
UV-vis spectroscopy, were performed attaching suitable fluorinated moieties to the Z- and/or 
R-groups of the CTAs.  
 
Symmetric triblock copolymers of type BAB and non-symmetric fluorine end- capped 
polymers were accessible using the RAFT process in just two or one polymerization step. In 
particular, the RAFT-process enabled the controlled polymerization of hydrophilic monomers 
such as N-isopropylacrylamide (NIPAM) (M1) as well as N-acryloylpyrrolidine (NAP) (M2) 
for the A-blocks and of the hydrophobic monomers styrene (M3), 2-fluorostyrene (M4), 3-
fluorostyrene (M5), 4-fluorostyrene (M6) and 2,3,4,5,6-pentafluorostyrene (M7) for the B-
blocks.  
 
The properties of the BAB-triblock copolymers were investigated in dilute, concentrated and 
highly concentrated aqueous solutions using DLS, turbidimetry, 1H- and 19F-NMR, rheology, 
determination of the CMC, foam height- and surface tension measurements and microscopy. 
Furthermore, their ability to stabilize emulsions and microemulsions and the wetting 
behaviour of their aqueous solutions on different substrates was investigated. The behaviour 
of the fluorine end-functionalized polymers to form micelles was studied applying DLS 
measurements in diluted organic solution.  
 
All investigated BAB-triblock copolymers were able to form micelles and show surface 
activity at room temperature in dilute aqueous solution. The aqueous solutions displayed 
moderate foam formation. With different types and concentrations of oils, the formation of 
emulsions could be detected using a light microscope. A boosting effect in microemulsions 
could not be found adding BAB-triblock copolymers. At elevated polymer concentrations, the 
formation of hydrogels was proved applying rheology measurements. 
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Zusammenfassung 
 
 
Im Rahmen dieser Arbeit wurden neue fluorierte und unfluorierte mono- und bifunktionelle 
Trithiocarbonate der Typen Z-C(=S)-S-R und Z-C(=S)-S-R-S-C(=S)-Z zur Anwendung als 
CTAs (chain- transfer agents) im RAFT-Polymerisationsverfahren hergestellt. Alle CTAs 
wurden erfolgreich auf ihre Effizienz zur Steuerung des radikalischen 
Polymerisationsverfahrens hin durch Polymerisation von Styrol (M3) getestet. Neben GPC-
Messungen wurden Endgruppenanalysen der synthetisierten Blockcopolymere mittels 1H-, 
19F-NMR und in manchen Fällen auch UV-Vis Spektroskopie durchgeführt. Dazu wurden die 
Z- und/oder R-Gruppen der CTAs mit geeigneten fluorierten Gruppen versehen.  
 
Durch Anwendung des RAFT Verfahrens konnten symmetrische Triblockcopolymere vom 
Typ BAB bzw. mit einer Fluoralkylgruppe endgecappte unsymmetrische Polymere in nur 
zwei bzw. einem Polymerisationsschritt hergestellt werden. Das RAFT- 
Polymerisationsverfahren ermöglicht sowohl die Polymerisation hydrophiler Monomere wie 
N-Isopropylacrylamid (NIPAM) (M1) oder N-Acryloylpyrrolidin (NAP) (M2) für die A-
Blöcke als auch der hydropoben Monomere Styrol (M3), 2-Fluorostyrol (M4), 3-Fluorostyrol 
(M5), 4- Fluorostyrol (M6) und 2,3,4,5,6- Pentafluorostyrol (M7) für die B-Blöcke.  
 
Die Eigenschaften der Blockcopolymere in verdünnten, konzentrierten und 
hochkonzentrierten wässrigen Lösungen wurden mittels DLS, Trübungsphotometrie, 1H- und 
19F-NMR, Rheologie, CMC- sowie Schaumhöhen- und Oberflächenspannungsmessungen und 
Lichtmikroskopie untersucht. Weiterhin wurden ihre Eigenschaften als Emulgatoren und in 
Mikroemulsion untersucht. Das Micellbildungsverhalten der hydrophob endfunktionalisierten 
Polymere wurde mittels DLS Messungen in verdünnter organischer Lösung untersucht.  
 
Alle untersuchten BAB-Triblöcke bildeten Micellen und zeigten Oberflächenaktivität bei 
Raumtemperatur in verdünnter, wässriger Lösung. Weiterhin zeigen die wässrigen Lösungen 
der Polymere mäßige Schaumbildung. Mit verschiedenen Öltypen und Ölkonzentrationen 
wurden Emulsionen bzw. Mikroemulsionen gebildet. In Mikroemulsion wurde durch Zugabe 
von BAB-Triblockopolymeren kein Boosting-Effekt erzielt werden. Bei Untersuchung 
höherer Polymerkonzentrationen wurde die Bildung von Hydrogelen mittels rheologischer 
Messungen nachgewiesen. Verschiedene Substrate konnten benetzt werden. Die hydrophob 
endgecappten Polymere bilden in verdünnter organischer Lösung Micellen, die mittels DLS 
untersucht wurden, und zeigen somit Tensidverhalten in nichtwässriger Lösung.  
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Aim of this study 
 
 
The goal of this work was the synthesis of new, thermoresponsive BAB-triblock copolymers 
consisting of a thermoresponsive, hydrophilic A-block and a permanently hydrophobic B-
block. Furthermore, solvent sensitive fluorine end-capped polymers- copolymers consisting of 
a hydrophobic and lipophobic fluorinated moiety and a hydrophobic B-block had to be 
synthesized. The molar mass of the resulting end-capped polymers- and triblock copolymers 
should be characterized using the weight of the polymers, GPC-, NMR- and UV- 
measurements. As problems determining the molecular weight of the polymers were likely to 
occur due to missing standards for GPC and overlapping signals in 1H-NMR, a new, simple 
method for determining the molar mass via NMR, independent of the applied polymers, 
should be developed. The aggregation properties of the block copolymers for the potential 
application as hydrogels and polymeric surfactants in aqueous and organic medium were 
investigated using DLS, turbidimetry, rheology, surface tension measurements, NMR- 
measurements and foaming tests. The BAB-polymers were studied in aqueous solutions from 
low to high polymer concentrations to get an overview and to draw conclusions about their 
self- assembly behaviour and validity for the desired use. The fluorine end-capped systems 
were investigated in organic solutions at low concentrations to find out about their self- 
assembly behaviour and validity of an application as low-foaming surfactants for organic 
solvents. 
 
1)  Among all polymerization methods, the RAFT process was chosen for polymer synthesis 
because of its applicability to a broad spectrum of monomers, insensitivity towards reaction 
conditions (except basic media) and availability of the desired fluorine end-capped and 
triblock copolymers in just one or two steps only providing a good polymer dispersity and 
control over the polymerization. For this purpose, new RAFT agents, so called 
trithiocarbonates of the symmetric type Z-C(=S)-S-R-S-C(=S)-Z and non-symmetric type Z-
C(=S)-S-R were to be synthesized and the Z and/or R groups simultaneously equipped with 
specific markers for NMR detection. Fluorine containing groups were chosen as NMR- 
markers, because 19F, a mononuclidic element, is a half- spin nucleus with good sensitivity, 
small line- width, non- complicated line pattern and the possibility to investigate the block 
copolymers without disturbing signal overlaps. The kinetics of the newly developed CTAs 
were studied by polymerizing the model monomer styrene. 
 
2)  Using the mono- and bifunctional fluorinated CTAs, different series of amphiphilic 
triblock copolymers of type BAB and fluorine end-capped polymers should be synthesized. 
Triblock copolymers of type BAB were synthesized using poly(NIPAM) as the 
thermosensitive, temporarily hydrophilic A-block and poly(styrene) (B) as a standard 
hydrophobic B-block. For the fluorine end-capped polymers, the fluorine moiety was 
introduced by the monofunctional CTA and an fluorine end-capped polymer is accessible in 
one step only just by polymerizing styrene. Poly(styrene) is a commonly used hydrophobic 
polymer while PNIPAM is characterized by good water solubility at ambient temperature, 
biocompatibility and a weak dependence of the volume phase transition on the concentration 
and molar mass in the range of 30-35 °C. 
 
3) Furthermore, the PNIPAM used for the BAB-systems were replaced by PNAP, showing a 
transition temperature of about 50° C, in order to investigate and compare the behaviour of 
gels at room- and elevated temperatures and the influence of another hydrophilic block on the 
surfactant properties like foaming behaviour and surface activity or CMC. Furthermore, the 
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ability to stabilize emulsions and miniemulsions was studied using BAB-blocks composed of 
hydrophilic and hydrophobic blocks of variable length. 
 
4) For investigating the influence of the hydrophobic blocks (type and length) on gel 
formation behaviour, surfactant properties and the stabilization of emulsions and 
miniemulsions as well as wetting investigations, poly(styrene) were replaced by its 
fluorinated derivatives 2,3,4,5-pentafluorostyrene, 4-fluorostyrene, 3-fluorostyrene and 2-
fluorostyrene in order to vary the hydrophobicity and lipophobicity of the B-block in different 
steps. The length of these blocks was also varied.  
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Ziel dieser Arbeit  
 
 
Ziel dieser Arbeit war die Synthese neuer, thermoresponsiver Triblockcopolymere vom Typ 
BAB bestehend aus einem thermoresponsiven, hydrophilen A-Block sowie einem permanent 
hydrophoben B-Block. Desweiteren sollten lösungsmittelsensitive Polymere bestehend aus 
einer hydrophoben and lipophoben, fluorierten Endgruppe und einem hydrophoben B-block 
hergestellt werden. Die Molmasse der hydrophob verkappten Polymere und 
Triblockcopolymere sollte mittels des Gewichtes der Polymere, GPC-, NMR- und UV-
Messungen charakterisiert werden. Da bei der Bestimmung der Molmassen mittels GPC 
Schwierigkeiten aufgrund fehlender GPC-Standards und überlappender Signale im 1H-NMR 
zu erwarten waren, sollte ein einfaches Verfahren zur Bestimmung der Molmassen mittels 
NMR, unabhängig von der Art der verwendeten Polymere, entwickelt werden. Desweiteren 
sollte das Aggregationsverhalten der Blockcopolymere für eine eventuelle Anwendung als 
Hydrogele und polymere Tenside mittels DLS, Trübungsphotometrie, Rheologie, 
Oberflächenspannungsmessungen, NMR-Messungen und Schaumtests untersucht werden. 
Dazu wurden die Polymere in wässriger Lösung von niedriger zu hoher Polymerkonzentration 
hin untersucht um einen Überblick und Rückschlüsse auf ihr Assoziationsverhalten und eine 
mögliche Anwendbarkeit zu erhalten. Die hydrophob endverkappten Polymere sollten in 
organischer Lösung bei niedriger Konzentration auf ihr Assoziationsverhalten als mögliche 
gering schäumende Tenside für organische Lösemittel untersucht werden. 
 
1) Als Polymerisationsverfahren sollte das RAFT-Verfahren zur Polymersynthese 
herangezogen werden, da es auf ein breites Spektrum von Polymeren anwendbar ist, sich 
relativ unempfindlich gegenüber den Reaktionsbedingungen (außer basischen Medien) zeigt 
und die gewünschten hydrophob modifizierten Polymere und Triblockcopolymere in nur 
einem bzw. zwei Polymerisationsschritten bei guter Polydispersität und Kontrolle über den 
Polymerisationsprozess hergestellt werden können. Zu diesem Zweck sollen neue RAFT-
agentien, sogenannte Trithiocarbonate, vom symmetrischen Z-C(=S)-S-R-S-C(=S)-Z und 
unsymmetrischen Typ Z-C(=S)-S-R hergestellt und die Z und/oder R- Gruppen gleichzeitig 
mit speziellen Markern für die NMR- Spektroskopie versehen werden. Fluorhaltige Gruppen 
wurden als NMR-Marker herangezogen, da es sich bei 19F um ein Reinelement handelt, das 
einen Halbspin-Kern mit guter Empfindlichkeit, kleiner Linienbreite und unkompliziertem 
Aufspaltungsmuster sowie die Möglichkeit zur Untersuchung von Blockcopolymeren ohne 
störende Überlappung der Signale besitzt. Die Kinetik der neu entwickelten CTAs wurde 
durch Polymerisation von Styrol als Standardmonomer untersucht. 
 
2) Unter Verwendung mono- und bifunktioneller fluorierter CTAs sollten verschiedene 
Reihen an amphiphilen Blockcopolymeren vom Typ BAB und mit einer Fluorgruppe 
hydrophob endverkappte Polymere hergestellt werden. Triblockcopolymere vom Typ BAB 
sollten mit PNIPAM als schaltbar hydrophilem, thermoresponsiven A-block und Polystyrol 
(B) als hydrophoben Standardblock hergestellt werden. Bei den endverkappten Systemen 
wurde die fluorierte Endgruppe durch Verwendung eines monofunktionellen, perfluorierten 
CTA eingeführt, sodaß das Polymer durch die Polymerisation von Styrol in nur einem Schritt 
zugänglich ist. Polystyrol ist ein häufig genutztes hydrophobes Standardmonomer, während 
sich das hydrophile PNIPAM durch gute Wasserlöslichkeit bei Raumtemperatur, 
Biokompatibilität und seine geringe Abhängigkeit der Phasenübergangstemperatur von der 
gewählten Konzentration und Molgewicht auszeichnet. 
 
3) Desweiteren sollte PNIPAM in den BAB-Systemen durch PNAP mit einer 
Phasenübergangstemperatur von ungefähr 50 °C ersetzt werden, um das Verhalten von Gelen 
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bei Raum- und höheren Temperaturen zu untersuchen sowie den Einfluß eines anderen 
hydrophilen Blocks auf die Tensideigenschaften wie das Schaumvermögen und die 
Oberflächenaktivität zu vergleichen. Außerdem sollte die Fähigkeit der BAB-
Blockcopolymere mit unterschiedlichen hydrophilen Blöcken variabler Länge zur 
Stabilisierung von Emulsionen und Miniemulsionen untersucht werden. 
 
4) Um den Einfluß der hydrophoben Blöcke (Typ und Länge) auf das Gelbildungsverhalten, 
die Tensideigenschaften sowie die Stabilisierung von Emulsionen und Mikroemulsionen 
sowie das Benetzungsverhalten zu untersuchen, wurde Styrol als Baustein durch seine 
fluorierten Verbindungen 2,3,4,5-Pentafluorostyrol, 4-Fluorostyrol, 3-Fluorostyrol and 2-
Fluorostyrol ersetzt, um die Hydrophobie sowie die Lipophobie des B-Blocks in 
verschiedenen Stufen zu variieren. Weiterhin sollte auch die Länge der Blöcke variiert 
werden.  
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Chapter I: Introduction 
 
 
 
1.1  Polymers as modern materials 
 
 
Polymers are a part of our everyday life. They can be found in countless kinds of goods such 
as inflatable rubber materials, household articles, plastic and biodegradable packages, 
automotive parts such as bumpers, aerospace applications, polymer based electronics [1-8], 
food structure improvement and conservation, e.g. cyclodextrines for microencapsulation [9-
11], pharmaceutical and medical applications such as polymers with high binding capacity 
and biodegradable implants [12-15] and various other technical applications [16-18]. With 
further development of applications in techniques, production and medicine, the requirements 
polymers have to meet become more and more demanding. Therefore, the preparation of 
speciality polymers with distinct groups, functionalities and accurately controlled structures 
has become an important topic of research in modern polymer chemistry [19-21]. Properties 
and performances of polymers greatly depend on the kind and number of attached groups and 
functionalities as well as the development of synthetic strategies offering good control on the 
polymerization process in presence of these groups [21, 22].  
 
 
1.2  Block copolymers 
 
 
Many synthetical pathways exist to form block copolymers with defined structure and 
complex architectures. They are accessible using ionic polymerization methods like anionic- 
and cationic polymerization [23, 24], by coupling mono- or difunctional monoblocks (leading 
to AB- or ABA-blocks) using mechanistic transformations such as click-chemistry [25] or 
telechelic homopolymers endfunctionalized with hydrogen bonding or metal-coordination 
sites undergoing self-assembly with their complement homopolymer or small molecular 
analogue [27]. Another possibility is switching between different polymerization techniques, 
e. g. between ROMP and RAFT, ROMP and ATRP, RAFT and NMP just to mention a few 
possibilities [28-30]. Among the controlled radical polymerization techniques, NMP-, ATRP- 
and especially RAFT polymerization have turned out as convenient tools for the controlled 
synthesis of block copolymers with narrow polydispersities [31, 32]. Using the RAFT 
process, a prepolymer containing thiocarbonylthio groups can be synthesized and used as a 
macro-RAFT agent [33, 34]. Besides the stepwise addition of the blocks using the RAFT 
method, the obtained polymer can be analyzed after each polymerization step. 
 
 
1.3  Amphiphilic polymers 
 
 
Polymers can be seen as large molecules built up by repeatedly adding smaller chemical 
subunits, the so-called monomers [35]. Various architectures are possible and can be realized. 
They can be found in bulk applications as well as dissolved in different solvents serving 
several applications depending on their interaction properties with a specific solvent [36]. 
Especially water is an ecofriendly, interesting solving agent with easy handling properties. 
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Using water as a solvent, synthetic polymers can be characterized by their polarity [35, 37]: 
 
 
- non-polar polymers, e.g.  poly(styrene), poly(pentafluorostyrene) 
 
- polar, but water insoluble polymers, e.g. poly(vinyl acetate), poly(methyl methacrylate) 
 
- polar, water soluble polymers, e.g. poly(vinyl alcohol), poly(oxyethylene) 
 
- polyelectrolytes, e.g. poly(acrylic acid), poly(ethyleneimine) 
 
 
Combining polar and non-polar or conditionally polar (e.g. thermosensitive or pH-sensitive) 
and non-polar polymers in one molecule in form of block copolymers or statistical 
copolymers leads to so called amphiphilic polymers with special, tailorable properties [38, 
39]. In order to manufacture hydrogels or surfactants, block copolymers showing amphiphilic 
behaviour are required. This means that the polymers forming the A- and B-blocks in the later 
BAB- and fluorine end-capped copolymers need to have an opposite chemical nature referring 
to the solubility in a given solvent- at least at room temperature (25 °C). In this work, 
poly(styrene) (M3) and its fluorinated derivatives based on 2-, 3-, 4-fluorostyrene (M4, M5, 
M6) and 2,3,4,5,6-pentafluorostyrene (M7) were chosen for the permanently hydrophobic 
block, whereas poly(N-isopropylacrylamide) (NIPAM) (M1) and poly(N-acryloylpyrrolidine) 
(NAP) (M2) were chosen for the conditionally hydrophilic block, leading to amphiphilic non-
fluorinated and fluorinated block copolymers. Furthermore, polymers consisting of a 
hydrophobic poly(styrene)-block and a hydrophobic and lipophobic heptadecafluoro block for 
applications in non-aqueous systems such as organic solvents were synthesized.  
 
 
 
Chapter II: Reversible deactivation (“controlled living”) radical 
polymerization  
 
 
2.1  Controlled radical polymerization techniques 
 
 
Nitroxide Mediated radical Polymerization (NMP) [31, 40-48], Atom-Transfer Radical 
Polymerization (ATRP) [31, 49-51] and Reversible Addition-Fragmentation chain Transfer 
polymerization (RAFT) [31, 32] are the most frequently used reversible deactivation radical 
polymerization methods. Especially the RAFT process is a valuable tool in controlled 
polymer syntheses revealing several advantages and is therefore explained in detail.  
 
 
2.2  RAFT: Reversible Addition-Fragmentation-Chain-Transfer-Polymerization 
 
 
Among degenerative chain transfer polymerizations, the RAFT process is the most versatile 
method. The reversible addition fragmentation chain transfer (RAFT) polymerization process 
is based on a degenerative transfer process [31]. In degenerative transfer (DT) conventional 
free radical initiators are used while control is established using chain transfer agent (RX)- in 
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the RAFT process exchanging a group or atom between all growing chains. The 
thermodynamically neutral (degenerative) transfer should be fast compared to the propagation 
(kexch > kp). The concentration of the dormant species Pn-X is much larger than that of the 
active species Pn

*. The ratio of concentrations of consumed monomer to the sum of 
concentrations of the consumed transfer agent and the decomposed initiator defines the degree 
of polymerization. 
 
 
 

[ ]
[ ] CTA

m
n M

CTA

conversionMMonomer
M +××=

0

0   equation 1 [31] 

 
 
 
Good control over the polymerization reaction can be obtained, if transfer is fast and the 
concentration of the decomposed initiator is by far lower compared to that of the transfer-
agent. Polydispersities decrease initially with conversion and depend on the ratio of the rate 
constants of propagation to exchange. By initiation and termination processes, a steady-state 
concentration of radicals is generated as in the classical free radical polymerization process. 
 
Though the radical-radical terminations cannot be eliminated entirely, it is possible to 
minimize their importance by limiting the number of growing chains reversibly trapping the 
growing polymeric radical as a dormant species. In practice, nearly all kinds of initiators like 
for example diazo compounds together with thermal initiation or gamma and UV-irradiation 
[52, 53, 54] can be used as a source for producing radicals. The concentration should be lower 
compared to that of the transfer agent (vide supra). Various dithioesters, dithiocarbamates, 
trithiocarbonates and xanthates (so called MADIX-reagents) (see figure 1) serve as chain 
transfer agents [32]-depending on the nature of the monomer to polymerize-mediating the 
active chain ends.  
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Figure 1: Generic structures of RAFT chain transfer agents [32] 
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Figure 2: Different classes of CTAs applied in the RAFT polymerization process [55-58]. 
 
Recently, phosphoryl dithioesters (I+II) [55] and lately the computer-designed benzyl 
phenylsulfonyldithioformate (III a) and benzyl methylsulfonyldithioformate (III b) [56] have 
been reported to successfully moderate the RAFT process (figure 2). Furthermore, cyclic 
trithiocarbonates have been reported by Hong et al. (IV, V) [57, 58] (figure 2). 
 
Xanthates are applied in the so-called MADIX (= Macromolecular Design via Interchange of 
Xanthates) process which is the best established controlled radical polymerization method 
enabling the controlled polymerization of vinyl acetate [59]. Despite the F-dithioester [32, 
60], all mentioned CTAs can also be designed as multifunctional initiators enabling the 
synthesis of more complex geometries such as multiarm-stars or brushes [61-66]. 
 
 
2.3  Mechanism of RAFT polymerizations 
 
Applying a thioester as a chain transfer agent, five steps can be distinguished in the RAFT 
polymerization process [31, 32, 67, 68, 69]: 

 
Initiation: generation of propagating oligomeric radicals P1

. (1) 
 
Chain transfer: addition of the oligomeric radicals P1

. (1) to the CTA (2) creating transient 
radicals (3). These radicals form a polymeric thiocarbonylthio- compound (4) and a radical(5) 
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originating from the R-group of the CTA (choice of R- and Z-groups is therefore crucial for 
the chain transfer process!) 
 
Reinitiation: The radical (5) formed from the R-group due to fragmentation of the CTA is 
then reinitiating the polymerization process representing a new propagating radical P1

.. 
Subsequent addition fragmentation steps enable the equilibration of chains establishing an 
equilibrium between the active propagating radicals (6) and the dithiocarbonylthio compound, 
which is dormant (7). This equilibrium is the crucial step for a controlled radicalic 
polymerization. 
 
Termination: As the RAFT process is a radical polymerization process (vide supra), dead 
polymers cannot be completely avoided. Polymers without any dithio function lead to 
irreversible termination of the polymerization process.Therefore, controlling the end-group 
functionality via end-group analysis can only be an approximation. Compared to propagation, 
termination is the minor process. Most of the synthesized chains therefore bear end groups if 
the polymerization is stopped at not too high conversions (up to 80 %). The whole process is 
depicted in figure 3: 
 

Mechanism of the RAFT polymerization:
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Figure 3: Polymerization mechanism of the RAFT polymerization technique. The polymerization is 
controlled, since the end-group in the polymeric dithio/trithioester is as labile as in the original 
dithio/trithioester CTA. The equilibrium between dormant and active chains allows a well-controlled 
radical polymerization process [31, 32, 67, 68, 69].  
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2.4  Z- and R-groups used for RAFT agents: Structure reactivity in practical RAFT 
systems 

 
- In addition to the high reactivity of the C=S bond (kadd high) towards radical addition, 

the choice of the R- and Z-substituent is crucial to control the polymerization process 
applying the RAFT polymerization system [31, 32]. The degree of control achievable 
depends on a large extent on the propensity for addition of the propagating radical Pn 
to the C=S bond and the ability of Pn to be released from the RAFT-adduct radical (see 
also figure 3); the formed intermediate radical should fragmentate at a not too high 
rate (typically kadd/kβ < 106 L mol-1) but partition in favour of products (kβ > k-add) [44, 
272]. Both abilities depend on both the steric and electronic properties of the R- and 
Z-group [31] (see figure 4).  

 

 

 

Figure 4: Crucial equilibrium in the RAFT process: the degree of control achievable depends on a 
large extent on both the propensity for addition of the propagating radical Pn to the C=S bond and the 
ability of Pn to be released from the RAFT-adduct radical (intermediate species in the middle). These 
abilities depend on both the steric- and electronic properties of the R- and Z-group [31].  
 
 
The R-group should fragment from the intermediate radical in the preequilibrium but also be 
reactive enough to enable reinitiation of the polymerization [31, 32]. Side reactions should be 
avoided. R should be chosen such that it is a similar or better homolytic leaving group than 
the propagating radical derived from the monomer being polymerized. An ideal choice for R 
would be a propagating radical. In this case kβ= k-add, kadd is the same for both initial and 
polymeric RAFT agents and Ki = kp [31, 32]. 
 
In order to guarantee both a high reactivity of the C=S bond of the initial and polymeric 
RAFT agents and an intermediate radical fragmentating at a not too high rate (vide supra), the 
Z-group should be carefully chosen. The choice of the Z-group is strongly dependent on the 
nature of the R-group and the selected monomer [31, 32]. 
 
 
Applying the RAFT method, monomers like styrene derivatives, many kinds of different 
(meth)acrylates (including hydroxyl-, amino-, amido-, ether-, ester-, siloxy-groups), 
(meth)acrylamides, vinyl pyridine and many others can be successfully polymerized 
depending on the nature of the chosen R- and Z-groups of the CTA [31, 32]. Figure 5 
provides an overview, how the choice of the R- and Z-group influences the polymerization 
behaviour: 
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Figure 5: Usefulness of the R- and Z-groups for the polymerization of standard monomers [32]. 
 
 

According to figure 5 

-  Dithioester RAFT agents bearing alkyl- or aryl Z-groups can control the polymerization of 
styrene, acrylates and methacrylates but not the polymerization of vinyl acetate [32]. 

- Vinyl acetate can be polymerized applying xanthates (Z= OR) or dithiocarbamates (Z= 
NR2). If R is a benzyl group, the RAFT agent is able to polymerize methyl acrylate but not 
methyl methacrylate; the latter one can be polymerized using R= C(CH3)2Ph [32]. 

 
- Benzylic species (cumyl, 1-phenylethyl, benzyl) are not suitable for vinyl monomer 

polymerization (e.g. NVP) because rates of reinitiation are very low with respect to kp. [32]. 
 
- Tert-butyl groups are an excellent choice for R with MA, AM, AN and styrene, but work 

poorly for MMA polymerization [32]. 
 
 
Nevertheless, some nitrogen containing monomers can lead to problems during 
polymerizations in water, since in the RAFT process the chain transfer agent is cleaved under 
basic conditions [32]. In this case, precise pH control is needed. RAFT polymerizations can 
be conducted in emulsion [70, 71] and miniemulsion [72, 73], microemulsion [74, 75] 
suspension [76, 77], bulk [78, 79], organic solvents such as toluene or solvent mixtures [80, 
81], CO2 [82, 83], and in aqueous systems [84-86]. Polymerization temperatures reported are 
in the range between RT and 140 °C [32].  
 
 
In order to synthesize block copolymers enabling the determination of the molar mass or 
providing distinct functionalities such as fluorescent, bioactive, water soluble or reactive 
groups at their termini, tailor made CTAs have to be designed.  
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2.5  Functional end groups 
 
In addition to their importance for the efficient polymerization control in the RAFT process, 
the R- and Z-groups can be used as an elegant method for the introduction of functional end 
groups to polymers, serving different purposes for either the CTA or the later polymer (figure 
6).  
Chen et al. describe the introduction of an anthracene-moiety for the investigation of the later 
polymer via fluorescence measurements VI [87]. Gondi et al. attach an azide group to the 
CTA that will enable click-chemistry at polymer terminus after polymerization VII [88]. The 
introduction of a vinyl group to the polymer terminus via a functionalized CTA by Patton et 
al. [89] VIII enables subsequent crosslinking, whereas the introduction of an norbornene-
moiety IX enables Diels-Alder reactions either at the CTA or at the terminus of the polymer 
[90]. 
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Figure 6: Introduction of functional end groups to chain-transfer agents (CTAs), leading to polymers 
enabling end-group analysis via VI) fluorescence spectroscopy [87], VII) addition of further blocks 
applying click-chemistry [88], VIII) crosslinking of polymer [89], IX) Diels-Alder-reactions of the 
polymer or CTA [90], X) water-solubility of the CTA [84, 91, 92], XI) addition of a polymer-chain to 
the CTA [93]) and application of a bioactive compound, such as a biotine derivative to a CTA XII 
[94]. 
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Furthermore, the R-group can be chosen to enable water solubility of the CTA X in case the 
polymerization should be performed in aqueous environment as described by Mertoglu, 
Baussard and Lowe [84, 91, 92] or the addition of a polymer-chain to the CTA enabling the 
synthesis of multiblock-polymers or adding polymer segments that would cause problems in 
the synthesis of later block copolymers XI [93]. Also biological active compounds like biotine 
derivatives XII for medical applications can be added to the polymer terminus applying a 
CTA as reported by Bathfield et al. [94]. 
 
Besides these interesting possibilities, defined end groups supply a versatile method for 
molecular characterization via UV- and NMR- in cases where GPC measurements fail- which 
is in fact true for most homopolymers such as poly(pentafluorostyrene) (M7), poly(N-
isopropylacrylamide) (M1) or poly(N-acryloylpyrrolidine) (M2) or block copolymers 
including the latter polymers as an appropriate calibration standard is not readily available. 
Mostly GPC calibration is made applying PS-standards, resulting in invalid numbers for Mn, 
Mw and Mz because the hydrodynamic values are not comparable [95]. The only reliable 
information from these elugrams is the distribution of the polymer being mono- or bimodal.  
 
 
2.6  Fluorescent labels 
 
As already reported, fluorescent labels (e.g. for FSC studies or investigating the diffusion 
behaviour of polymers in special solvents [96] or the hydrodynamic diameter of labelled 
particles [97]) have already been successfully synthesized by Zhou et al. XIII + XIV [98] and 
by Mertoglu et al. [84] for working in aqueous solutions XV. Mertoglu used them for 
determination of the Z/R-ratio or his block copolymers and molar mass determination. The 
CTAs are shown in figure 7: 

 

 
Figure 7: Non-symmetric and symmetric RAFT agents bearing fluorescent labels for application in 
both organic [98] and aqueous media [84]. 
 
The problem with this kind of labels is that most of the fluorescent molecules are stiff and 
their solubility-and thus the solubility of the CTA- is limited. Consequently a common solvent 
for both CTA and monomer has to be found, or the polymerization has to be conducted in a 
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solvent mixture or a biphase system, which might lead to very broad molecular weight 
distributions due to a lack of control [99].  
 
Furthermore, often problems occur due to fluorescence quenching, limiting the use of that 
method especially in combination with the RAFT process. Farinha et al. [100] report the 
quenching of coumarin 343 (C343) fluorescence by four different chain transfer agents (CTA) 
used in RAFT polymerizations: carboxymethyl dithiobenzoate (CMDB), tert-butyl 
dithiobenzoate (tBDB), menthonyl dithiobenzoate (MDB), and bis(3-methylbutyl)-2-
(thiobenzoylthio)succinate (MBTS). They interpreted the results of stationary and time-
resolved fluorescence measurements of C343 with the different CTA and macroCTA with a 
single kinetic model, which considers the reversible formation of a C343-CTA exciplex and 
static as well as dynamic quenching of C343. Additionally, the photophysical properties of 
tert-butyl mercaptane (tBM), resulting from the aminolysis of the tBDB dithioester, were 
additionally studied applying the same experimental conditions, confirming that the thiol 
group does not quench the C343 fluorescence. This was further tested by converting 
poly(DcA)-MBTS to the corresponding thiol-ended chain, eliminating the fluorescence 
quenching of coumarin previously observed. This might be the reason why York et al. [101] 
attached rhodamine as a fluorescent label after synthesizing the diblock copolymers via the 
RAFT technique and subsequent aminolysis of the Z-functionality. On the other hand, De et 
al. reported the synthesis of trithiocarbonate CTAs bearing a boronic acid group and diblock 
copolymers thereof, and confirmed the identity of the boronic acid end-groups by reaction 
with the dye alizarin. In the presence of boronic acids or boronates, the catechol of alizarin 
creates a boronic ester or boronate ester, respectively, which emits orange fluorescence upon 
excitation with long-wavelength UV irradiation [102]. Due to the described problems and 
controversal results, the design of a fluorescent label was postponed and focus shifted on 
other methods for reliable determination of the molar mass. 
 
 
2.7  Features of mono- and bifunctional trithiocarbonate RAFT agents for reliable 
determination of the molar mass 
 
 
The following 1) absolute, 2) relative and 3) equivalent methods are typically used for 
determination of the molar mass [103-106]: 
 
1) Absolute methods: colligative properties (cryoscopy, ebullioscopy, osmometry), static light 

scattering, ultracentrifuge and MALDI-ToF 
 
2) Relative methods: viscometry, GPC, field-flow-fractionation 
 
3) Equivalent methods: end-group analysis (via NMR, IR, UV-Vis, elementary analysis) 
 
 
Cryoscopy, ebullioscopy, viscosimetry, osmometry, static light scattering, field-flow-
fractionation and ultracentrifuge are time consuming; especially the three latter ones need 
high mathematical effort and the interpretation is often ambiguous. 
For GPC measurements a proper solvent has to be found and especially with NIPAM- and 
NAP-containing polymers aggregation and adsorption phenomena at the column cannot be 
avoided, leading to mistakes. Furthermore, no readily available standards for the calibration of 
these systems exist. For this reasons, the analysis of block copolymers is always challenging 
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using GPC. MALDI-ToF can be a useful tool for the determination of the molar mass also of 
block copolymers but a proper matrix must be found first and the molecular weight 
distribution has to be narrow (around 1.2). In case the chemical structure of the 
molecule/polymer is known, end-group analysis via NMR, IR or UV-vis can be a versatile 
tool and an absolute method. The methods require no huge apparative effort. Adsorption or 
aggregation phenomena do not show an influence on the result, which is a drawback when 
applying e.g. viscometry measurements.  
 
Considering all the described problems, analysis of Mw applying end-group determination is 
coming into focus. Using the RAFT method, appropriate labels for UV- and NMR-
spectroscopy can be attached to the polymers via functionalization of the R- and Z-groups of 
the trithiocarbonates. The only drawback of this method is that a loss of endgroup must be 
avoided otherwise leading to wrong results (= too high molar masses). Therefore, the 
conversion of the polymerization should not exceed 60 % [69]. 
 
 
2.8  Analysis of Mn of polymers using 19F-NMR-spectroscopy 
 
 
NMR-spectroscopy is a mighty tool for both the analysis of low molecular weight compounds 
and polymers. It can be used for controlling the purity and conformation of the synthesized 
compounds [107] as well as the tacticity [107], chain mobility [107] and molecular weight 
(Mn) of polymers by end-group analysis [35]. The significance of NMR-spectroscopy with 
heteronuclei can be seen from the numerous kinds of publications, monographs, review 
articles and tables existing. The most important non metallic nuclei in NMR-spectroscopy are-
besides 1H and 13C- 15N, 33S, 31P, 29Si and 19F [108]. The big advantage of 19F-NMR 
spectroscopy is the F-nucleus being as easy to investigate as a simple H-nucleus and fluorine 
representing a half spin nucleus with a natural abundance of 100 % (pure isotope), almost as 
sensitive as a proton in 1H-NMR spectroscopy [109]. Fluoro compounds are not so much 
widespread in nature compared to those containing only carbon and hydrogen, which enables 
the easy detection of such compounds in 19F-NMR without other signals disturbing. 
 
As a reference substance trichlorfluoromethane is used as an internal standard, although the 
chemical shift of 19F is independent of solvent, concentration and temperature [109]. The 
organic compound is inert, volatile and can be mixed with different organic compounds. As 
the compounds` signal is located at lower strength of the field compared to those of most of 
the organic fluorocompounds, 19F chemical shifts mostly show negative values.  
 
 
 

 

 2.9  19F-labelled dithiocarbonates and xanthates 
 
 
Properly working CTAs belonging to the class of dithioesters bearing a fluorinated moiety 
either at the Z- or the R-group have been reported by few authors only. For example, Lebreton 
et al. [110] and Bengalia et al. [111] synthesized CTAs either fluorinated at the R- or the Z-
moiety as shown in figure 8: 
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Figure 8: Dithioesters bearing a fluorinated chain connected to the R-group via a spacer successfully 
polymerized styrene, MMA, EA and 1,3-butadiene (XVI-XVIII); the species bearing fluorinated Z-
groups (XIX-XXI) enabled the polymerization of MMA [110, 111].  
 
Lebreton et al. [110] were able to successfully polymerize styrene, MMA, EA and 1,3- 
butadiene applying the RAFT agents bearing a fluorinated chain connected to the R-group 
(XVI-XVIII). This way, a short, fluorinated moiety can be introduced to the polymers 
terminus via the RAFT-agent avoiding an additional polymerization step. Thus, it can be seen 
as a smart way to achieve fluorine end-capped polymers in just one polymerization step. 
Bengalia [111] applied RAFT agents bearing fluorinated moieties at the Z-group for the 
polymerization of MMA (XIX-XXI). Obviously also in this case, the fluorinated moieties 
showed no disturbing influence on the RAFT process resulting in the well-controlled 
polymerization of MMA monomers leading to polymers showing a low molecular weight 
distribution and distinct molar masses.  
 
Even more variations of Z-groups modified with F atoms were reported [111] (figure 9):  
 

 
 
Figure 9: Further CTAs bearing a variable fluorinated Z-group presented by Benaglia (XXII, XXIII) 
[111]. 
 
Dithioesters bearing a differently fluorinated Z- or R-group successfully polymerizing 
different monomers were also reported by Takopuckdee et al. XXIV [112], Albertin et al. 
XXVI + XXVII [113] and Moad et al. XXV [114] (figure 10 a): 
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Figure 10a: Dithioesters bearing a differently fluorinated Z-group successfully polymerizing 
different monomers reported by Takopuckdee et al. XXIV [112], Albertin et al. XXVI and XXVII 
[113] and Moad XXV [114]. 
 
 
 

 
 
Figure 10b: F-dithioester XXVIII [60].  
 
 
Also a RAFT-agent bearing a fluorine Z-group XXVIII -which can be seen as a Z-label at the 
same time- has been reportet by M. Coote et al. [60] (figure 10b). These first computationally 
designed class of RAFT agents, the fluorodithioformates or F-RAFTs were designed as 
multipurpose RAFT agents able to control both monomers with stable and unstable 
propagating radicals [60]. 
 
 
Despite the labelling aspect, the introduction of electron-withdrawing substituents such as 
fluorine to the dithiobenzoate ring (Z-group) leads to a higher activity of the chain-transfer 
agent resulting in a narrower molecular weight distribution especially in the first two hours of 
the polymerization process [32, 60]. The opposite effect was described for electron-donating 
substituents [32, 60]. Also substituents on the ring system reducing the conjugation of the 
phenyl with the C=S group reduce the effectiveness of the RAFT agent. Substitution of the R-
group against a bulkier species was also reported to improve the MMA polymerization 
remarkably [32]. The effect of an electron attracting substituent on the stabilities of the 
radicals involved in RAFT-mechanism was partially studied by M. Coote (vide supra). 
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Therefore, it could also be interesting to study the effect on polymerization rates of zero, one 
or two CF3 functions in the R-group. 
Furthermore, also fluorinated MADIX agents or so called xanthates [31, 32] have been 
successfully applied in the polymerization process. Chiefari et al. and Destarac et al. 
introduced a fluorine bearing dithiocarbonate, PFPBX-MADIX XXIX [115] and PF-MADIX 
[116] agent XXX, as well as Postma et al. XXXI [117] and Wan et al. XXXII [118] (figure 
11): 
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Figure 11: Fluorinated xanthates applied in RAFT polymerization process presented by Chiefari et 
al. XXIX [115], Destarac et al. XXX [116], Postma et al. XXXI [117], Wan et al. XXXII [118] and 
Girard et al. XXXIII [119]. 
 
 
Especially the xanthate recently presented by Girard et al. [119] XXXIII enables the synthesis 
of well defined polymers in supercritical CO2 due to the fluorinated end groups providing 
good emulsification properties. Thus, introducing an F-label to the Z- or R-group led to RAFT 
agents enabling the synthesis of different polymers of low molecular weight distribution. 
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Chapter III: Behaviour of amphiphilic block copolymers in solution 
 
 
 
3.1  Aggregation behaviour of amphiphilic polymers 
 
 
Self-assembly of block copolymers leads to the formation of aggregates or micelles of various 
forms [120, 121, 122]. The micellization of the block copolymers is dependent on their 
composition [112, 213]. Polymers consisting of highly hydrophobic blocks such as e.g. 
styrene (M3) show different micellization behaviour than those composed of more 
hydrophilic ones. Styrene (M3) containing amphiphilic polymers display a lower CMC (= 
lower critical solution temperature) in water compared to polymers composed of less 
hydrophobic ones [123]. Garnier chose e. g. poly(butyl acrylate), a quite hydrophobic 
monomer, for the hydrophobic block of all diblock copolymers reporting that no CMC could 
be detected down to 1⋅10-5 g⋅mol -1 [69]. In case of the blocks -such as poly(styrene)- showing 
a high glass transition temperature, the dynamics of the micellar systems formed are slow [69, 
124, 125] . Micelles with a glassy core are formed, referred to as frozen micelles, allowing 
almost no exchange of polymer between the micelles. Most studies however have focused on 
the micellization behaviour of commercially available PEO-PPO and PEO-PBO diblock 
copolymers [126-128]. For BAB-systems, almost no data except for Pluronic® or Poloxamer ® 
polymers are available. 
 
In order to optimize the performance of formulations and technical processes, often different 
surfactants are combined [36]. So far, only few mixed systems of amphiphilic block 
copolymers have been studied [36, 96] and most studies deal with the mixing of Pluronics® 
[129, 139]. Mixing two different kinds of polymeric micelles is possible in case mixing is 
related to a gain in both enthalpy ΔH and entropy ΔG and no unfavourable interactions such 
as electrostatic repulsion and phase separation are present between the polymers [103]. 
Whereas mixing often enables a gain in entropy, the gain in enthalpy is often negative, 
especially when working with polymers. Consequently, the gain in entropy is the crucial 
factor for the formation of mixed aggregates. 
 
 
3.2  Gels  
 
 
Many natural compounds such as collagen and its derivative gelatine, hyaluronates, fibrin, 
alginates, agarose and chitosane form gels [35]. 
 
The word “gel” can be deduced from “gelatine” (lat. gelatum= frozen material), which 
represents a decomposition product of collagen. Gels [35] can be considered as two 
component systems, consisting of about only 5 % of polymer network and about 95 % of 
swelling agent. In the case of hydrogels, water is applied as a swelling agent. It enters the gel 
structure via diffusion making the gel subsequently swell. Hydrogels can show different 
structures such as linear-, block-, graft- or interpenetrating networks and polymer blends. 
They are either natural polymers or derivatives of natural polymers, synthetic polymers or a 
combination of both. 
 
Hydrogels are achievable following different synthetic pathways [140]. For the preparation of 
hydrogels in this work, gel formation via physical crosslinking using amphiphilic BAB-



Chapter III: Behaviour of amphiphilic block copolymers in solution 

 
 

16

triblock copolymers was chosen. The amphiphilic polymers create physically crosslinked 
micelles forming due to self-assembly in aqueous environment. 
 
 
3.3  Rheology 
 
 
The term rheology was inspired by the quotation of Simplicius “panta rei”, meaning 
everything flows. In general, rheology is concerned with the flow behaviour of material [132]. 
It plays an important role in the characterization of the mechanical properties of substances 
having a complex structure, e.g. foods [133, 134], non-plastic materials (e.g. creams [36], 
pharmaceuticals [36], suspensions [135], sludges [136]) as well as polymer melts and their 
solutions [137-140]. A crucial parameter in this context is the dynamic viscosity η 
representing the internal friction of the system.  
 
 
3.3.1  Rheology investigations on gels 
 
 
As adressed in the introduction, a gel can be seen as highly swollen, chemical or physical 
crosslinked polymer in which the taken up liquid is strongly bound. Rheologic investigations 
of hydrogels show viscoelastic properties lying between those measured for a solid and a 
liquid. The gels prepared from the BAB-triblock copolymer systems belong to the class of 
physical crosslinked gels achieving crosslinking via bridging of the micelles formed in 
concentrated aqueous solution. From a physical point of view, gels are only slightly deformed 
by hydrostatic pressure, whereas shear forces induce strong deformations on the material [35]. 
Applying rheology measurements, the elastic properties of micellar gels prepared from BAB-
triblock copolymers can be studied and the concentrations necessary for gel formation from a 
distinct polymer or polymer type can be determined and accurately selected from the samples 
showing liquid behaviour. Investigations on thermosensitive BAB-systems applying rheology 
measurements have been described by Jeong et al. and Bivigou et al. [141, 142].  
 
 
3.3.2 Rheology investigations on polymer solutions [35, 143] 
 
 
A liquid arranged between two plane-parallel plates can be seen as an arrangement of thin 
layers lying upon each other (figure 11). In order to dislocate two proximate layers against 
each other, a force is required. The force relating to the area needed to keep the material 
flowing is defined as the so-called shear stress τ. 
 

area

force
 =τ      [Pa]  (equation 2) 

 
 
The shear stress is affecting the top layer of the fluid. The molecules within the layer transfer 
a part of this impulse on the following layer due to the internal friction resulting in a laminar 
flow of the liquid. For homogenous media the flow speed is declining linear with the distance 
x from the moving plate (figure 11). The difference in velocity Δv referring to the distance of 
the plates is denominated as the velocity gradient or shear rate γ . 
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[ ]1
 xdistance plate

Δν differencevelocity 
γ −= s  (equation 3) 

 
 
Following the law of Newton, the shear stress τ can be directly correlated to the shear rate γ. 
The constant of proportionality is the dynamic viscosity η, depending on pressure and 
temperature.  
 
 

γ rateshear 

 τstressshear 
 η =  (equation 4 ) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Dynamic viscosity in a liquid induced by applying a force to plain A and B. 
 
-Demonstration of the dynamic viscosity 
 
 
The energy needed to keep the material flowing will be irreversibly transformed into heat 
energy. For a quantitative measurement of this energy, which is a direct value for η, the liquid 
is exposed to a force τ and the speed of velocity γ is being determined. 
 
 
-Flow characteristics of polymers and polymer solutions 
 
 
Plotting the determined values for the shear stress τ against the shear rate γ in a graphic chart 
will result in the so-called flow-curve; plotting the dynamic viscosity against the shear rate 
will yield the viscosity function of the investigated material. If the viscosity is not changing 

with increasing shear velocity const.ηγ),(fη =≠  , the substance is referred to as an 
Newtonian fluid. Water and many other organic solvents show this ideal flow behaviour. 
Other substances have to overcome a certain modulus of force -the yield stress- as a 
barrier/limit before they are able to reach the ideal state of flowing. These substances are 
referred to as so-called Bingham-materials. The decrease of viscosity with increasing shear 
velocity towards a certain limit is denominated as shear thinning or pseudo-plastic behaviour. 

plain B 
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force 
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With polymer solutions this behaviour can be found when intermolecular hydrogen bonds are 
formed between the polymer strains or –depending on the length of the polymers- 
entanglements are formed in a way that they get disconnected faster than being reformed at 
high shear rates. This phenomenon was described first by the theory of Grassley. In case the 
viscosity is increasing together with the shear velocity, the material is referred to as shear 
thickening or dilatant (Examples: ketchup or non-drippy wall-paint). For example, graft 
copolymers composed of a water soluble backbone and hydrophobic arms work as associative 
thickeners [332]. The described flow-behaviours are graphically displayed in figure 13 and 
figure 14: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Schematic figures of flow anormalities in flow curves [35, 143]. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Schematic figures of flow anormalities in viscosity curves [35, 143]. 
 
 
Investigating ideal materials, the first- and backcycle are congruent when the shear velocity is 
first increased to a certain maximum limit and afterwards diminished. In case the graphs are 
not congruent the flowing behaviour is time dependent. In this context, two phenomena worth 
mentioning exist: thixothropic and rheoplectic behaviour.  
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Thixothropic materials show a decrease of the viscosity at a constant shear velocity to a 
certain limit, increasing temporally delayed with diminishing shear velocity. Thixothrophy 
can often be found with gels of linear polymers. The opposite case, the viscosity growing with 
constant shear rate and then diminishing with time is called rheoplexy. The described 
phenomenon is quite seldom and can be investigated when dissolving gypsum in water.  
 
 
-Zero-shear viscosity [35, 143] 
 
 
The dependence of the shear viscosity on the shear stress can be divided into three regions. 
With small shear velocities the material will behave like a Newtonian fluid (1.st Newton area). 
Within this interval the molecules are able to relax fast resulting in the viscosity being 
independent of the shear speed; therefore it is also referred to as zero-shear viscosity η0. 
Encountering a certain critical shear velocity, the logarithm of viscosity will drop with the 
shear gap with the material under investigation showing non-Newtonian behaviour in the so-
called power-law-region. 
 
 
-Temperature dependent behaviour of the viscosity [35, 143] 
 
 
Besides molecular properties (e.g. molar mass, the polydispersity, type of repetition units) and 
other parameters such as pressure, concentration and type of solvent the viscosity of polymer 
solutions is strongly dependent on the temperature. The temperature dependence of the 
viscosity η can be described by the Arrhenius-equation in good approximation: 
 

RT

E#

ekη ⋅=  (equation 5) 
 
 
K is a constant factor, E# is the activation energy for flowing ([J mol-1]; T is the absolute 
temperature [K] and R is the gas constant (8.31441 J mol-1K-1) 
 
In rheology, k is often defined as viscosity at a defined temperature. This enables the 
introduction of the shift-factor aT describing the viscosity behaviour of the material depending 
on the temperature normalized to a reference temperature (normally 20 °C). 
 

C20T0,

T0,
T

η

η
a

°=
=  (equation 6) 

 
 
Introducing the logarithm to equation is leading to a linear equation. From the slope of the 
equation the flow-activation energy E#, which is specific for a certain material, is accessible. 
Plotting η measured at different temperatures against the reciprocal temperature and 
analyzing the slope of the plot, yields E#. It becomes evident, that a high activation energy 
stands for a high dependence of the viscosity on temperature. Examining a polymer solution, 
the value for E# is positive and higher compared to that of the solvent. In most cases negative 
values are not possible. 
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TR

E
k

1
lnln

#

⋅+=η  (equation 7) 

 
with η representing the viscosity,  k as a constant factor, E# representing the activation energy 
for flowing ([J mol-1]; T is the absolute temperature [K] and R is the gas constant (8.31441 J 
mol-1K-1) 
 
 
 
-3.3.3 Oscillation rheology [35, 143] 
 
 
With oscillation rheology the sample under investigation is subjected to oscillating 
deformation at small amplitudes. The measurements provide access to the investigation of 
complex rheologic characteristics of the material. In contrast to rotation experiments, shear 
strain experiments are not influenced by the shear velocity. The values for shear strain are 
achieved from the frequency and amplitude of the oscillation the sample is subjected to. In a 
first investigation step, the linear-viscoelastic area of the sample has to be determined. After 
adapting the oscillation to sufficiently small values the assumption is valid, that the drawback 
force, pulling the molecules back into their rest position, is proportional to the distance from 
it. This fact offers the advantage to investigate viscous and elastic parts of the stored energy 
apart from each other. The time dependent oscillation can be described by the following 
equation: 
 
 

t)sin(ωAy(t) ⋅⋅=  (equation 8) 
 

y= deflection at time (t), A= amplitude, ω= angular frequency, 
2π

ω
ν = , ν= frequency of 

oscillation 
 
 
The derivative of the shear strain with respect to time results in the shear velocity γ: 
 
 





 +===

2

π
ωtωAsinωAcos(ωt)γ

dt

dy(t)
  (equation 9) 

 
y= shear velocity , A= amplitude, ω= angular frequency 
 
 
The response of the sample (τ(t)) -the resulting deformation- to the deflection y(t) is 
oscillating with the same frequency but phase delayed by a phase difference angle δ. The 
circumstance is depicted in figure 15: 
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The amplitude of the measured function is dependent on viscous, the phase delay on elastic 
parts of the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Excited oscillation and reaction of the probe (shear stress) are phase-shifted. δ is referred 
to as the so-called phase angle. 
 
 
 
The sinusoidal shear stress τ in dependence on the time t can be described by the following 
equation:  
 

δ)sin(ωiττ 0 +⋅=  (equation 10) 
 
τ= sinusoidal shear stress, ω= angular frequency, δ= phase angle 
 
 
 
τ0 is the maximum amplitude of the shear stress, diminishing with the distance of the 
oscillating probe. 
 
 
The phase difference angle δ and the amplitude of the shear stress are the basic measurement 
categories in a rheology oscillation measurement. Depending on the value for the phase angle 
δ, the following material classification can be made by definition: 
 
 
 
δ=  0° = > pure elastic material 
 
δ=  90° = > pure viscous material 
 
0° < δ < 90° = > viscoelastic material 
 
 

y (t) τ (t) 

δ 
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Chapter IV: Surfactant properties of fluorinated and non-fluorinated block 
copolymers 
 
 
 
4.1  Surface activity 
 
 
Due to their amphiphilic structure, block copolymers are able to accumulate at the interface 
between air and water exposing their hydrophilic segments in direction of water and hiding 
their hydrophobic segments away from water by orientating them towards the gas phase. This 
process is referred to as adsorption [36, 144, 145]. This behaviour leads to a lowering of the 
free interfacial energy per unit area, which can be characterized by the surface tension γ. The 
surface tension of surfactants, especially the polymeric ones, is gradually decreasing with 
increasing concentration due to a slow, gradual accumulation of the polymeric surfactant in 
the monolayer. The Gibbs adsorption isotherm describes this behaviour: 
 

Cd

d

RT ln

1 γ⋅−=Γ  [146] (equation 11) 

 
 
Γ= excess concentration of surfactant in the surface layer, γ= surface tension, C= 
concentration 
 
The surfactant molecules in the layer are in equilibrium with the non-aggregated molecules in 
solution (unimers). Therefore, when the critical micellization concentration is reached, the 
value for the surface tension remains virtually constant from that point on due to a constant 
concentration of unimers in solution. Depicting the surface tension against the surfactant 
concentration, a break in the graph can be found representing the CMC of surfactants [36, 
144, 145, 147]. 
 
 
4.2  Classification and properties of polymer surfactants 
 
 
Depending on their molecular structure, two different types of polymer surfactants can be 
distinguished [148]:  
 
 

- macro-surfactants 
 
- polysoaps 

 
 
Macro-surfactants are defined as amphiphilic block copolymers and graft copolymers with the 
complete macromolecule behaving like an amphiphile. Within this surfactant class, different 
architectures can be realized. An amphiphilic block copolymer consists of both a hydrophobic 
block insoluble in water and a water soluble hydrophilic block covalently bound to each other 
[36, 144, 145]. Polysoaps consist of amphiphilic repeat units which do not necessarily have to 
be covalently bound to each other [148]. 
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Amphiphilic block copolymers like BAB-triblock copolymers or CF-end capped polymers 
belong to the class of macro-surfactants. They show different interesting features. In a 
selective solvent for one of the blocks, the reversible aggregation process is analogous to the 
micellization process of low molecular weight surfactants and occur by closed association 
processes [36, 144]. This self-assembly process occurs due to an unfavourable mixing 
enthalpy and small mixing entropy. The block segments try to separate, but the covalent 
bonds between them avoid a macroscopic phase separation of the blocks [36].  
 
The majority of conventional surfactants is composed of a polar head group and a 
hydrocarbon chain as the surfactants tail [149]. The tail is either of aliphatic or alkylaryl 
nature. The minimum surface tension achievable using this type of surfactants is in the order 
of 26-28 mN/m [36, 145]. In case an even lower surface tension is required, e.g. for special 
applications like spreading water-based formulations on surfaces on polyolefines or spreading 
aqueous foams on top of burning oil [145], speciality surfactants are used. 
 
Extreme reduction of the surface tension is possible applying silicone surfactants and 
fluorinated or perfluorinated surfactants, able to lower the surface tension down to 20 mN/m 
[36, 145]. Silicone surfactants are based on polydimethylsiloxane moieties for the non-polar 
group, whereas fluorinated surfactants contain a fluorocarbon or a combination of 
hydrocarbon and fluorocarbon moieties for the surfactants tail. 
Fluorinated and perfluorinated surfactants show the following general structures [36]: 
 
 
CF3-(CF2)n-X perfluorinated surfactants 
 
CF3-(CF2)n-(CH2)n-X fluorinated surfactants 
 
 
X represents a polar group, which can be charged or uncharged. The fluorocarbon chain is 
mostly short, with n showing a value of about 5-9 [150, 151]. The perfluorinated species is 
composed of CF-groups only, whereas the fluorinated samples contain also –CH2-groups as a 
spacer [36]. The number and location of the F atoms determines the surfactants behaviour [36, 
145]. Originating from the strong inductive effect of the fluorine atomes, fluorinated 
surfactants are often strong acids and relatively insensitive towards low pH-values or hard 
water [36, 145]. The commercially available products are mostly a mixture of homologues. 
 
 
4.3  The outstanding properties of fluorinated surfactants 
 
 
Fluorinated surfactants display outstanding properties making them prone for special 
applications (also valid for silicone systems) [36, 145]:  
 
 
- tremendous lowering of the surface tension (down to about 20 mN/m) 
 
- powerful antifoamers 
 
- excellent wetting and spreading behaviour on low-energy surfaces 
 



Chapter IV: Surfactant properties of fluorinated and non-fluorinated block copolymers 
 

 
 

24

They are used for rendering surfaces, e.g of textiles or paper and as surfactants in paints or 
other non-aqueous formulations due to their surface activity in organic solvents [145]. Fluoro- 
and silicone surfactants are the only surfactants suitable for the use in non-aqueous systems 
[36, 145]. A disadvantage of perfluorinated surfactants is their high production costs and 
especially their poor biodegradability, leading to persistence in environment [152, 153].  
The HLB (hydrophobic-lipophilic balance) of the polymers can be adapted by carefully 
playing with the length of the hydrophilic and hydrophobic blocks of the BAB- and ABA-
systems as well as the hydrophobic and lipophobic blocks of the CF end-capped polymers. 
 
 
4.4  The HLB-concept 
 
 
For classifying the surfactants properties, Griffin developed the concept of the hydrophilic-
lipophilic balance (HLB-concept) for non-ionic surfactants [36, 144, 145, 154]. The HLB-
value attributes a characteristic number for a surfactant molecule. Applying this concept, the 
nature of the surfactant can be determined by simple calculations [36]. The concept was 
further developed by Davies, presenting a scheme giving the chemical groups present in a 
surfactant specific HLB group numbers [36]. By variation of the length of the hydrophobic 
block, the HLB of a surfactant can be tuned [36]. Due to the HLB-scheme, possible 
applications for surfactants can be deduced [36, 145], e.g: 
 
 
-Emulsifiers for w/o emulsions should be hydrophobic showing and HLB number of 3-6 
 
-Emulsifiers for o/w emulsions should be hydrophilic displaying an HLB number of 8-18 
 
 
Unfortunately, only a restricted number of polymers can be classified using this system and 
the numbers are strictly valid only at room temperature for non-ionic surfactants.  
As a general rule, the investigated BAB-systems become more hydrophobic with the length of 
the hydrophobic B-blocks (M3, M7) increasing, keeping the length of the hydrophilic 
PNIPAM (M1) block constant. Heating aqueous solutions of the BAB-systems above the 
cloud point will result in a completely hydrophobic polymer due to the hydrophilic PNIPAM-
block (M1) collapsing changing the HLB of the system completely (HLB shifted to values 
below 8). 
 
 
4.5  Foams 
 
 
Foams appear in context with all kinds of cleaning activities such as shaving, showering, 
cleaning laundry and at the surface of beverages such as beer. All described foams have to 
fullfill different criteria: a foam used for shaving or beer foam should be stable and show 
good foaming activites [155], whereas a detergent for laundry cleaning using a washing 
machine or dishwasher should show defined foaming activities only [36]. Also for industrial 
applications the knowledge of the foaming activities of a liquid for example in a reactor or in 
case the liquid should be pumped, destilled or transported is crucial [36, 156, 157].  
Foams can be described as dispersions of a gas in either a liquid or a solid [36, 158]. This 
work deals with the dispersions of gas in a liquid. Almost all liquid foams are not 
thermodynamically stable [36, 144]. Foams can only be gained from mixtures, pure liquids 
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never foam [36]. As a general rule, anionic-, cationic and amphoteric surfactants are often 
good foaming agents, whereas non-ionic surfactants, like the foams created from polymer 
surfactants such as BAB-triblock copolymers described in this thesis, tend to less foam 
formation [36]. Foam formation is a characteristic feature for low molecular weight and 
distinct polymer surfactants (also examples for non-foaming polymeric surfactants exist [36, 
159]. The foaming ability and –stability is characteristic for a distinct surfactant. 
 
 
4.5.1  Foam formation and stability 
 
 
From a kinetic kind of view, two different kinds of foam categories can be distinguished: 
Metastable or permanent foams having a lifetime of hours or days and transient foams having 
a lifetime of seconds [36, 160]. In general, surfactants bearing a high value for the HLB (= 
hydrophilic-lipophilic balance) show a good formation of foams having a high stability 
whereas surfactants bearing a low value for the HLB do not show this behaviour and are often 
used as foam inhibitors [36, 144, 145]. The ratio of gas to liquid is responsible for the 
appearance of the foam and is referred to as the foam number [36]. Spherical gas bubbles with 
thick liquid lamellae can be observed with low foam numbers whereas at high foam numbers 
polyhedral gas bubbles with thin, planar lamellae are formed. Normally a foaming liquid 
shows both types of bubbles with the polyhedral gas bubbles located above the spherical ones 
[155, 158]. Effective foaming agents have to display a rapid movement to newly created 
interfaces and need a high concentration of free molecules not bound in micelles, similar to 
wetting agents [36]. 
 
 
Two conditions are crucial for the formation of a foam [36]: 
 
- One component must show surface activity. Most organic substances show low surface 

tensions. Mixing organic compounds with water therefore leads to foam formation. 
 
- The formed foam film must own surface elasticity; that means the film has to be pulled back 

after stretching to its former, original position. The surface elasticity E can be defined as: 
 
 
 

dA

dγ
AE =  (equation 12) 

 
 
with A, the surface area and γ, the surface tension 
 
 
The mechanical properties of the surface layers and thus the foam stability are controlled by 
the adsorbed surfactant film. Nevertheless, the stability and drainage of liquid foams is not 
fully understood and affected by many factors such as mechanical disturbances or 
environmental stress. More experiments are necessary for understanding the activity at the 
interface of these complex systems.  
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4.6 The preparation of emulsions and their stabilization 
 
 
Emulsions can be encountered in various types of industrial applications such as emulsion 
polymerization of styrene [161], acrylic paints for artists or buildings [162], pharmaceutical 
[163], cosmetical and personal care products [164-166], foods [167] and much more [168, 
169]. In general, an emulsion can be described as a thermodynamically instable, 
heterogeneous system composed of two non-miscible liquids dispersed in each other in the 
form of small droplets with the diameter ranging between 0,1 μm and 200 μm [36, 144]. 
Depending on the composition of the mixture and the hydrophobic-lipophilic balance (HLB) 
of the applied surfactant, three different types of emulsions can be distinguished [36, 144]: 
 
 
- the oil-in-oil systems (O/O),  
 
- the oil-in-water systems (O/W) or  
 
- the water-in-oil (W/O) systems 
 
 
Factors like the electrolyte concentration in water, the polarity of the applied oil and the 
chosen water to oil ratio may also influence the type of emulsion formed [36]. The most 
important systems among them are the oil in water and water in oil systems [144].  
 
For the successful preparation of emulsions the surfactant has to fulfil two crucial conditions 
[36, 144]: 
 
 
- The surfactant must be able to reduce the interfacial tension between the oil and water to 

small values. The triblock copolymers could fulfil this requirement and especially the 
fluorinated species are known to drastically lowering the surface tension.  

 
- The surfactant must be able to reach the newly developed surface quickly in order to 

stabilize it against coalescence. For achieving rapid diffusion, low to medium molar weight 
surfactants are preferred.  

 
 
Macro surfactants of different architectures and compositions- also ABA- and BAB-systems 
[170-172] have proved to be efficient stabilizers in emulsion formation via steric stabilization 
[36, 173]. The stability of the emulsions can be varied by using polymeric thickeners. E.g, 
hydrophobically modified polymers can adsorb at the interface between two phases and 
simultaneously thicken the emulsion [174, 175]. The application of stimuli-responsive 
polymers, like pH- or thermo-responsive block copolymers [176, 177] can lead to smart 
emulsions sensitive to environmental changes. Especially supramolecular surfactants, among 
them block copolymers, have turned out to be good stabilizers for multiple emulsions, in 
which the droplets of the phase dispersed include even smaller dispersed droplet [178, 179]. 
In this study the ability of the fluorinated and non-fluorinated BAB-triblock copolymers to 
form emulsions was investigated. The study of these polymers as possible emulsifiers is 
interesting for their molar mass is still not too high and especially the fluorinated block 
copolymers could serve as emulsifiers for fluorinated oils. 
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In the emulsion process, an initial large droplet of the disperse phase with an area of A is 
spread in the continuous, immiscible phase in the shape of many smaller droplets creating the 
total area A` with ΔA= A`- A >> 0. During the process, the free energy is changing due to the 
positive value for the surface energy term ΔA·γ1,2; in which γ represents the tension of the 
interface between both phases, and the positive value for the entropy of dispersion T·ΔSdisp 

[69, 144]. 
 
ΔGemulsification=  ΔA·γ1,2 - T·ΔSdisp  (equation 13) 
 

 
In most of the studied cases, the values for ΔG are positive, implying a non-spontaneous 
formation of the solution. The emulsification has to be forced by adding energy in form of 
sonication or stirring to the system. 
 
The stability of emulsions is depending on different factors [36, 144]. The most important are 
the HLB of the used surfactant and its mechanical properties at the interface, the miscibility of 
the phases and the viscosity of the outer phase, the strength of the repulsive forces between 
the drops and the interfacial tension γ1,2. The system is destabilized by van-der-Waals forces 
which are compensated by repulsive electrostatic forces in case an ionic surfactant is used or 
by repulsive forces in case a macro-surfactant is applied or both if using a polyelectrolyte as a 
surfactant.  
 
Emulsions are known to change their properties with time on different time scales. The time 
interval for changes can vary from seconds to years. Different processes leading to the 
destruction of the emulsion are known, originating from the influence of differences in 
density or the distribution of the particles size [36, 180, 181]. Flocculation occurs due to 
attractive Van-der-Waals forces and can be compensated by means of steric or electrostatic 
stabilization. Different particle sizes lead to the so-called Ostwald ripening in which 
molecules of the dispersed phase diffuse from small to large droplets causing a continuous 
increase of the droplet size. Coalescence is occurring due to the growth of the droplet size 
induced by the thinning and disruption of the interfacial film if two drops come in contact to 
each other. Creaming and sedimentation are originating from the influence of gravity with 
time especially in case the density of the disperse phase is lower compared to that of the 
continuous one and the higher the differences in density. In microemulsions the latter effects 
can be avoided due to the smaller size and thus volume of the droplets (d << 1 μm) 
diminishing the influence of gravity. 
 
 
4.7  Microemulsions 
 
 
Microemulsions were first observed by Schulman [182] and Winsor [183] in the 1950s. 
Microemulsions can be described as slightly opaque or homogeneously transparent mixtures 
of water, surfactant and oil as the third component [36, 184]. The nature of the applied oil and 
surfactant can be varied on a large scale. Compared to emulsions they are thermodynamically 
stable and show very low interfacial tensions (< 1mN/m, for comparison pure water 73 mN/m 
[36, 144, 145]).  
 
ΔGemulsification=  ΔA·γ1,2 - T·ΔSdisp < 0  (equation 14) 
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When preparing a microemulsion, co-surfactants like medium-chain alcohols are applied in 
defined relations to oil and water. The microstructure is dependent on the surfactants 
properties, especially the critical packing parameters [36, 144].  
 
Depending on composition, three different types of microemulsions can be distinguished. If 
oil is used as the excess compound, it is referred to Winsor I type; if water is used in excess it 
belongs to the category of Winsor II type and in case the microemulsion is prepared using an 
excess of both water and oil it belongs to the Winsor III type [36, 185, 186]. Microemulsions 
of Winsor IV type require huge amounts of surfactants which can be seen as a disadvantage 
for their applications (> 20 weight percent) [187]. 
 
This drawback can be compensated by adding little amounts of amphiphilic block copolymers 
which can improve the solubilization capacity of the used surfactants referred to as 
“efficiency boosting” in the literature [188]. Generally, amphiphilic polymers can strongly 
influence phase behaviour because of their impact on the bending rigidity of the surfactant 
film [189]. Especially in droplet microemulsions, very low concentrations of amphiphilic 
polymers suffice to interconnect microemulsion domains leading to ordering phenomena 
changing the phase behaviour [144]. The strong influence of amphiphilic polymers on the 
phase behaviour of microemulsions can be exploited economically and for environmental 
protection due to lower surfactant concentrations needed. In this context, the use of efficient 
surfactants is a disadvantage due to the formation of liquid crystalline phases, which are often 
highly viscous and result in phase separation in case the liquid crystalline phase coexists 
together with a microemulsion phase. Amphiphilic polymers can help to overcome these 
difficulties [186]. 
 
 
 
How can the influence of polymer on the microemulsion behaviour be understood? [186] 
 
The addition of block copolymer causes changes, which are closely connected to the increase 
in efficiency. The low interfacial tension between water and oil is reduced further after 
polymer addition in agreement with the behaviour of low molecular weight surfactants, where 
lower interfacial tensions were found for more efficient systems. Furthermore, the reduction 
of the total amphiphile content leads to the microemulsions becoming turbid; this means that 
the sizes of water and oil domains must get larger. A small angle neutron scattering study 
revealed that the characteristic length scale of the water and oil domains is inversely 
proportional to the volume fraction of surfactant. From this result the conclusion can be drawn 
that the block copolymer shows no influence on the overall interfacial area. This is given by 
the surfactant. However, the polymer allows stabilising larger structures that cannot exist 
without the polymeric additive. The theoretical explanation of this effect goes back on the 
Helfrich free energy. 
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Chapter V: Styrene and its derivatives suited for the permanently 
hydrophobic B-block  
 
 
 
 
5.1  Styrene 
 

 
 
 
Figure 16: Structure of styrene (M3) 
 
Styrene (M3) (figure 16) is among the most applied monomers in polymer chemistry. It can 
be polymerized using anionic and cationic polymerization technique [190, 191], tacticity 
controlled applying metallocene catalysts [192, 193], using controlled radical polymerization 
techniques like ATRP [31] and RAFT [31, 32] and, of course, free radical polymerization 
technique [31]. Furthermore, different reaction conditions like polymerization in solution 
[194, 195], emulsion- and miniemulsion [196, 197] and in bulk [198, 199] are possible.  
 
 
Free radical polymerization of styrene is possible with and without addition of an initiator. 
Besides the initiation of the polymerization via different kinds of initiators [200-203], 
electroinitiation [31], plasma [204] and pure thermal initiation is also possible and was 
simulated by Hui and Pryor [205, 206]. Styrene and substituted styrenes have been shown to 
undergo self-initiated polymerization [207, 208]. It must be pointed out that the rate of self-
initiated polymerization is much slower than the corresponding polymerization initiated by 
thermal homolysis of an initiator such as AIBN but far from negligible. The rate of self-
initiated polymerization rate for neat styrene at 60 °C is 1.98 . 10-6 [31, 209]. 
 
The two main theories for the thermal, self-initiated polymerization are those proposed by 
Flory and Mayo [31, 210, 211]. For the Mayo theory, in the initiation mechanism for styrene, 
first a Diels-Alder dimer is formed by a [4 + 2] addition between two styrene molecules [209, 
211]. This gives the non-aromatized Mayo adduct, 1, which cannot undergo a thermal 1,3-
sigmatropic shift due to symmetry considerations and therefore undergoes a molecular 
assisted homolysis reaction with another molecule of styrene to give the aromatized radical 
and the radical derived from styrene via the transfer of a hydrogen atom from the dimer to a 
styrene molecule. It is not completely clear, whether the formation of the Diels-Alder dimer 
or its reaction with styrene is the rate-determining step in the initiation of the pure thermal 
initiation (figure 17).  
 
The dependence of Ri on [M] is closer to 3rd- order than 2nd-order, which indicated that this 
is the slow step. The hypothetical Diels-Alder dimer has so far never been isolated but 
ultraviolet spectroscopy of the reaction system points to its presence.  
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Figure 17: Self-initiation of the polymerization of styrene (M3) following the mechanism proposed 
by Mayo adapted from [31, 209]. The mechanism was confirmed by Chong et al. [212] and 
Buzanowski et al. [213]. 
 
 
For the fluorinated styrenes, especially 2,3,4,5,6-pentafluorostyrene (M7), problems are 
reported for the thermal initiation of the polymerization. Pentafluorostyrene was not observed 
to give significant amounts of polymer under prolonged heating at 125 °C in the presence of 
TEMPO (see also NMP-polymerization mechanism) [214]. This behavior is consistent with 
the low ability of pentafluorostyrene to undergo autopolymerization via a Mayo mechanism 
reported by Pryor et al. [215]. In contrast to these findings, Hvilsted et al. reported the 
thermally initiated polymerization of pentafluorostyrene up to high yields at 110 °C under 
ATRP conditions in a controlled manner [216]. The apparent polymerization rate was found 
to be first order with respect to the conversion of monomer with the molecular weight 
increasing linearly with monomer conversion. Also Hussain et al. [217] reported the 
polymerization of 2,3,4,5,6-pentafluorostyrene (M7) at 100 °C under ATRP conditions 
synthesizing poly[poly(ethyleneglycol)methyl ether methacrylate]-b-poly(pentafluorostyrene) 
amphiphilic diblock copolymers.  
 
Several groups described the successful, controlled polymerization or copolymerization of 
pentafluorostyrene (M7) in presence of an initiator or inimer [218-221]. Due to the discussed 
controversy, V 30 was chosen for initiation in bulk at a polymerisation temperature of 120 °C 
[222]. 
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5.2  The special behaviour of fluorocarbons [223]  
 
 
Fluorine is the most electronegative element, with a very low polarizability and a high 
ionization potential [145, 223, 224]. Fluorine atoms are larger compared to hydrogen ones 
(van der Waals radius 1.47 Å of fluorine compared to 1.20 Å of hydrogen) [225]. Therefore, 
(CF2)n-chains are bulkier compared to (CH2)n-chains (cross sections 30 Å2 compared to 20 
Å2) [223, 225]. Furthermore, F-chains show a greater stiffness due to the larger size of the 
fluorine atom; the stiffness goes along with a low of gauche/trans freedom [223]. 
Perfluorinated chains adopt a helical conformation in order to minimize steric hinderance. In 
organic chemistry, the C-F bond represents the most stable single bond due to effective 
overlapping of the orbitals (~ 485 kJ mol-1 for C-F- compared to ~ 425 kJ mol-1 for C-H-
bonds) [223]. Therefore, fluorinated compounds show a high chemical and thermal stability. 
The dense electron cloud around the fluorine atoms provides a repellent sheath that effectively 
protects fluorinated chains against attacks of other reagents [226]. Fluorinated compounds are 
often used in medical and biological applications due to their inertness [227].  
The low polarizability of fluorine leads to weak van der Waals interactions between the 
fluorinated chains and low cohesive energy densities in liquid fluorocarbons [226, 228]. The 
weak interactions are also responsible for excellent spreading properties, low surface tensions, 
low dielectric constants, high fluidity and vapour pressure (of liquid FCs), high 
compressibility of gas and also high gas solubilities [223, 226] of these compounds. The only 
weak van der Waals interactions are also responsible for the FCs not mixing with substances 
made from hydrocarbon chains having a higher cohesive energy density [223]. They show 
surface activity in liquids made from hydrocarbons at the interface between air and oil and the 
interface between water and oil [223]. The low polarizability of fluorine atoms together with 
the large surface of the fluorinated chains leads to increased hydrophobicity and a pronounced 
lipophilic character. 
 
 
 
5.3  Fluoropolymers 
 
 
Fluoropolymers can be divided into two subclasses [229]: First, the fluorocarbon polymers, 
which are polymers made from perfluoromonomers and second, all polymers that are made 
from monomers or comonomer systems that contain enough fluorine to contribute 
significantly to the performance and properties of the polymer. A commercially important 
fluorocarbon polymer is e.g. poly(tetrafluoroethylene) PTFE, better known under the brand 
TEFLON. TEFLON finds numerous applications like hydrophobic surface coatings [230], 
isolation material for wires [231], fibers for both technical applications and for cloth [232, 
233] and many more due to its unique properties. Fluoropolymers or copolymers can be 
synthesized by various synthetic techniques depending on the type of monomer chosen. The 
majority is made by free radical polymerization. 
 
Polymers bearing fluorinated groups, e.g. fluorinated chains can either be achieved by 
postderivatization, which means modification of an existing (co-)polymer by reacting 
different functional groups on the original material or by applying controlled polymerization 
methods like ATRP or RAFT directly polymerizing fluorinated monomers [31, 32, 234-237]. 
Many examples for successfully polymerizing fluorinated monomers gaining polymers for 
various applications applying controlled radikalic polymerization techniques can be found in 
the literature. A short overview: 
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A RAFT-mediated process was already successfully applied in the synthesis of PVDF, 
poly(vinylidene fluoride), with living PEGMA poly(ethylene glycol) methacrylate side chains 
through molecular graft copolymerization of the PEGMA macromonomer with an ozone- 
preactivated PVDF (poly(vinylidene fluoride)) backbone [238]. The microfiltration 
membranes manufactured from these polymers displayed resistance to γ-globuline fouling. 
Furthermore, the synthesis of PVDF-g-poly(methacrylic acid) (PVDF-g-PAA) polymers with 
well-defined PAA side chains for acrylic acid with ozone-pretreated PVDF applying the 
RAFT process was described [239]. The membranes prepared from these polymers were 
further functionalized using a surface-initiated block copolymerization with N-
isopropylacrylamide (NIPAM). The gained PVDF-g-PAA-b-PNIPAAM membranes showed 
pH- and temperature-dependent permeability for aqueous solutions. Chen et al. carried out the 
thermally initiated graft polymerization of PEGMA with ozone-pretreated fluorinated 
polyimide (FPIDS) [240]. From this diblocks, two interesting materials were produced: 
nanoporous FPIDS films with ultra-low dielectric constants by solution casting of the graft 
copolymers and thermal decomposition of the labile PEGMA side chains in air. PTFE 
(poly(tetrafluorethylene)) films were surface modificated by Yu et al. applying block 
copolymer brushes [241]. A surface initiated RAFT process in the presence of a chain transfer 
agent using peroxide initiators on the film surface to polymerize PEGMA was applied. The 
epoxy groups were transformed into initiating groups for ATRP by reacting them with 2-
bromo-2-methylpropionic acid. The macroinitiatior was used for ATRP of PEGMA and the 
sodium salt of poly(4-styrenesulfonic acid). Novel surface functionalities and molecular 
architectures were created in this way. Wooley et al. describe the synthesis of hyperbranched 
fluoropolymers (HBFPs) and linear poly(ethylene glycol) based amphiphilic crosslinked 
networks as efficient antifouling coatings [242]. The coatings of crosslinked HBFP–PEG 
networks are designed to exhibit varying wettability and hydrophobicity, the factors that have 
been shown to impart resistance towards biofouling. 
 
 
5.4  2,3,4,5,6-pentafluorostyrene 
 
 
Despite being even more hydrophobic compared to mere styrene, 2,3,4,5,6-pentafluorostyrene 
(M7) (figure 18) offers also lipophobic properties [223] which could enable the solubilization 
of lipophobic compounds in case the amphiphilic triblock copolymer is used as surfactant 
[145]. Furthermore, the introduction of perfluorinated chains [243] or semi-fluorinated 
polymers, such as poly(pentafluorostyrene) promises the occurrence of a rich phase behaviour 
in both solution and bulk [244-246]. 
 

 
 
Figure 18: 2,3,4,5,6-pentafluorostyrene (M7) 
 
Pentafluorostyrene (figure 18) is a reactive compound and pentafluorostyrene polymers 
promise less persistence in the environment compared to common perfluorinated surfactants 
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due to the possibility of chemical modification (vide infra). Another promising feature of the 
fluorinated styrenes is the possibility to replace selected F-positions by other chemical groups 
or moieties thus modifying the later polymer for various purposes. 
 
 
A very interesting feature is the modification of PFS containing polymers attaching different 
kinds of sugar units via a thiol nucleophilic substitution. Glycosylation mimicking biological 
structures such as glycopolymers was reported by Voit and Schubert using this method [247-
249] (figure 19): 
 
 
 

 
 
 
 
Figure 19: Schematic representation of the overall reaction scheme for the preparation of 
glycopolymers from a pentafluorostyrene precursor, from [248]. Graph adapted from [248]. 
 
 
 
Similary adjusting of the LCST by modifiying the pentafluorostyrene precursor block was 
reported, thus obtaining polymers with tailor-made cloud points. 
 
 
 
Becer et al. [250] modified (PFS)-(OEGMA) comb-shaped polymers by applying a polymer- 
analogous nucleophilic substitution on PPFS (figure 20): 
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Figure 20: Nucleophilic substitution on PFS blocks (M7) by thiols [250], leading to thiophenol 
substituted PPFS. By controlled substitution of the thiophenol groups at different ratios, the cloud 
point can be tuned. Graph adapted from [250]. 
 
 
 
Another example for altering the LCST and simultaneously attaching groups actively 
influencing the polymers aggregation structure modifying the pentafluorostyrene-block was 
reported by Hussain et al. tuning PPFS-PEG polymers via amino-reaction on PFS blocks 
(M7) [251], leading to polyhedral oligomeric silsesquioxane (POSS) modified brush-like 
polymers with unique properties (figure 21): 
 
 
 

 
 
 
 
Figure 21: Modification of fluorinated styrenes (M7) via substitution of the para–F position at the 
aromatic ring providing access to brush-like polymers and polymers with a well tunable LCST by 
variation of the degree of substitution [251]. Graph adapted from [251]. 
 
 
The pentafluorostyrene-polymers are accessible via different polymerization techniques, 
among them ATRP- and RAFT polymerization [31, 32] and NMP [250]. 
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5.5  2-, 3-, 4-fluorostyrene 
 
 
 

 
 
 
 
Figure 22: 4-, 2- and 3-fluorostyrene (M6, M5, M4) 
 
 
 
The monofluorinated styrenes (M4, M5, M6) (figure 22) should provide a block showing a 
hydrophobicity and lipophobicity different from that of styrene (M3) and pentafluorostyrene 
(M7) and furthermore the effect of the position of the F-group on the polymerization 
behaviour and micellization behaviour should be studied. Also in this case, the polymers are 
accessible applying the controlled radical polymerization techniques ATRP and RAFT [31, 
32]. The polymerization of 4-fluorostyrene (M6) might have been possible by pure thermal 
initiation due to formation of a Diels-Alder dimer according to the reported scheme (figure 
15), but problems might have occurred with 2- and 3-fluorostyrene (M4, M5), therefore 
addition of an initiator (e.g. V 30) is recommended. Polymers composed of monofluorinated 
styrenes such as 4-fluorostyrene (M6) can be found in applications requiring 19F stable 
isotopic labels located regioselectively within the core domain of block copolymers as 
reported by Becker et al. [252] or pyroelectric polymer films [253]. 
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Chapter VI: Polymers suited for the hydrophilic block 
 
 
 
6.1  Stimuli-responsive polymers for the hydrophilic block 
 
 
Polymers or block copolymers showing sensitivity to a stimulus such as solvent, temperature 
or pH have come into focus as intelligent or “smart” materials. They are subject to relatively 
large and sharp physical transitions caused by small changes in their environment. Especially 
temperature sensitive systems are of interest for enabling easy control of parameters and low 
apparative cost. Furthermore, environmental influences on the system under investigation can 
be reduced due to working in a materially closed system. 
 
 
 
6.2  Stimuli responsive block copolymers 
 
 
The particulary complex behaviour of polymeric micelles- especially those of block 
copolymers and statistical copolymers- sensitive to different types of stimuli has been 
intensively studied. The stimulus forces the micelle to adopt a certain conformation on 
demand. Various stimuli have been described, for instance change of [254-263]: 
 
 
 

- pH  
- pressure  
- solvent  
- electric field  
- magnetic field  
- temperature  
- UV- and visible light  
- redox-potential  
- ionic strength  
- ion-ion interactions  

 
 
 
By changing the stimulus, the micellar polymer can be switched from one conformation into 
another, due to an induced change in the polarity of one or more blocks depending on the 
polymers architecture and the length of the blocks (= Mw). This way core shell micelles and 
reverse micelles are accessible [264, 265]. In some cases the micelles cannot be switched due 
to kinetic reasons. Micelles bearing a glassy or frozen core due to high Tg values of their 
polymer segments, show a reduced dynamics of the polymer molecules forming the micelle 
leading to a reduced exchange of molecules between micelles and the surrounding solution 
[266-268]. Furthermore, the generation of micelles with a complex core becomes possible by 
combining blocks sensitive to different stimuli leading to the formation of multiresponsive 
polymers [269, 270]. 
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6.3  Phase separation and thermodynamic properties of thermoresponsive polymers 
 
 
The interest has focused on aqueous polymer solutions because the physical properties of 
water determine the conformation and reaction of biopolymers responsible for life on earth 
[271]. In fact, many non-ionic polymers or block copolymers are sensitive to a change of 
temperature in aqueous solution, and phase separate upon increasing temperature. Their 
transition from a water-soluble, hydrophilic to water insoluble, hydrophobic polymer occurs 
abruptly above the LCST (= Lower Critical Solution Temperature) [272].  
 
 
6.4  NIPAM and NAP: Acrylamide monomers for the temporarily hydrophilic A-block 
 
 
Both NIPAM, N-isopropylacrylamide (M1) (figure 23), and NAP, N-acryloylpyrrolidine 
(M2) (figure 24), (A-block of BAB-polymers) belong to the class of acrylamide monomers. 
The synthetic strategies valid for the polymerization of acrylamide monomers leading to well-
defined acrylamide polymers avoiding protective chemistry (anionic polymerization) and 
huge synthetic effort are limited. Besides ATRP needing special agents for complexing [31], 
the RAFT technique provides access to polymers of this class without huge synthetic effort 
and good control.  
 
 
6.4.1  PNIPAM: poly(N-isopropylacrylamide) 
 
 
PNIPAM first appeared in literature in 1956. The reports described the synthesis and 
polymerization of the monomer N-isopropylacrylamide, NIPAM (figure 24) [273-275].  

 
 

 
 
 
Figure 23: N-(isopropyl)acrylamide (M1), an acrylamide 
 
 
Heskins et al. observed visually the macroscopic phase transition upon heating a PNIPAM 
solution [276]. Until now, PNIPAM has been studied for use in different applications. 
 
The phase transition of PNIPAM can be used for various technical and biological 
applications. A useful property especially for medical and biomedical applications is the 
PNIPAM phase transition changing the surface properties from a low-fouling (cell and protein 
resistive) state to a collapsed and biologically adhesive surface [277-279]. Applications such 
as temperature responsive culture surfaces, controlled adsorption and release of proteins from 
surfaces, cell patterning using microheater-controlled thermoresponsive plasma films, gene 
expression control by temperature with thermo-responsive polymeric gene carriers and 
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temperature dependent gene expression induced by PNIPAM-based copolymers as well as 
enzyme and cell-immobilization has been described in the literature[280-286]. 
 
Furthermore, modified PNIPAM polymers have been investigated for applications such as 
wastewater treatment [287], oil recovery [288], photoresponse [289], flocculating agents 
[290], drug release [291], molecular recognition (sensors) by thermal stimulation [292, 293] 
as well as different types of functional gels [294], serving motile functions such as artificial 
muscles, micromachines [295] and mass transport [296, 297], information transmission and 
transformation such as the shape memory effect described by Osada et al. or polymerized 
crystalline colloidal arrays prepared by Holtz and Asher as a new sensor material [298, 299]. 
Additionally, gels of different structure like topological gels [300], nanocomposite gels [301], 
graft-gels [302], and porous gels [303] prepared from PNIPAM were reported.  
 
PNIPAM shows good water solubility due to its hydrophilic amide group able to develop 
strong hydrogen bonds with sourrounding water molecules around room temperature (< 32 
°C), while cage-like structures are formed at the hydrophobic isopropyl groups of the side 
chains [304]. The cage structures result in polymer-polymer interactions for entropic reasons. 
At the cloud point (32 °C [305, 306]), the hydrogen bonds get broken and the former linear 
polymer chains undergo a transformation from linear polymer chains to globules [307, 308] 
releasing water molecules grouped around the hydrophilic acrylamide moieties before. From a 
thermodynamic view, the polymer-polymer interactions are now favourable compared to the 
interactions between water and polymer. With the formation of globules, the former clear 
solution turnes dull. The point of switching can be investigated using a turbidimeter [36]. 
PNIPAM can be found among the most applied thermosensitive polymers due to its low 
sensitivity towards environmental conditions [309]. Variations of concentration, chemical 
environment or pH generally show a small effect on the transition temperature of PNIPAM by 
a few degrees only [307]. 
 
 
6.4.2  PNAP: poly(N-acryloylpyrrolidine) 
 
 
 

O

N

 
 
 
Figure 24: N-acryloylpyrrolidine (M2), an acrylamide 
 
 
 
Compared to PNIPAM (M1), PNAP (M2) (figure 24) is rarely studied despite easy access to 
the monomer due to simple, but temperature controlled synthesis [310]. The compound has 
been originally patented in Japan [311, 312]. Kuramoto et al. [313] describe the synthesis of 
thermally responsive and electroactive poly(N-acryloylpyrrolidine-co-vinylferrocene) 
polymers (figure 25): 
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Figure 25: Poly(N-acryloylpyrrolidine-co-vinylferrocene) polymers synthesized by Kuramoto et al. 
[313]. Figure adapted from [313]. 
 
Furthermore, gels consisting of poly(N-acryloylpyrrolidine-co-styrene) polymers (figure 26) 
were synthesized and then investigated in water-ethanol mixtures displaying high swelling 
rates, whereas in pure water only low swelling rates are reported [312]. 
 
 

 
 

 
Figure 26: Poly(N-acryloylpyrrolidine-co-styrene) polymers for gel synthesis [312]. Figure adapted 
from [312]. 
 
Garnier et al. investigated the surfactant properties of PNAP containing diblock copolymers 
synthesized by the RAFT process [314, 315], whereas Mertoglu et al. [316] investigated the 
thermoresponsive behaviour of PNAP containing di- and triblock copolymers synthesized by 
the same polymerization technique. Further polymerization methods for NAP monomer such 
as anionic polymerization can be found [317]. 
 
Containing also a hydrophilic acrylamide group, PNAP polymers are well water soluble at 
room and elevated temperature (< ~ 50 °C) and show a LCST temperature around 50 °C [305, 
306, 312]. The high transition temperature restricts its application to non-biological systems. 
As PNIPAM, PNAP is able to form hydrogen-bonds to the surrounding water molecules, but 
the structuring of the surrounding liquid is of course different compared to PNIPAM leading 
to different effects in LCST and turbidimetry measurements due to different destruction of the 
hydrogen bonds as presumed by Fujimoto et al. [318]. 
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Chapter VII: The LCST (= Lower Critical Solution Temperature) 
 
 
 
7.1  The LCST described from a thermodynamic point of view 
 
 
As already mentioned, the amphiphilic BAB-triblock copolymers transform to hydrophobic 
polymers abruptly at a sharp transition temperature, also often referred to as the cloud point 
[36, 145]. 
 
Prigogine and De Fay [319, 272] defined the thermodynamic requirements for the LCST: 
 
 
(δ2ΔH/δX2

2)T,P > 0, T (δ2ΔS/δX2
2)T,P > 0, ΔG > 0  (equation 15) 

 
 
with ΔG, ΔH, ΔS > the ideal free energy, enthalpy and entropy of the polymer mixed with 
water. X2 describes the mole fraction of the polymer in water. Assuming the functions not to 
change sign, for the case of mixing  
 
 
ΔG > 0, ΔH < 0, ΔS << 0  
 
 
can be deduced. For mixtures showing a positive deviation from Raoults law, exothermically 
and with a loss in the entropy on formation, a LCST may be found as proposed by Taylor and 
Cerankowsky [272, 320]. They offered a general rule for the LCST of aqueous polymer 
solutions: 
 
“As a polymer which is soluble in water at all temperatures is made increasingly hydrophobic, 
before complete water insolubility is reached, a range of compositions will be found which 
will have temperature inverse solubility and the more hydrophobic the increment, the lower 
the LCST”. 
 
This means that by substituting a water soluble polymer with hydrophobic groups a polymer 
with a LCST may be obtained due to entropic reasons. 
 
In aqueous solutions the LCST behaviour is based on the ordering of solutes resulting from 
specific orientations required to form hydrogen bonds with the arranged water molecules 
[321]. The initial driving force for the dissolution of polymers are the hydrogen bonds formed 
between the polar groups in the polymer and the water molecules. Water molecules not able 
to form hydrogen bonds with non polar domains of solutes have to reorientate themselves 
around those regions resulting in a decreased entropy upon mixing [273, 322, 323]. This 
effect is called the hydrophobic effect. With increasing temperature, the entropy term starts to 
dominate over the exothermic enthalpy of the hydrogen bond formation. As a consequence, 
the free energy change of mixing becomes a positive value and phase separation takes place.  
 
In aqueous systems the LCST behaviour can be applied as a switch. Below the switching 
temperature -which is called the cloud point- water is a good solvent for the synthesized 
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polymers, dissolving the blocks completely. The polymers adopt random coil-like 
conformations [103]. Above the switching temperature, the thermosensitive blocks collapse 
(coil-to-globule transition, see following chapter) and are no longer able to form sufficient 
hydrogen bonds. The solutions under investigation show phase separation becoming optically 
cloudy. 
 
 
7.2  The coil-to-globule transition of neutral polymers  
 
 
The conformation of a polymer in solution is determined by the chemical structure of the 
polymer (rigid or flexible backbone or side chains of polymer) and the quality of the solvent 
used [35, 103]. Experimentally, the conformation of the polymer chain can be determined by 
measuring the ratio of the mean-square radius of gyration, Rg to the hydrodynamic radius Rh 
of the polymer using static light scattering (SLS) [272, 273, 324, 325]. The ratio of Rg/Rh 
shows values of about 0.78 for a uniform, hard sphere and around 1.5 for a monodisperse 
random coil [35, 272]. The value of the ratio Rg/Rh is increasing with growing rigidity of the 
chains.  
 
In a good solvent, a polymer swells due to elastic forces and the excluded volume interactions 
[35, 103]. The elastic forces cause the contraction, the volume interactions the expansion of 
the chain. The interactions of the excluded volume are dominant and the second virial 
coefficient, A2, which can be seen as a measure of the thermodynamic quality of the solvent 
for a polymer, is positive. The solvent quality can be lowered by an external stimulus, 
resulting in a state at which the polymer coil behaves like an ideal coil. This is the so called 
theta(θ)-point [35, 103]. At this point the the coil is in an unperturbed state and the second 
virial coefficient is becoming zero. If the quality of the solvent is decreased further, the 
attraction between the units of the polymer chain becomes dominant finally leading to the 
precipitation of the polymer. When the point of precipitation is reached, the second virial 
coefficient shows a negative value.  
 
 
When heating an aqueous solution of thermosensitive polymers like PNIPAM (M1), PNAP 
(M2) (vide supra) or PMDEGA, poly(methoxy diethylene glycol acrylate), the polymer 
chains undergo a coil-to-globule transition (figure 27) at an LCST of about 32 °C , 50 °C and 
35-38 °C [305, 306, 142] . The LCST represents the theta (θ)-point.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Coil-to-globule transition of polymers sensitive to an external stimulus, e.g. a change in 
temperature. Often aggregates or clusters can be found. Adapted from [142]. 

stimulus 
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7.3  Definition of the cloud point and critical point [36] 
 
 
Due to the increased turbidity of the polymer solution at the temperature at which phase 
separation occurs for a polymer solution this point is called cloud point. The critical 
temperature represents the highest or lowest temperature at which phase separation occurs. 
The polymer concentration at that point is referred to as the critical composition.  
Difference between cloud point and critical point/critical composition: Cloud point is the 
temperature at which the polymer phase separates visually at a given concentration. The 
critical point/composition presents the minimum or maximum temperature or concentration at 
which phase separation behaviour occurs in the phase diagram. 
 
 
 
7.4  Turbidimetry 
 
 
At the cloud point, phase separation occurs (vide supra) and the former clear solution is 
scattering light. This point or interval can be detected besides the reversibility of the 
thermosensitive behaviour investigating heating and cooling cycles. Turbidimetry 
measurements can be conducted without great effort [36]. 
 
 
 
7.5  DLS (= Dynamic light scattering)  
 
 
DLS measurements provide information about the size Dh of the particles diffusing in a 
solution [35]. 
 
 
-  The aggregation of particles can be determined on different size levels and the size 

distribution can be detected. This way, a distinction between single molecules, small 
associates –such as micelles- and huge aggregates becomes possible  

 
-  DLS measurements can be performed temperature dependent providing interesting 

insights in the development of the particles size, size distributions and general aggregation 
behaviour with increasing or decreasing temperature. 

 
- As micelles are dynamic systems [36, 144], DLS-measurements can also help to get an 

insight in the dynamics of surfactants forming the micelle [327, 328]. At concentrations 
above the CMC, the surfactants are molecularily dissolved (so-called unimers) forming a 
dynamic equilibrium with the molecules bound in the micelles [36]. Both micelles and 
unimers can be identified applying DLS measurements. In case micelles with glassy cores 
are formed from surfactants possessing a block with a high Tg-value, such as the styrene 
and pentafluorostyrene containing BAB-systems, the exchange of surfactant molecules 
between micelles and surrounding liquid is negligible. Furthermore the mobility of 
polymeric surfactants is inherently lower compared to the low- molecular weight species 
[36, 69]. 
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7.6  Factors influencing the position of the cloud point 
 
 
The experimental conditions at which cloud point measurements are performed play a crucial 
role. The cloud point of thermosensitive polymers can be influenced by attaching different 
end groups to the polymer [329, 330], variation of the polymers concentration [331, 332], 
architecture [333, 334] and mass (= chain length, also of side chains) [335, 336] in aqueous 
solution and also the polymers tacticity [337, 338]. Furthermore, co-monomers [339-342] and 
the choice of co-solvent [36, 343], additives (e.g. addition of salt [36, 344-346] or surfactants 
[347]) and pressure [348] show an influence. 
 
 
In this study, the influence of various end groups, variable polymer mass referring to the mass 
of the hydrophilic- and hydrophobic block as well as the polymer concentration on the value 
of the cloud point was investigated in detail. 
 
 
 
7.6.1  Effect of different end groups on the cloud point 
 
 
Pure PNIPAM (M1) homopolymers are reported to show a LCST temperature of 32 °C [305, 
306, 349]. 
 
Attaching specific end groups to PNIPAM polymers may lead to changes in the LCST of 
those polymers, especially when dealing with low molecular weight species. For example, 
Duan et al. reported a LCST of 21.7 °C for PNIPAM functionalized with 1-pyrenyl-2-
chloropropionate [142, 250]. The pyrene group at the chain-terminus leads to the formation of 
large aggregates lowering the LCST. The investigations of Winnik et al. [142, 351] disprove 
this result by observing similar values (around 32 °C) for the cloud point of PNIPAM, 
unmodified and modified with octadecyl pyrene as a fluorescent label. A possible explanation 
could be that at the point of the LCST the modified polymers are likely to form micelles 
hiding the strongly hydrophobic label within the micellar core whereas the hydrophilic 
PNIPAM forms a hydrophilic corona. Also Baltes and Freitag et al. [352, 353] reported no 
significant changes in the LCST investigating carboxyl-terminated PNIPAM oligomers.  
 
 
Nevertheless, shifting of the LCST via the end-group seems to be possible. Recently, 
Rauwald et al. were able to shift the LCST of PNIPAM by complexation of the endgroup 
applying a curburbit-[8]-uril-viologen complex by more than 5 °C [354]. Also Choi and Ritter 
report a markable shift of the LCST of PNIPAM investigating NIPAM based 
pseudopolyrotaxanes complexed with Cucurbituril [6] [355]. Studies on the effect of 
fluorinated endgroups on the LCST behaviour of pure PNIPAM polymers seem to be missing 
yet; the reported systems were blends [356]. For high molar mass polymers the effect of the 
endgroup on the cloud point is believed to be negligible as the influence of the end groups is 
diluted with increasing molar mass. Wether this effect is valid for other polymers than 
PNIPAM, too, is not clear as only a very restricted number of studies can be found in the 
literature, so that further studies for an understanding are necessary.  
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7.6.2  Effect of molar mass and concentration of polymer on the cloud point 
 
 
The influence of the molar mass on the cloud point is controversially discussed in literature. 
As a general rule, water based solutions of linear PNIPAM homopolymers with high molar 
masses are reported to show a phase-transition temperature shifted to lower values compared 
to the lower mass ones [36]. Additionally, the transition temperature is shifted to lower values 
with increasing concentration of polymer and vice-versa [357] as reported by Schild et al..  
 
Schild et al. [357] showed that the LCST of PNIPAM (M1) (molar masses from 5400-160000 
g/mol) decreases with increasing molar mass. At elevated polymer concentrations, the 
polymer globules formed due to the collapse of the PNIPAM coils are able to aggregate and 
thus the molar mass is thought to show a huge influence on the LCST. An effect of the chain 
length/molar mass on the LCST was also reported by Tong et al. [142, 358], showing a 
monotone decrease of the cloud point with increasing polymer concentration in PNIPAM 
solutions. Contrary to these results, Ding [142, 359] and others described no remarkable 
changes in the cloud point investigating PNIPAM polymers of different molar masses [361]. 
Afroze [360] describes a change in the cloud point only when diluting the polymer solutions. 
 
As a consequence of these controversial results, samples should be measured and results 
compared again following the same protocols for preparation and measurement. 
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Chapter VIII: Amphiphilic polymers sensitive to temperature as a stimulus 
 
 
In many cases temperature is chosen as stimulus for smart polymers, because the 
experimental setup is straight-forward and experimental parameters can be changed without 
great effort. Furthermore, the gained data is easily reproducible. In fact, thermosensitive block 
copolymers of different architectures give rise to manifold types of polymeric micelles, with 
interesting core-shell architectures such as worm-like micelles and cylindrical micelles or 
vesicles and many more [362-364]. 
 
 
8.1  AB-diblock copolymers 
 
 
In the simplest case, polymeric micelles can be formed by linear AB-amphiphilic diblock 
copolymers consisting of a hydrophilic A- and a hydrophobic B-block. Many combinations of 
different polymers for the hydrophobic and hydrophilic parts as well as block-lengths are 
possible and have for instance been synthesized in our group [69, 84, 365] leading to diblocks 
with a different HLB (hydrophobic-lipophilic balance) [366-369] and thus surfactant 
properties such as solubilization behaviour, phase inversion temperature of emulsion, CMC, 
spreading and interfacial tension [370-373]. The micellar structures gained from these diblock 
copolymers can be subdivided into an inner core and the swollen corona [36, 144, 374] (figure 
28): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28: Aggregation behaviour of AB-diblock copoloymers in a) organic solution and b) aqueous 
solution. The aggregation process in a selective solvent for one of the blocks is similar to the 
micellization reported for the low molecular weight surfactants following a model similar to the closed 
association process [69, 375]. The hydrophobic head group is hiding away from the aqueous solution 
inside the micellar core due to the hydrophobic effect [376-378], whereas the hydrophilic tail is able to 
interact with the surrounding water molecules forming the micelles` corona. 

hydrophilic head group 

hydrophobic tail 

hydrophilic head group 

hydrophobic tail 

a) 

b) 
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The formation of micelles of AB-diblocks in aqueous environment is driven by the effort of 
the hydrophobic, unpolar block to minimize contact with water [376-378] (so-called 
hydrophobic effect). The inner core is formed by the hydrophobic part of the polymer, 
whereas the swollen corona is created from the hydrophilic segments of the polymer [36]. The 
introduction of polymers composed of blocks showing a lower critical solution temperature 
(LCST) gives the possibility to tune the swelling properties of these micelles [379]. In this 
context, diblock copolymers can be composed of two hydrophilic blocks, with on of the 
blocks being stimuli sensitive able to undergo switching to hydrophobic on demand or of a 
permanently hydrophobic block plus a temporarily hydrophilic one.  
 
 
8.2  ABA-triblock copolymers 
 
 
In order to achive more complex micellar structures, the focus has shifted from amphiphilic 
diblock copolymers of type AB to triblock copolymers of type ABA, BAB and ABC [380-
383]. Even tetra- and pentablock copolymers are reported in the literature [384, 385]. ABC-
triblocks, for example, consisting of three blocks varying in the chemical nature of the 
polymer and block length, have been successfully synthesized and applied in our group for 
manufacturing multicompartment micelles [270, 271] providing micelles with a distinct 
architecture.  
Depending on the concentration of a selective solvent, ABA- and BAB-block copolymers are 
also able to form core-shell micelles of distinct structure as already described for the AB-
systems at dilute concentrations, and show complex aggregation behaviour forming transient 
networks –hydrogels- at high concentrations [386, 387].  
 
The micelles composed of ABA-triblock polymers show a similar aggregation behaviour in 
aqueous solution as observed for the corresponding AB-diblocks (vide supra) driven by the 
effort of the hydrophobic, unpolar block to minimize and avoid contact with water following 
an association process. ABA-block copolymers form globular, spherical loop-like micelles 
with the hydrophobic part of the copolymers hidden in the core of the micelle and the 
hydrophilic part forming the swollen corona in aqueous environment [388, 389]. 
 
With increasing concentration of polymer in solution, the formation of networks and thus gels 
becomes possible. The mechanism for gel-formation is not fully understood. It is assumed, 
that the micelles pack closely to fill the free volume and forming an immobile phase, which is 
often referred to as hard gel- or jamming phase [390, 391]. Another explanation could be a 
stronger entanglement of the blocks forming the corona between different micelles in a 
sample at elevated concentration. 
 
ABA-systems have been studied for various reasons. Depending on the nature of the blocks, 
microphase separation occurs. Qiao et al. investigated the bulk morpholgie of poly(isoprene)-
PS-poly(isoprene structures) [392] whereas A. Avgeropoulos et al. [393] studied ABA-
systems containing poly(pentamethyldisilyl)styrene (P(PMDSS)) for the B-block and 
polyisoprene (PI) for A-block for the same reason. Furthermore, various systems display gel 
formation or can be used as drug-carriers useful for medical applications. Heller et al. 
patented ABA- and BAB-block copolymers as drug carriers [394]. Zhao et al. report the use 
of ABA- and BAB-systems composed of HEMA-NIPAM-HEMA (2-hydroxyethyl 
methacrylate-N-isopropylacrylamide-2-hydroxyethyl methacrylate) and vice versa for the 
formation of medical gels [395] as well as Packhaeuser et al. reporting the use of ABA- and 
BAB-triblock copolymers containing PLGA (poly(D,L-lactide-co-glycolide)) A-blocks and 
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PEG (polyethylene glycol) B-blocks as thermally induced gelling systems for parenteral 
application [396]. Also Pluronics® have been reported for thermoresponsive medical gels for 
drug delivery by Shim et al. [397]. In this context, the tuning of the gelation or transition 
behaviour is coming into focus. This can be realized applying thermoresponsive block 
copolymers sensitive to different temperature regions for the gel formation, e. g. polyethylene 
or butylene in poly(styrene)-b-poly(ethylene/butylene)-b-poly(styrene) triblock copolymers in 
n-octane as a non-aqueous system [398] or PEO in poly(ethylene oxide)-poly(lactic acid)-
poly(ethylene oxide) (PLA-b-PEO-b-PLA) triblock copolymers [399] and ethylene glycol in 
poly(caprolactone-b-ethylene glycol-b-caprolactone) (PCL-PEG-PCL) triblock copolymer in 
aqueous solution (>15 wt%) [400]. 
The mechanism responsible for the gel formation at higher temperature is assumed to be the 
same as for the formation at ambient temperature described before [401]. Various examples 
for temperature controlled formation of gels (“thermogelling”) can be found in the literature 
[402, 403]. At temperatures high above the switching point, the collapsed A- or B-blocks in 
ABA-, BAB- or AB-systems release the rest of the bound water further reducing the free 
volume. Eventually formed networks get broken and the polymers precipitate resulting in a 
macroscopic phase separation.  
 
 
8.3  BAB-triblock copolymers 
 
 
Most studies on the micellization behaviour of BAB-systems can be found employing 
commercially available Pluronic® triblock systems (BASF) or Synperonics® (ICI) [404] of 
different block lengths and additives (e.g. salts) [405-409]. Pluronics® or Poloxamers® are 
non-ionic triblock copolymers showing a block sequence of polyoxyethylene–
polyoxypropylene–polyoxyethylene (PEO–PPO–PEO) or vice versa for the ABA-systems 
(PPO–PEO–PPO) [410]. Compared to the ABA-systems, few articles are reported investing 
the behaviour and synthesis of the BAB-systems.  
Whereas the self-assembly of ABA-blocks in water is well understood and investigated, the 
assembly of BAB-blocks is still not fully clear. Zhou et al. [128, 411] assumed the 
micellization of most Pluronic® systems to follow a closed association process, which is also 
likely for other BAB-systems, leading to different morphologies. Different states of 
morphologies can be formed like bridging-structures, dangling-structures, linear free chains 
and structures displaying loops also referred to as flower-like structures [412-420] (figure 29): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29: Micellar structures from left to right: a) bridging, b) dangling, c) loop structures (“flower-
like micelles”) of BAB-triblock copolymers in aqueous solution.  

a) bridging between micelles b) dangling ends 

c) loop structure 
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With regard to entropy, the flower-like geometry of BAB-blocks is more demanding. The 
formation of this type of micelles implies a loss of entropy (entropic penalty) needed for the 
loop-formation of the hydrophilic A-block and keeping the hydrophobic B-blocks apart from 
water inside the micellar core, as calculated by Kim et al. [312]. Furthermore, the middle 
block must be long enough to enable loop formation. In case the corona-forming block is 
much smaller than the core-forming block(s), the aggregates formed are referred to as ‘‘crew- 
cut’’ aggregates as described by Yuan et al. investigating poly(styrene)-poly(ethylene oxide)-
poly(styrene) (PS-PEO-PS) triblocks [421] including short PEO-blocks or PS-PEO-systems 
reportet by Yu and Eisenberg [422]. 
 
 
The sol-gel transition of BAB-block copolymers is induced –like for ABA-systems- by denser 
packing of the micelles when the total volume fraction is larger than the maximum packing 
fraction and additionally by entanglements between the micelles. The so-called bridging (vide 
supra) in concentrated solutions is possible due to the ability of the linear block copolymer 
chains to leave the flower-like micelle structure and introduce their hydrophobic end-blocks 
into different micellar cores by diffusion phenomena leading to clusters of highly 
interconnected micelles [423, 424]. Bridging from dangling chains is described as possible as 
well (vide supra). In general, the bridging of the micelles formed by the BAB-triblocks leads 
to physical networks (figure 30):  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30: Formation of physical networks (gel formation) due to bridging between flower-like 
micelles in concentrated solutions by some BAB-polymers introducing their hydrophobic end-blocks 
away from water in two different micellar cores instead of becoming part of one micelle by themself. 
With increasing temperature first clusters are formed until at temperatures well above the cloud point 
the network is collapsing showing macroscopic phase separation.

ΔT > cloud 
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physical 
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With increasing temperature at a given concentration of the block copolymers, a transition 
from a flowing, aqueous solution to a non-flowing sample can be investigated for 
thermoresponsive BAB-triblocks, too [425]. A gel is formed of micelles packed together 
closely or by overlapping of micelles. With further rising the temperature, the dynamic 
equilibrium between the micelles and clusters is shifted in direction of the clusters as reported 
by Mortensen et al. [413, 414], suggesting, that the sol-gel formation can be seen as the 
hydrophobic aggregation between micelles. The formation of intermicellar bridges between 
BAB-block copolymers leads to the generation of clusters more easily compared to the ABA- 
type systems [426]; furthermore a lower transition temperature at the transition point from sol 
to gel was found with the BAB-blockcopolymer systems [427]. With increasing the 
temperature further, even more water will be squeezed out of the micelles, leading to a 
tremendous shrink of the micellar shell [428]. In case the micelles are loaded with a water 
soluble substance, the substance will be released at temperatures above the cloud point. 
Consequently, also the BAB-systems may be useful for medical applications for controlled 
release in shape of gels or micelles [429, 430]. At the same time the interaction between the 
micelles is decreasing and gradually a sol or mobile phase appears.
 
 
 
 
 
 
 
Chapter IX: Objectives  
 
 
This thesis focuses on the use of mono (non-symmetric) and bifunctional (symmetric) 
trithiocarbonates as CTAs for the RAFT process because of their well known efficiency in the 
synthesis of block copolymers [431].  
 
A closer look at the literature revealed, that CTAs bearing a fluorinated label either at the Z- 
or at the R-group have already been successfully applied in the RAFT polymerization process 
and only few examples of xanthates and dithiobenzoates, but no trithiocarbonates, have been 
reported so far [60, 110-114]. The fluorinated groups at the Z- and R-moiety should be 
introduced to enable a definite identification of the signals via 19F-NMR-spectroscopy 
independent of the chosen monomers and thus smart access to molar mass determination of 
the fluorinated styrenes, especially pentafluorostyrene (M7) and determination of the Z/E- 
ratio for an insight in the degree of functionality, crucial for enlarging of the polymers to 
block copolymers.  
 
So far, applying an F-label to both Z- and R-group of a CTA working additionally as a label 
in 19F-NMR spectroscopy for end-group analysis giving access to the molar weight of 
polymers has not been tried and reported before. Drew et al. reportet using 19F-NMR to 
quantify resin-bound chemistry independent of the molar mass in conjunction with a 
polymeric support bearing fluorine as an internal standard [432]. Amado et al. [433] 
characterized their α-, ω-perfluoroalkyl functionalized poly(ethylene oxides) by adding 1,4-
difluorobenzene for 19F-NMR analysis, but as an external standard. Gudipati et al. monitored 
the conversion of the reaction of crosslinking of mixtures of hyperbranched fluoropolymer 
(HBFP) and diamino-terminated poly(ethylene glycol) (PEG) applying 19F-NMR for the 
preparation of antifouling coatings [242]. The fluorine atoms in para-position of the 
pentafluorophenyl end groups of the HBFP were reactive and addressable by 19F-NMR 
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spectroscopy. They enable both intramolecular and intermolecular crosslinking of the HBFP 
percursor via nucleophilic aromatic substitution by the amine termini of the PEG. He et al. 
used 19F-NMR for proving the synthesis of the fluorinated block in their newly synthesized 
triblock terpolymers of poly(n-butyl methacrylate)-b-poly(methyl methacrylate)-b-poly(2-
fluoroethyl methacrylate) (PnBMA-PMMA-P2FEMA) using the RAFT process [434]. 
Furthermore, Miles et al. [435] used fluorine as a chemical label, for the detection of the 
reaction mechanism applying nucleophillically activated fluorine. The fluoride ions occurring 
during the reaction were identified by the zirconium-alizarine method. 
 
Additionally, the influence of the labelled groups on the polymerization process should be 
investigated performing kinetic studies.  
 
Applying monofunctional RAFT agents for block copolymer synthesis, the blocks can be 
added step by step. The CF end-capped systems should be synthesized using a 
monofunctional CTA introducing the fluorinated moiety in one step. 
 
Bifunctional CTAs enable the preparation of triblocks in just two steps and give access to 
symmetric triblocks of types ABA and BAB. For the symmetric species, two types of CTAs 
can be generated:  
 
- The first type contains the active group of the growing chain at the outer ends of the polymer 
chain Z-C(=S)-S-R-S-C(=S)-Z [32] 
 
- The second CTA-type positions the active group in the center of the polymer chain R-S-
C(=S)-Z-C(=S)-S-R [32] 
 
All newly synthesized symmetric CTAs should be designed like the second type leading to 
the desired BAB-systems in two steps only. This species has the advantage that no 
decomposition of the triblocks to diblocks by hydrolysis of the thiocarbonyl group is possible. 
Avoiding oxidative conditions (which would disturb the polymerization process anyway), the 
risk of pentablock formation is negligible [436].  
 
Styrene (M3) was chosen as a standard monomer, which can be polymerized under good 
control using the RAFT process, for the hydrophobic, B-block of the BAB and hydrophobic, 
lipophilic block of the CF end-capped systems. 2,3,4,5,6-pentafluorostyrene (M7) was chosen 
as a monomer for being even more hydrophobic compared to styrene (M3) and providing also 
lipophobic properties. Furthermore, the system could be varied by SN-aryl substitutions. 2-, 3- 
and 4-fluorostyrene (M4, M5, M6) were chosen almost for the same reasons already 
expounded for the pentafluorinated species (M7).  
 
For the hydrophilic A-block, NIPAM (M1) was chosen as a standard monomer due to the 
good water solubility of the PNIPAM polymers and its narrow interval for the LCST point 
(around 32 °C). The PNIPAM containing polymers at ambient temperature should be 
compared to PNAP (M2) containing ones. 
 
The combination of the hydrophobic B- and hydrophilic A-block in BAB-triblock copolymers 
should lead to amphiphilic block copolymers, which enables to form physical hydrogels and 
polymer surfactants should be investigated applying different methods. The surfactant 
properties of the fluorine end-capped systems should be investigated in organic solvents. 
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Chapter X: Synthetic strategy towards CTAs bearing a fluorinated label 
and their kinetics in the polymerization of styrene 
 
 
This chapter describes the synthetic attempts made for the synthesis of new mono- and 
bifunctional CTAs applied in RAFT polymerization. 
 
 
 
Mono- and bifunctional fluorinated RAFT agents synthesized in this thesis are presented in 
figure 31 (XXXIV-XXXVIII) and figure 32 (XXXIX-XXXXIV): 
 
 
 
 
 

 
 
 
 
 
Figure 31: Synthesized monofunctional, non-symmetric CTAs (XXXIV-XXXVIII) bearing a 
fluorinated label at both Z- and R-group, except non-symmetric CTA XXXIV. The substitution pattern 
at the phenyl ring is varied. These CTAs are referred to as non-symmetric CTAs in the text. 
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Figure 32: Symmetric, bifunctional fluorinated- and non-fluorinated RAFT agents synthesized 
(XXXIX-XXXXIV). These CTAs are referred to as symmetric CTAs in the text. 
 
 
 
10.1  Functionalization using NMR-labels for 1H- and 19F-NMR: a universal label for 
polymers 
 
 
In order to guarantee a good identification of the signals in the NMR spectrum, the labels 
have to fulfill certain criteria: 
 
 

- No overlap with signals originating from the polymer or its backbone 
- Small line width 
- Not too high dispartment of lines 
- Easy identification of the label 
- No interference with the RAFT process 

 
 
In order to guarantee good functionality of the RAFT agent, two basic CTA types were 
chosen for modification [142, 437] (figure 33): 
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Figure 33: RAFT agents chosen for modification. a) A non-symmetric RAFT agent XXXXV of the 
described type has already been successfully applied by Wang et al. in polymer synthesis [437]. b) The 
symmetric CTA XXXXVI was reported to successfully polymerize poly(styrene) (M3) by Bivigou-
Koumba [142]. 
 
Monofunctional CTA XXXV (figure 34) was chosen for a non-symmetric trithiocarbonate. 
The Z-group is an alkyl group showing signals between 1 and 2 ppm in 1H-NMR. The R-
group is an aromatic system showing signals typically around 7 ppm. The signals can easily 
be identified and meet almost all criteria except the possible overlap with signals originating 
from the polymer or its backbone. 
 
 

 
 
Figure 34: Non-symmetric CTA XXXV as a model compound 
 
 
Bifunctional, symmetric CTA XXXX (figure 35) was chosen for a symmetric 
trithiocarbonate. The Z-group is also a hydrocarbon, showing signals between 1 and 3 ppm in 
1H-NMR, the R-groups are aromatic showing signals typically around 7 ppm. The signals can 
easily be identified, too, and meet almost all criteria except signal overlap. 
 
 

 
 
Figure 35: Symmetric CTA S XXXX as a model compound 
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The main problem in both cases is the overlap of signals originating from aromatic or 
aliphatic protons from the block copolymer and signals from the polymer backbone with those 
provided by the end groups in 1H-NMR. Attaching electron-withdrawing substituents to the 
R- and Z-groups could help to solve this problem by shifting the aromatic and alkylic signals 
to lower field in NMR. Therefore, non-symmetric CTA XXXV (figure 31) was modified by 
introducing a fluorinated polymer chain CF2-(CF2)7-(CH2)2- for the Z-group and a CF3-group 
in p-position of the benzyl group. From the literature, no hinderance on the RAFT process is 
known from these groups.  
 
The symmetric and non-symmetric RAFT agents were synthesized under consideration of six 
objectives:  
 
 
-  one-pot synthesis followed by an easy work up and good yields 
-  access to triblock copolymers of type BAB- and fluorine end-capped polymers in as 
   few steps as possible 
-  polymerization of both styrene and acrylic monomers 
-  attachment of sensitive UV- and 19F-label to the polymer terminus for end-group 

analysis (good intensity= high sensitivity) (criteria for NMR vide supra)  
-  avoiding difficult fluorine chemistry or postsynthetical fluorine modifications 
-  high effectivity 
 
 
Trithiocarbonates are a class of CTAs successfully applied in the polymerization process and 
can be modified in a way to meet all requirements [32]: 
 
 
 
Two basic CTA types were developed for this purpose (figure 36 and figure 37): 
 
 

 
 
 
Figure 36: Symmetric CTAs to be applied in the synthesis of BAB-triblock copolymers in two steps. 
The groups chosen for Z and R match the requirements for the polymerization of styrenics and 
acrylics, for the later polymerization of styrene (M3) and its fluorinated derivatives (M4, M5, M6, 
M7) as well as for NIPAM (M1) and NAP (M2) (see also [142, 32]). 
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Figure 37: Non-symmetric CTAs to be applied in the synthesis of fluorine end-capped polymers in 
two steps. The groups chosen for Z and R match the requirements for the polymerization of styrene 
(M3) (see also [32]). 
 
 
 
10.2  Synthetic pathway towards trithiocarbonates 
 
 
Trithiocarbonates have been reported to be effective chain-transfer agents in the RAFT 
process [32]. Three synthetic pathways are commonly used to synthesize trithiocarbonates: 
 
 

- deprotonation of thiols applying strong bases followed by addition of CS2 to give the 
carbodithioate salt, and subsequent alkylation [32, 438] (figure 38): 

 
 
 

 
 
 
Figure 38: Synthesis of a trithiocarbonate via alkylation of carbodithioate salts  
 
 
 
- Radical induced decomposition of a bis(thioacyl)disulfide (figure 39). This method is 

especially useful for the synthesis of RAFT agents bearing tertiary trithiocarbonates [32, 
439]. Applying this method, a RAFT agent can also be generated in situ during the 
polymerization process [440]. 
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Figure 39: Synthesis of a trithiocarbonate, in this case 4-cyano-4-(dodecylthiocarbonothioylthio) 
pentanoic acid, by radical substitution of perthiolated acyl peroxides [441]. 
 
 
 
- The ketoform reaction [442] (figure 40): 
 
 
 

 
 
 
Figure 40: Synthesis of a trithiocarbonate by the ketoform reaction applying a strong base such as 
NaOH, followed by addition of CS2, chloroform, acetone and phase transfer catalyst (PTC). Addition 
of phase transfer catalyst enables better mixing of the aqueous and organic liquids present in the 
reaction [442]. 
 
 
 
10.2.1  Synthesis of non-symmetric trithiocarbonates with a fluorinated R- and Z-group 
 
 
 
In order to obtain the desired structures, the synthesis was performed by deprotonation of 
thiols applying strong bases followed by addition of CS2 and alkylation by benzyl bromides as 
described in figure 41 according to references [32, 443]: 
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Figure 41: Synthetic route towards the synthesis of non-symmetric, monofunctional CTAs by 
deprotonation of a fluorinated thiol followed by the alkylation of the carbodithioate salt with various 
benzyl bromides bearing different substitution patterns at the aromatic ring [32, 443, 444]. 
 
 
The non-symmetric, monofunctional CTAs leading to fluorine end-capped polymers are all of 
almost the same composition. 1H,1H,2H,2H–heptadecafluoro-1-decanethiol was chosen for 
the introduction of both a fluorinated label, in particular of the CF3-terminus of the chain, and 
the introduction of a hydrocarbon fluorocarbon chain avoiding synthetic effort. For the Z-
group, benzyl-bromides with different substitution patterns were chosen in order to introduce 
various fluorinated labels in the R-group and to study possible effects of the different 
substitution patterns on the polymerization behaviour in general. Benzyl bromide, 4- 
(trifluoromethyl) benzyl bromide, 4-fluorobenzyl bromide, 2,3,5,6-tetrafluorobenzyl bromide 
and 2,3,4,5,6-pentafluorobenzyl bromide were chosen for variation of the R-group. 
 
 
All products could be easily cleaned by recrystallization from methanol obtaining good yields. 
The synthetic process and the amounts of chemicals needed (table 6) as well as the NMR 
spectra are described in detail in the experimental section. 
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10.2.1.1  Description of the non-symmetric CTAs 
 
 
CTA XXXIV: This RAFT agent consists of a CF3-(CF2)7-CH2-CH2-chain for the Z-group but 
the benzyl (R-) group remains unsubstituted. The CF3-group at the Z-group can be resolved as 
a separate signal with good intensity (3 F atoms on one signal (singlet) by 19F-NMR (~ 81 
ppm). In 1H-NMR, the compound shows four signals; a multiplet (m) around 2.5 ppm from 
the –CH2-CF2-group and a triplet (t) around 3.6 ppm from the -CH2-S-moiety as for the other 
CTAs originating from the Z-group. A multiplet (m) at 7.3 ppm is originating from the five 
protons of the aromatic ring and a singlet (s) around 4.6 ppm from the -CH2-benzyl protons. 
The singlet (s) around 4.6 ppm is of less analytical value, for the position of the –CH2-benzyl 
group will have changed after polymerization. 
 
 
CTA XXXV: CTA XXXV is composed of a CF3-(CF2)7-CH2-CH2-chain for the Z-group and 
a benzyl group carrying a CF3-moiety in para position. Both CF3-groups at the Z- and R-
group can be resolved separately as one signal (two singlets) at -81,20 and -63.12 ppm with 
good intensity (3 F atoms each signal) applying 19F-NMR. The fluorinated moieties on both 
Z- and R-group enable the calculation of the degree of functionality of the polymers (Z/R 
ratio) independently of 1H-NMR. The compound displays three useful signals in 1H-NMR; the 
signal around 2.5 ppm (m) from the –CH2-CF2-group and around 3.6 ppm (t) originating from 
the protons of the –CH2-S-moiety and around 7.5 ppm from the multiplet of the benzyl group. 
The singlet (s) around 4.6 ppm results from the -CH2-benzyl protons and is of less analytical 
value. 
 
 
CTA XXXVI: CTA XXXVI is composed of a CF3-(CF2)7-CH2-CH2-chain for the Z-group 
and a benzyl group bearing one F-atom in para position. The CF3-group at the Z-group can be 
resolved as a separate signal (singlet) with good intensity (3 F atoms on one signal) also at ~ 
81 ppm using 19F-NMR as well as the para fluorine-substituted benzene ring at about -114.6 
ppm. Here, the intensity of the F signal (singlet) originating from the substituated phenyl is 
relatively weak (one F atom on one signal). The signal originating from the aryl F atom can 
not be well resolved and is overlapping the signal originating from the -CF2-CF2-CH2-group. 
19F-NMR end-group analysis is going to be difficult in this case. In 1H-NMR, the compound 
shows three valuable signals; the signal around 2.5 ppm (m) originating from the –CH2-CF2- 
group and a triplet (t) around 3.6 from the protons of the –CH2-S-moiety and a multiplet (m) 
at ~ 7.1 ppm originating from the four protons of the aromatic ring. Also here, the singlet (s) 
resulting from the -CH2-benzyl protons is less useful. The compound was synthesized to learn 
more about the effect of a differently fluorinated R-group on the kinetics and polymerization 
behaviour. 
 
 
CTA XXXVII: CTA XXXVII consists of a CF3-(CF2)7-CH2-CH2-chain for the Z-group and a 
benzyl group carrying four F atoms in 2, 3, 5 and 6-position. The CF3-group at the Z-group 
can be resolved separately as one signal (singlet) with good intensity around -81 ppm (3 F 
atoms on one signal) in 19F-NMR, whereas the fluorine-substituted benzene ring shows two 
signals (F1, F1

` and F2, F2
`= 2 F atoms on one signal) at -138.7 and -141.25 ppm. The singlets 

are close to each other but can be resolved. Determination of the Z/E-ratio using 19F-NMR 
seems possible. The compound shows three valuable signals in 1H-NMR; the signal around 
2.5 ppm (m) from the –CH2-S-moiety and around 3.6 ppm (t) originating from the protons of 
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the –CH2-S-moiety and a multiplet (m) at ~ 7 ppm from the proton of the aromatic ring. The 
singlet (t) resulting from the -CH2-benzyl protons at 4.7 ppm is –for the reason described 
before- less useful. The compound was synthesized to learn about the effect of a differently 
fluorinated R-group on the kinetics and polymerization behaviour. 
 
CTA XXXVIII: As the aforementioned CTAs, CTA XXXVIII is also composed of a CF3-
(CF2)7-CH2-CH2-chain for the Z-group and a fully fluorinated benzyl group substituted by 
five F atoms in 2,3,4,5 and 6 position. The CF3-group at the Z-group can be resolved as a 
separate signal (singlet) at ~ 81 ppm with good intensity (3 F atoms on one signal) in 19F-
NMR as well whereas the benzene ring shows three different signals (F1, F1

` and F2, F2
` and 

F3)= 2* 2 F atoms on one signal at ~ 140.5 and ~ 153.8 ppm and 1 F atom on one signal at 
161.6 ppm). Determination of the Z/E- ratio using 19F-NMR seems possible. This compound 
shows no signal in 1H-NMR in the aromatic region around 7 ppm, but the signal around 2.5 
ppm (m) from the –CH2-CF2-group and around 3.6 ppm (t) resulting from the protons of the -
CH2-S-group are adressable . The singlet at about 4.7 ppm results from the -CH2-benzyl 
protons and is of less analytical value. 
 
 
10.2.2  Synthesis of symmetric trithiocarbonates with a fluorinated R-group 
 
Also the synthesis of the symmetric trithiocarbonates was performed by deprotonation of 
dithiols applying strong bases followed by addition of CS2 and alkylation by a halogenated 
compound as described in figure 42 according to reference [32, 443]: 
 

 
 
Figure 42: Synthetic route for synthesis of symmetric, bifunctional CTAs [32, 443]. 
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The symmetric, bifunctional CTAs leading to BAB-triblock copolymers are all of almost the 
same composition. A bifunctional thiol, 1,2-ethanediol was chosen for Z-group addressable as 
a singlet in 1H-NMR at a position of about 3.6 ppm; for the R-group, benzyl-bromides 
showing different substitution patterns were chosen in order to introduce a fluorinated label to 
the R-group and study a possible effect of the different substitution patterns on the kinetics 
and polymerization behaviour in general also for the symmetric CTAs. In addition to the 
reference benzyl bromide, 4-(trifluoromethyl)benzyl bromide, 4-fluorobenzyl bromide, 
2,3,5,6-tetrafluorobenzyl bromide, 2,3,4,5,6-pentafluorobenzyl bromide and 3,5- 
bis(trifluoromethyl)benzyl bromide were chosen for the R-group. 
The synthetic procedure is almost the same as described for the non-symmetric CTAs. All 
products could be easily cleaned by recrystallization from methanol obtaining good yields. 
The synthetic process and the amounts of chemicals needed (table 5) as well as the NMR 
spectra are described in the experimental part. 
 
 
10.2.2.1  Description of symmetric CTAs 
 
 
CTA XXXIX: This RAFT agent consists of a -CH2-CH2-chain for the Z-group but the benzyl 
group remains unsubstituted. In 1H-NMR, the compound shows three signals; a signal around 
~ 3.9 ppm (s) from the –CH2-CH2-moiety as for the non-symmetric CTAs originating from 
the Z-group, a multiplet (m) at ~ 7.3 ppm from the ten protons of the aromatic systems and a 
singlet (s) at 4.6 ppm originating from the four -CH2-aryl protons. As for the non-symmetric 
CTAs, the signal of the CH2-aryl protons is of less analytical value, for the position of the -
CH2-benzyl group will have changed after polymerization. 
 
 
CTA XXXX: CTA XXXX is composed of a -CH2-CH2-moiety for the Z-group and two 
benzyl groups both carrying a CF3-moiety in para position. The CF3-moieties at both R-
groups can be resolved as one signal (singlet) with good intensity (6 F atoms on one signal, 
symmetric molecule) applying 19F-NMR at ~ 63 ppm. The fluorinated moieties enable the 
determination of the molar mass of fluorinated polymers via end-group analysis in 19F-NMR. 
The compound displays three signals in 1H-NMR; the singlet (s) around 3.7 ppm originating 
from the –CH2-CH2-moiety of the Z-group, a multiplet (m) at ~ 7.5 ppm resulting from the 
eight protons of the two aromatic systems and a singlet (s) at 4.6 ppm from the four -CH2-aryl 
protons. Also here, the signal of the CH2-aryl protons is of less analytical value. 
 
 
CTA XXXXI: CTA XXXXI is composed of -CH2-CH2-moiety for the Z-group and a benzyl 
group carrying two CF3-moieties in m-position of the phenyl ring. Both CF3-groups attached 
to each of the R-groups can be resolved as one signal (singlet) with good intensity (12 F 
atoms on one signal originating from the CF3-groups in m-position, symmetric molecule) 
applying 19F-NMR at ~ -63 ppm. The fluorinated moieties enable the determination of the 
molar mass of fluorinated polymers via end-group analysis in 19F-NMR. In 1H-NMR, the 
compound shows two valuable signals; the singlet (s) around ~ 3.7 ppm due to the –CH2-CH2-
moiety of the Z-group and the multiplet (m) at ~ 7.8 ppm originating from the six protons of 
the aromatic rings. The singlet (s) at 4.7 ppm from the four -CH2-aryl protons is again of less 
useful for analytical studies. This compound was synthesized to learn more about the effect of 
the R-group on the kinetics and polymerization behaviour of this newly synthesized CTAs. 
Furthermore, the substitution of the aromatic systems with two electron withdrawing CF3-
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groups leads to a lower field shift of the aromatic signal in 1H-NMR useful in poly(styrene) 
(M3) analysis. 
 
 
CTA XXXXII: CTA XXXXII is composed of a -CH2-CH2-chain for the Z-group and two 
benzyl groups bearing an F-atom in para position. Using 19F-NMR, the para fluorine- 
substituted benzene rings display one signal (s) (two F atoms on one signal) at –114.43 ppm. 
The intensity of the F-signal originating from the substituted phenyl rings is relatively weak 
(only 2 F atoms on one signal). Nevertheless, the determination of the molar mass of 
fluorinated polymers via end-group analysis in 19F-NMR should be possible. In 1H-NMR, the 
compound also shows three signals; the signal (s) around 3.9 ppm originating from the –CH2-
CH2-moiety of the Z-group, a multiplet (m) at 7.5 ppm due to the eight protons of the 
aromatic ring and a singlet (s) at 4.8 ppm from the four -CH2-aryl protons of limited analytical 
value. Also this compound was synthesized to learn more about the effect of a differently 
fluorinated R-group on the kinetics and polymerization behaviour. 
 
 
CTA XXXXIII: CTA XXXXIII consists of a -CH2-CH2-moiety for the Z-group and two 
benzyl groups each carrying F atoms in 2, 3, 5 and 6 position. In 19F-NMR, the fluorine-
substituted benzene rings shows two signals (s) (2 * F1, F1

` and 2 * F2, F2
`= 4 F atoms on one 

signal) at -138.3 and -141.3 ppm. The determination of the molar mass of fluorinated 
polymers via end-group analysis in 19F-NMR should be possible. The compound shows three 
signals in 1H-NMR; the singlet (s) appearing at 3.7 ppm from the –CH2-CH2-moiety of the Z-
group, a multiplet (m) at ~ 7 ppm resulting from the two protons in p-position of the aromatic 
rings and a singlet (s) at 4.7 ppm originating from the four -CH2-aryl protons of less analytical 
value. The compound was synthesized to learn about the effect of differently fluorinated R-
groups on the kinetics and polymerization behaviour. 
 
 
CTA XXXXIV: As the aforementioned CTAs, CTA XXXXIV is also composed of a -CH2-
CH2-chain representing the Z-group and two fully fluorinated benzyl groups bearing F atoms 
in 2,3,4,5 6- position. In 19F-NMR, the benzene ring shows three different signals (s) (F1, F1

` 
and F2, F2

` and F3) = 4* 2 F atoms on one signal, 2 F atoms on one signal) at -140.2, -153.5 
and -161.9 ppm. The fluorinated moieties should enable the determination of the molar mass 
of fluorinated polymers via end-group analysis in 19F-NMR. This compound shows no 
disturbing signals in the aromatic region of 1H-NMR, only the singlet (s) of the Z-group (4 
protons) and of the -CH2-aryl protons (4 protons) can be detected at about 3.7 and 4.7 ppm. 
For the reasons explained before, the analytical use of the -CH2-aryl protons is limited. Also 
this compound was synthesized to learn more about the effect of a differently fluorinated R-
group on the kinetics and polymerization behaviour. 
 
 
10.3  Conclusions RAFT synthesis 
 
Two sets of non-symmetric and symmetric trithiocarbonates were successfully synthesized 
following the synthetic path of dehydrogenation of thiols and dithiols applying strong bases 
subsequently followed by addition of CS2 and alkylation by a halogenated compound 
according to references [272, 361, 402] in very good yields. The raw substances can all be 
easily cleaned by recrystallization from methanol avoiding time consuming column 
chromatography. 
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10.4.  Kinetics of styrene polymerization in the presence of CTAs 
 
 
In order to study the kinetics of the newly synthesized symmetric and non-symmetric CTAs, 
styrene (M3) was chosen as model monomer. Styrene is easily purified by distillation and can 
be polymerized under standard conditions in both solution and bulk. In the literature, 
numerous CTAs have been reported to polymerize styrene successfully under good control 
providing polymers with narrow molecular weight distributions [445-447]. Furthermore, 
styrene was selected for the hydrophobic B-block of the new BAB-block copolymer systems 
which length has to be carefully selected to keep the later polymer water soluble. The results 
obtained with styrene should also serve as a kind of pre-study for the later applied fluorinated 
monomers 2-,3-,4-fluorostyrene (M4, M5, M6) and 2,3,4,5,6-pentafluorostyrene (M7). 
 
The polymerization protocol followed for the kinetic studies and the amounts of chemicals 
used are described in the experimental part (table 9). All polymerizations were aiming at 
molecular weights of 10000 g/mol. The polymerizations of styrene (M3) were induced 
thermally without adding initiator (see also thermal initiation of styrene: Mayo-mechanism), 
whereas pentafluorostyrene (M7) was polymerized in presence of initiatior V 30. Before 
investigating the polymerizations, the thermal stabilities of the non-symmetric and symmetric 
CTAs XXXV and XXXX were tested applying TGA measurements. Non-symmetric CTA 
XXXV shows thermal decomposition beyond 219 °C, whereas the symmetric CTA XXXX is 
stable up to 239 °C (table 11). In order to guarantee a good radical flow, the polymerization 
temperature was set to 110 °C oil bath temperature [32]. The polymerization was not 
conducted as a one-pot reaction from which samples are taken subsequently at given time 
intervals, but several identical samples were prepared and the polymerizations stopped by 
cooling a given sample with liquid nitrogen after a distinct time interval. Part of the sample 
was investigated applying GPC measurements; the other part was diluted with 5 ml of THF 
and precipitated in methanol. The dried samples were further investigated by NMR 
measurements.  

 
 
Figure 43: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: 
BHT) displaying the thermally initiated polymerization of styrene (M3) in bulk applying non-
symmetric CTA XXXV at 110 °C after 5, 10, 15, 20 and 25 h (from left to right).  
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Figure 43 demonstrates the regular increase of the molar mass of the polymer within a time 
interval of 25 h in well defined steps. The polymerization seems to be well controlled leading 
to polymers with narrow molecular weight distribution (~ 1.1) (figure 44): 

 
Figure 44: Polymerization of styrene (M3) in bulk using non-symmetric RAFT-agent CTA XXXV 
at 110 °C; average number molar mass versus conversion (values for conversion determined from IR 
signal ratio of monomer and polymer obtained by GPC measurements). 
 

As shown in figure 44, the development of the molar masses follows pseudo first-order 
kinetics to high conversions with the number of the molar masses increasing linearly with 
conversion. The values calculated for Mn are comparable to the theoretically expected ones 
and the obtained homopolymers show low polydispersities (around 1.1). Furthermore, the 
symmetric CTA XXXX was also successful in polymerizing styrene (M3) (figure 45) 
applying thermal initiation at a bath temperature of 120 °C. Like the styrene samples prepared 
using the non-symmetric CTA XXXV before, the resulting PS-polymers showed a narrow 
molecular weight distribution around 1.1. 

 
Figure 45: Evolution of the GPC elugrams with polymerization time (eluent: THF, internal standard: 
BHT) for the thermally initiated polymerization of styrene (M3) in bulk applying symmetric 
CTAXXXX at 110 °C after 5, 10, 15, 20, 25 h (from left to right). The molar mass of the polymer is 
increasing with time.  
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In a further experiment, the symmetric CTA XXXX was successful in polymerizing 2,3,4,5,6-
pentafluorostyrene (M7) applying V 30 as an initiator at a bath temperature of 120 °C (figure 
46).  
 
 
 
The reasons for using an initiator for polymerization were already explained. The 
[CTA]0/[initiator]0 molar ratio was set to 10:1 in order to minimize the unfavourable 
termination reactions. Alike the styrene samples presented before, the resulting PFS (M7)-
polymers showed a narrow molecular weight distribution around 1.1.  
Compared to the PS- samples, the polymerization of PFS (M7) proceeded quite fast. 
However, the molar mass values determined by GPC measurements based on a PS-calibration 
are no longer reliable in this case. Therefore, 19F-NMR was additionally used to determine 
Mn. 
 

 
 
Figure 46: GPC elugramm showing a regulary increase of the molar mass in the bulk polymerization 
of symmetric CTA  XXXX polymerizing pentafluorostyrene (M7) after 20, 40, 60, 80, 100 min at 120 
°C. V 30 was chosen as an initiator. The ratio of CTA/initiator was set to 10:1. The polymerization is 
relatively fast (see also experimental part, table 7).  
 
 
 
Applying non-symmetric CTA XXXVIII in the polymerization of styrene (M3) also resulted 
in a well-controlled polymerization yielding PS-homopolymers with narrow molecular weight 
distributions. The molar mass of the polymer increases with time (figure 47): 

40 min 20 min 80 min 100 min 60 min 
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Figure 47: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: 
BHT) displaying the thermally initiated polymerization of styrene (M3) in bulk applying non-
symmetric CTA XXXVIII at 110 °C after 5, 10, 15, 20, 25 and 30 h (in right direction).  
 

 
Figure 48: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: 
BHT) displaying the thermally initiated polymerization of styrene (M3) in bulk applying non-
symmetric CTA XXXVIII at 110 °C after 5, 10, 15, 20, 25 and 30 h (from left to right). The 
concentration of monomer (left edge of graphics) is decreasing with time, whereas the polymer 
concentration (right edge of the spectrum) is increasing. 
 
 
Figure 48 shows the development of the molar mass of the polymer increasing with time, 
whereas the amount of styrene monomer (M3) is decreasing (left signals) monitored by a 
GPC elugram. 
Further examples for the controlled polymerizations of styrene (M3) using the newly 
synthesized CTAs can be found in the appendix. 
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In general, the thermally initiated polymerizations of styrene (M3) applying symmetric and 
non-symmetric CTAs are controlled and lead to PS-homopolymers of narrow molecular 
weight distribution (D~ 1.1 or 1.2). The polymerization times leading to distinct molar masses 
are surprisingly similar for the symmetric and non-symmetric systems (figure 49): 

 
 
Figure 49: Comparison of the polymerization of styrene (M3) using non-symmetric CTA XXXV, 
sym. CTA XXXXII, non-sym. CTA XXXVII and symmetric CTA XXXX. The polymerization 
behaviour is almost similar for all CTAs, symmetric or non-symmetric. 
 
All non-symmetric CTAs bearing a fluorinated Z- and R-group were able to polymerize 
styrene (M3) successfully under good control. The obtained polymers showed a narrow 
molecular weight distribution around 1.1. up to high yields. The same is valid for the samples 
obtained from non-symmetric CTA XXXV, bearing a non-fluorinated R-group. The kinetics 
was of pseudo-first order for all studied systems, independently of the type of label attached 
to the R-group, fluorinated (CTAs XXXV-XXXVIII, XXXX-XXXXIV) or non-fluorinated 
in case of the unsubstituated benzyl group (CTAs XXXIV and XXXIX). Further elugrams 
can be found in the appendix. 
 
 
The symmetric CTAs XXXX-XXXXIV bearing a fluorinated R-group were able to 
polymerize styrene (M3) at 110 °C successfully under good control as well. The obtained 
polymers showed a narrow molecular weight distribution with PDI values around 1.1. up to 
high yields. The kinetics of these systems were also similar, independently of the type of 
fluorinated label attached. The elugram of sym. CTA XXXXII can be found in the appendix. 
The unsubstituated sample (sym. CTA XXXIX) was able to polymerize styrene successfully, 
as reported by Bivigou-Koumba [142]. 
 
 
10.4.1  Problems in the polymerization of styrene applying CTA XXXXIII 
 
The problems occurring in the polymerization of styrene (M3) leading to a loss in control 
applying sym CTA XXXXIII labelled with fluorine in 2,3,5,6-position are still not clear. The 
experiment was repeated two times with the same result. The problems using this CTA might 
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originate from two reasons. First, the benzyl group bearing fluorine in positions 2, 3, 5 and 6 
is able to form a relatively stable phenyl radical due to the +M-effect (positive mesomeric 
effect) of the fluorine substituents which might undergo combination or disproportionation 
(figure 50) reactions with other phenyl radicals leading to irreversible terminations in the 
RAFT process. 
 
 
 

 
 
Figure 50: Combination or disproportionation reactions of the benzyl radical. 
 
 
 
Second, the benzyl radical might be sensitive to the attack of a nucleophile due to the –I- 
effect (negative inductive effect) of the strongly electronegative fluorine substituents resulting 
in destruction of the CTA (figure 51): 
 
 
 

 
 
 
Figure 51: Hypothetic nucleophilic attack of the electron-poor benzyl system by an impurity 
resulting in destruction of the CTA. 
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As the elementary analysis of the chain transfer agent revealed no impurities, sulphur residues 
as possible nucleophiles can be excluded. It is therefore assumed, that the problems occurring 
in the polymerization process result from undesired termination- or disproportionation or the 
described elimination reactions. 
 
If detailed knowledge on the reasons for the failure of the CTA is needed, NMR- 
measurements could help to gain further insight in the reaction mechanism using both 1H-
NMR spectroscopy and 19F-NMR spectroscopy. Furthermore, the kinetics of the symmetric 
CTA XXXXIV should be investigated and checked for possible side reactions using 1H-NMR 
spectroscopy and 19F-NMR spectroscopy. As symmetric CTAs XXXX with a similar 
structure proved to work well, further investigations were postponed. 
 
 
 
 
10.4.2  Conclusions kinetics of CTAs in the polymerization of styrene 
 
 
All newly synthesized CTAs- non-symmetric and symmetric- except the symmetric CTA 
XXXXIII were able to moderate the thermally induced polymerization of poly(styrene) (M3) 
at a temperature of 110 °C successfully. For symmetric CTAs XXXXI and XXXXIV no 
kinetic study was performed. The polymerization process was monitored by applying GPC 
measurements determining the conversion with time. For the poly(styrene) polymers (M3-
polymers) gained from the polymerizations applying the new RAFT agents the values for Mn 
applying a calibration on a PS-standard fit the theoretical values calculated for Mn. For 
2,3,4,5-pentafluorostyrene (M7) the situation is different. Here, the GPC values based on a 
PS-calibration are no longer reliable. In this case, 19F-NMR was additionally used to 
determine Mn. The determination of the molar mass of poly(pentafluorostyrene) polymers 
(M7-polymers) was straightforward using this method.  
 
The fluorinated chains of the Z-group of the non-symmetric CTAs did not seem to influence 
GPC results; neither did the fluorinated groups of the R-groups of both symmetric and non-
symmetric RAFT agents. 
 
The reason for failing to control the polymerization process for symmetric CTA XXXXIII is 
not clear and further investigations have to be done to understand the problem, especially 1H-
NMR and 19F-NMR spectroscopy could be instructive. Possibly, an unwanted rearrangement 
of the Z- or R-group takes place during the polymerization leading to a loss of control 
evidenced by GPC measurements. The kinetics were found to be similar for the non-
symmetric and symmetric systems displaying only negligible differences. 
 
Symmetric CTA XXXX was also successfully tested for the polymerization of 2,3,4,5,6-
pentafluorostyrene (M7) applying V 30 as an initiator at a temperature of 120 °C. The 
attachment of fluorinated groups to both Z- and R-moiety of the RAFT agents at different 
positions of the aromatic ring of the R-group seems to have no negative influence on the 
control of the RAFT process. Therefore, functional end groups can be applied as effective 
labels in end-group analysis applying 19F-measurements. 
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Chapter XI: Synthesis of amphiphilic BAB-triblock copolymers  
 
 
11.1  Synthetic outline towards BAB-triblock copolymers 
 
 

 
 
 
 
 
Figure 52: Synthesis of BAB-triblock copolymers in two steps applying symmetric CTA XXXX.  
 
Symmetric CTA XXXX was used to synthesize the desired BAB-triblocks containing a 
thermosensitive hydrophilic A-block of poly(N-isopropylacrylamide) (M1) (NIPAM) or 
poly(N-acryloylpyrrolidine) (M2) (NAP) in just two steps (figure 52). The nature of the 
hydrophobic blocks was varied, using poly(styrene) (M3), poly (4-fluorostyrene) (M6), poly 
(3-fluorostyrene) (M5), poly (2-fluorostyrene) (M4) (testing if position of F has an influence 
on hydrophobicity) and poly (2,3,4,5,6-pentafluorostyrene) (M7) as an hydrophobic B-block 
with increasing hydrophobicity and lipophobicity. Poly(2,3,4,5,6-pentafluorostyrene) (M7) 
was tested as most hydrophobic and lipophobic monomer (figure 53). All polymers show a 
high Tg favouring the formation of micelles with glassy cores expecting to stabilize the 
structure of the eventually formed micellar gels. 
 
 

 
 
 
Figure 53: Styrene (M3) and its derivatives (M4, M5, M6, M7) employed in this study. The polarity 
of the monomers is changing from styrene (M3) to 2,3,4,5,6-pentafluorostyrene (M7). 2-, 3- and 4-
fluorostyrene (M4, M5, M6) are probably more polar than polystrene. 
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Besides the analysis of the macro-RAFT agents and triblocks by GPC, conventional 1H-NMR 
spectroscopy and the newly established end-group analysis via the fluorinated endgroups 
applying 19F-NMR should be evaluated for the pentafluorostyrene systems (M7-blocks) and 
the results of the different methods compared.  
 
11.1.1  Synthesis of the B-block prepared from styrene and fluorinated styrenes 
 
 
In the first step, styrene (M3), 2-,3-,4-,5-pentafluorostyrene (M7) or 2-, 3- or 4-fluorostyrene 
(M4, M5, M6) homopolymers are synthesized in the presence of symmetric CTA XXXX 
(figure 54), and analyzed after purification by GPC and NMR spectroscopy. The 
polymerization conditions can be found in the experimental section. The solubility of the 
CTA in the monomer at room and elevated temperature was tested before performing the 
experiment. The CTA applied for polymerization was also tested for its stability before the 
polymerization to avoid unfavourable destruction at elevated polymerization temperatures. 
TGA measurements proved thermal stability of the symmetric CTA XXXX up to 239 °C. All 
polymerizations were conducted in bulk. Styrene (M3) polymerization was initialized 
thermally at an oil bath temperature of 110 °C guaranteeing a sufficient generation of radicals. 
The fluorinated styrene derivatives (M4, M5, M6, M7) were initiated using V 30 as initiator 
at a temperature of 120 °C. For the polymerization of 2-, 3- and 4-fluorostyrene (M4, M5, 
M6), thermal initiation might be also possible, but as problems were reported for the synthesis 
of 2,3,4,5,6-pentafluorostyrene (M7), an initiator was applied. For all polymerizations a ratio 
of 10:1 for CTA/initiator was chosen in order to minimize irreversible termination. 
Experimental data can be found in the experimental part, table 7. 
 

 
 
Figure 54: First step in the synthesis of BAB-triblock copolymers: synthesis of the hydrophobic B-
block. a) Styrene (M3) was polymerized in bulk at 110 °C [32]; b) the fluorinated polymers (M4, M5, 
M6, M7) were polymerized in bulk at 120 °C applying CTA XXXX and V 30 as an initiator.  
 
The kinetics for the polymerization of styrene (M3) and pentafluorostyrene (M7) polymerized 
applying symmetric CTA XXXX can be seen above. 
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11.1.2  Synthesis of the A-block prepared from NIPAM or NAP 
 
In the second step (see figure 55), the macro-CTA was polymerized together with NIPAM 
(M1) or NAP (M2) in THF to achieve the BAB-triblock copolymers.  

 
 
Figure 55: Synthesized homo- and BAB-triblock copolymers 
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Chosing THF as a solvent for radical polymerisations despite its good solubility for 
poly(styrenes) (M1 blocks) and poly(pentafluorostyrenes) (M7 blocks) may cause problems, 
because radical transfer reactions to the solvent and the presence of peroxides cannot be 
completely excluded [448].  
Still, the influence of the two effects can be considered to be negligible, for the chain-transfer 
reactions between polymer and THF are only small and the existence of peroxides can be 
excluded due to freshly destilling the solvent over Na/K metal prior to use. The synthesis 
provided indeed polymers showing a relatively narrow molecular weight distribution. A 
second advantage of using THF as a solvent is the convenient cleaning of the synthesized 
polymers by dialysis against water directly after synthesis and subsequent freeze-drying. 
Furthermore, it behaved as a good solvent for the pentafluorostyrene homopolymer. 
Experimental data can be found in the experimental part, table 7. 
 
 
 
The formation of block copolymer can be visualized by GPC measurements (figure 56, figure 
57, figure 58). Compared to the elugrams gained from macro-CTA synthesized in step 1 
(figure 54) using styrene (M3) or its derivatives (M4, M5, M6, M7) (vide supra), the formed 
BAB-triblock copolymers are shifted to remarkably higher molar masses for all synthesized 
series (60000, 80000, 100000). Further examples can be found in the appendix. 
 
 
 

 
 
 
Figure 56: GPC elugram of PS-PNI-PS 3100-50000, 3100-70000, 5700-50000 and 5700-70000. 
Homopolymers PS 3100 and PS 5700 are the macro-RAFT precursors for the synthesis of these BAB-
systems. 
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Figure 57: GPC elugram of PFS-PNI-PFS 80000 series: PFS-PNI-PFS 4200-80000, 4500-80000, 
5500-80000, 6500-80000 and 7200-80000. Homopolymers PFS 20 to PFS 100 (shifted to lower 
molecular weight, molecular weight of homopolymer increasing from left to right) resemble the PFS-
macro- RAFT precursors for the synthesis of these BAB-systems. 
 
 

 
 
Figure 58: GPC elugram of PFS-PNI-PFS 60000 series: PFS-PNI-PFS 5500-60000, 6500-60000, 
7200-60000. Homopolymers PFS 60 to PFS 100 (shifted to lower molecular weight, molecular weight 
of homopolymer increasing from left to right) resemble the PFS-macro-RAFT precursors for the 
synthesis of these BAB-systems. 

 
All BAB-triblock copolymers show a notable tailing in their GPC elugrams (Figure 54-56), 
whereas no tailing is observed for the macro-CTAs. The tailing of the elugrams probably 
results from a different retention behaviour of the block copolymers compared to homoblock 
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polymers as reported by Jiang et al. studying the retention behaviour of AB-, ABA- and BAB-
block copolymers in liquid chromatography applying Monte Carlo simulations [449]. Another 
explanation could be the interaction of the BAB-polymers with the column resin. 
 
 
 
 
The following BAB-triblock copolymers were synthesized in this thesis (table 1): 
 
 
 

BAB-triblock copolymer polymer code information on 
synthesis 

 
PS-PNI-PS page 164, table 7 

 
 
 

PFS-PNI-PFS page 164, table 7 

 
 
 

4FS-PNI-4FS 
3FS-PNI-3FS 
2FS-PNI-2FS 

page 164, table 7 
 

 
 
 

PS-PNAP-PS page 165, table 7 

 
 
Table 1: BAB-triblock copolymers synthesized 
 
 
11.2  Synthetic strategy towards CF-end capped polymers 
 
 
For the synthesis of CF-end capped polymers, several non-symmetric CTAs can be used. All 
CTAs were successfully tested in the polymerization of styrene (M3) in a kinetic study. 
Applying non-symmetric CTAs enables the synthesis of the CF-end capped polymers in just 
one step, for the fluorinated moiety is introduced by the Z-group of the CTA. For the polymer 
block, styrene (M3) was chosen.  
 
 
11.2.1  Synthesis of CF end-capped polymers 
 
 
The synthetic pathway towards CF-end capped polymers applying monofunctional, non-
symmetric trithiocarbonate CTA XXXV is shown in figure 59:  
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Figure 59: Synthesis of CF-end capped polymers in one polymerization step applying non-
symmetric CTA XXXV. The fluorinated moiety is introduced by the Z-group of the monofunctional 
RAFT agents. 
 
 
The polymerization conditions can be found in chapter experimental part. All polymerizations 
were conducted without solvent in bulk. The solubility of the CTA in the polymer was tested 
at room and elevated temperature before the polymerization. TGA measurements proved 
stability of CTA XXXV up to 219 °C. The polymerization of styrene (M3) (figure 60) was 
initiated thermally at an oil bath temperature of 110 °C [32]. The resulting polymers were 
analyzed after purification by GPC measurements and NMR spectroscopy. 
 
 
 
 
 

 
 
 
Figure 60: Synthesis of the CF-end capped hydrophobic B-block. Styrene (M3) was polymerized in 
bulk at 110 °C (thermal initiation). The used amounts and ratios can be found in the experimental part, 
table 8. 
 
 
In contrast to the BAB-triblock copolymers, no tailing was observed. Obviously the 
fluorinated block is too short to show an influence on the retention behaviour. 
 
Taking a closer look at the newly synthesized fluorinated RAFT agents, the aromatic R-
groups can easily be detected via UV-measurements as well as the thiocarbonyl group. As a 
further obligation, the chosen R- and Z-groups -aromatic and aliphatic moieties- can be 
undoubtedly identified in 1H-NMR spectroscopy being situated well apart from each other 
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(aromatic groups: ~ 7 ppm, aliphatic groups ~ 4 ppm) and thus be used as a label for end- 
group analysis determinating both the Z/R-ratio and the molar mass. The knowledge about the 
end-group functionalization is quite important; it can be estimated by the Z/R ratio of the 
investigated polymers assuring a high degree of functionality necessary for the further 
attachment of blocks (see also chapter RAFT polymerization). Fluorinated moieties are 
known to be electron-withdrawing shifting the proton signals of the aromatic R-group to even 
lower field, thus allowing a sufficient separation from proton signals originating from most 
aromatic polymers. 
 
 
 
 
11.3  Application of labelled RAFT agents 
 
 
A good example for the effectivity of using the CTAs for 1H-labeling is the polymerization of 
styrene (M3) applying the symmetric CTA XXXX (figure 61).  
 
The aliphatic protons originating from the –CH2-CH2-moiety are shifted in the region of 3.5 
ppm displaying a sharp singulet for the symmetric CTAs, whereas the aromatic group can be 
resolved from the signal of the aromatic groups of poly(styrene) found around 7.5 ppm: 
 

 

 
 
Figure 61: Poly(styrene) (M3) polymerized applying symmetric CTA XXXX enabling the 
determination of the molar mass using the aromatic (-aryl-CF3) and aliphatic (-CH2-CH2-) CTA 
moiety as a label (solvent: acetone-d6). 
 
 
Nevertheless, in some cases the signals may overlap. In order to be completely independent of 
the position of the peaks in 1H-NMR spectra, the fluorinated moieties introduced to the R- and 
Z-groups of the CTA provide groups still efficiently moderating the polymerization process 
and simultaneously provide an universal tool for end-group analysis using 19F-NMR 
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spectroscopy, even in case fluorinated monomers are investigated. Fluorine containing groups 
were chosen as NMR markers, because 19F, a pure element, is a half-spin nucleus with good 
sensitivity, small line-with, non-complicated line splitting and the possibility to investigate 
the block copolymers without disturbing overlaps [107-109]. 
 
Symmetric CTA XXXX was polymerized with 2,3,4,5,6-pentafluorostyrene (M7), forming 
the B-block of the hydrophobic, lipophobic BAB-systems. The fluorinated styrene (M7) 
shows no signal of the aromatic group around 7 ppm; only the proton containing backbone 
can be found around 2 ppm being of low analytical value for 1H-NMR investigation.  
 
 
Investigating the fluoropolymer applying 19F-NMR (figure 62, 63) enables both the 
determination of the molar weight and the Z/R- ratio for all signals using the CF3-moiety as a 
label in 19F-NMR investigations. The fluorinated label can be found as a singlet in 19F-NMR 
at -63.04 ppm: 
 
 

 
 
 

Figure 62: 19F-NMR of symmetric, bifunctional CTA XXXX: characteristic singlet of the CF3-
moiety (solvent: chloroform-d1). 

 
 
 

The label can be resolved and distinguished from the F-signals originating from the polymer 
and successfully applied for end-group analysis (figure 63): 
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Figure 63: Determination of the molar mass of poly(pentafluorostyrene) (M7) polymerized applying 
the symmetric, bifunctional CTA XXXX using 19F-NMR. The label can be resolved and distinguished 
from the F-signals originating from the polymer and successfully applied for end-group analysis 
(solvent: acetone-d6). 
 
The sensitivity of the method can be improved by choosing symmetric CTA XXXXI, uniting 
12 fluorine atoms on one signal (figure 64):  

 
Figure 64: 19F-NMR spectrum of symmetric, bifunctional CTA XXXXI uniting 12 fluorine atoms on 
one signal providing improved sensitivity (solvent: chloroform-d1). 
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The monofunctional, non-symmetric CTA XXXV can be used following the same outline as 
displayed for the bifunctional, symmetric CTA XXXX as a useful 1H- and 19F-NMR label for 
both styrene (M3) and pentafluorostyrene (M7) polymerizations applying the p-substiutated 
aryl group and the alkyl group close to the fluorinated tail in 1H- and the aryl-CF3 group and 
the alkyl-CF3 group in 19F-NMR spectroscopy (figures 65, 66):  
 

 
 
Figure 65: 1H-NMR spectrum of monofunctional CTA XXXV. The aromatic (~ 7 ppm) and 
aliphatic moieties (-CH2-S-) can be used as labels for the investigation of poly(styrene) (M3-block) 
applying 1H-NMR (solvent: chloroform-d1). 
 

 
 
Figure 66: 19F-NMR spectrum of monofunctional CTA XXXV. The CF3-group at the aliphatic n and 
aromatic x-end of the CTA can be used as labels for the investigation of poly(pentafluorostyrene) 
(M7-block) applying 19F-NMR (solvent: chloroform-d1). Also the fluorinated m and f group are of 
analytical value. 
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The sensitivity of the method could even be improved by choosing a monofunctional CTA, 
uniting 6 fluorine atoms on one signal (figure 67) (not synthesized in this work): 
 
 

 
 
 
Figure 67: Non-symmetric CTA uniting 6 fluorine atoms on one signal could provide improved 
sensitivity.  
 
 
The analysis of the BAB-triblock copolymers was nevertheless complicated due to 
overlapping of signals in 1H-NMR (figure 68). The labelled R-group around 7 ppm could not 
be distinguished from the signals originating form the PS- and PNIPAM-block (NH-C=O- 
signals) (M3, M1-blocks). The same problems also occur when analyzing the FS-PNI-FS and 
PS-PNAP-PS systems. For the PFS-PNI-PFS polymers, the signals of the aromatic protons 
are completely missing (only visible in 19F-NMR), and the signals of the polymer backbone 
are of low analytical value. 
 
 
 
In this case, the C=S group of the trithiocarbonates (-S-(C=S)-S-) can be applied as an 
effective UV-label-provided not too much end-group is lost compromising the results. 
 
 

 
 
Figure 68: Analysis of BAB-triblock copolymer of type PS-PNI-PS (PS-PNI-PS 3100-70000) 
(solvent: acetone-d6). 
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Chapter XII: Investigation of the thermosensitive solution behaviour of 
BAB-triblock copolymers 
 
 
Depending on their block sequence and concentration of the aqueous solution, BAB-polymers 
are inclined to form interconnected or flower-like micelles in dilute and networks in 
concentrated aqueous solutions whereas the ABA-type forms core-shell micelles in diluted 
aqueous solutions and in concentrated ones. The BAB-type can be distinguished from mere 
AB-diblocks by the ability to form networks in concentrated solutions [142]. The generation 
of networks is favoured by the formation of bridges between the micelles due to single 
polymer chains not incorporated in micelles and entanglements between the micelles 
(requiring a sufficiently high molar mass of the triblock copolymers). These networks give 
rise to hydrogels which are not chemically but physically crosslinked when using a 
thermoresponsive A-block. Their swelling behaviour can be controlled by an external 
stimulus, e. g. temperature, magnetic field etc..  
 
 
12.1  Turbidimetry measurements 
 
 
The temperature dependent behaviour of PNIPAM-homopolymer (M1 block) with a cloud 
point around 32 °C has already been discussed. Now, the temperature-dependent behaviour of 
the more complex BAB-block copolymer systems composed of PNIPAM-(M1) and PNAP 
(M2)-blocks for the hydrophilic and PS-(M3), PFS-(M7) and FS (M4, M5, M6)-blocks for 
the hydrophobic blocks of different length for both block types should be investigated 
applying turbidimetry measurements. The addition of hydrophobic blocks is expected to have 
an influence on the interactions between PNIPAM (M1 block) and water, possibly disturbing 
the formation of hydrogen bonds. Effects on the cloud point and the shape of the turbidimetry 
graph are expected.  
 
 
 
12.1.1  Turbidity of pure PNIPAM samples 
 
 
For pure PNIPAM (M1 block) samples, a cloud point around 32 °C is reported in the 
literature [305, 306]. Furthermore, Kubota and Fujishige et al. [450] and Bivigou-Koumba et 
al. [142] observed a small hysteresis in the cooling cycle of turbidity measurements. Fujishige 
postulated, that this effect could be explained by the limited free rotation on the total 
conformation in PNIPAM polymers according to the methylene group in the polymers main- 
chain. Another explanation for this phenomenon could be the conformational change from 
well dissolved random coils at temperatures below to closely packed particles above the cloud 
point delaying the hydration of the PNIPAM chains in the cooling cycle [450, 451]. The 
graphs gained from turbidimetry measurements were reported to be almost fully reversible. 
 
Bivigou-Koumba reported cloud points of PNIPAM homopolymer created with different 
CTAs (and thus different end groups) similar to values in the literature, deducing that the 
influence of the end-group on the LCST is negligible [142]. 
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12.1.2  Turbidimetry measurements of PS-PNI-PS systems  
 
For reference, the PS-PNI-PS samples were investigated first. All samples are directly 
soluble in water, providing an optically clear solution at temperatures below the cloud point 
(< ~ 31 °C). At temperatures above the cloud point, the solutions became turbid. Figure 69 
exemplifies this behaviour: 
 
Figure 69: Transmission of aqueous solutions of PS-PNI-PS 50000 and 70000 series showing 
samples a) PS-PNI-PS 3100-50000 and b) 3100-70000, c) 5700-70000 and d) 3100-70000 2g/L as a 
function of temperature. (Cooling/heating rate 1 °C per minute, c= 1 g/L). The red arrow indicates the 
heating, the blue arrow the cooling curve.  
 
 
 a)       b) 

 
 

 

 

 

 

 c)   d)    
    
All investigated transmissions are reversible. Figure 69 displays curves of sigmoidal shape. 
The cloud point of the samples is marked by the solution getting turbid accompanied by a 
steep decrease of the transmission around 31 °C for all PS-PNI-PS samples. In contrast to the 
pure PNIPAM homopolymers, a marked hysteresis is occurring in the cooling cycle, as also 
described by Bivigou-Koumba [142]. Interchain association in the collapsed state of the 
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PNIPAM segments connected to the hydrophobic B-segments can explain this hysteresis 
[156]. In contrast to the samples described by Bivigou-Koumba, the values measured for 
transmission above the cloud point were close to zero or zero for all investigated samples. 
Increasing the concentration to 2 g/L did not lead to a remarkable shift in the LCST value. 
 
 
Another interesting feature of the BAB-systems are the –CF3-groups introduced by the 
symmetric CTA XXXX located at the polymer termini. As already discussed, some reports 
describe an influence of the end-group on the value of the cloud point. However, in this work 
no significant shift in the values measured for the cloud point could be detected. If there 
should be any influence originating from these groups, it is negligible. Maybe the situation is 
different in case bigger fluorine-containing substituents are fixed to the aromatic ring system, 
or when the CF3-group is replaced by a larger fluorinated alkyl chain. 
 
 
 
 
12.1.3  Turbidimetry measurements of PFS-PNI-PFS systems 
 
 
In this experiment, the effect of introducing a different hydrophobic block -2,3,4,5,6-
pentafluorostyrene (M7 block)- to BAB-triblock copolymers upon thermally induced phase 
transition was investigated. Again, all samples are well soluble in water, providing an 
optically clear solution at temperatures below the cloud point (< ~ 32 °C). At higher 
temperatures, the solution becomes turbid as described before. 
 
 
 
Figure 70-1): Transmission of aqueous solutions of examples of PFS-PNI-PFS series a) 5500- and 
b) 7200-80000 as a function of temperature. (Cooling/heating rate of 1 °C per minute; sample 
concentration 1 g/L). The red arrow represents the heating, the blue arrow the cooling curve. 
 
 

a)      b) 
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c)       d) 

 
Figure 70-2): Transmission of aqueous solutions of examples of PFS-PNI-PFS series c) 5500- and 
d) 7200-100000 as a function of temperature. (Cooling/heating rate of 1 °C per minute; sample 
concentration 1 g/L). The red arrow represents the heating, the blue arrow the cooling curve. 
 
 
As can be seen from figure 70, the graphs obtained from the PFS-PNI-PFS samples have 
sigmoidal shape similar to those reported for the PS-PNI-PS samples. The cloud point of all 
the investigated probes is around 32 °C, and is slightly higher compared to the PS-PNI-PS 
samples, but still within the temperature range described for PNIPAM (M1 block) containing 
polymers in literature. Obviously, the hydrophobic blocks are not exposed to water in both 
PS-PNI-PS and PFS-PNI-PFS systems but hidden in the micellar core not counting for 
hydrophobic contributions to the LCST value [452]. 
 
 
The transitions are reversible, but a marked hysteresis can be detected in the cooling cycle 
which seems to be more prounounced compared to the PS-PNI-PS systems. Obviously the 
system needs a longer time to recover full hydration of the PNIPAM (M1)-block after 
collapsing. Maybe this behaviour can be related to the extremely hydrophobic fluorinated 
blocks. 
 
 
 
 
12.1.4  Turbidimetry measurements of FS-PNI-FS systems 
 
 
Here, the effect of introducing a block showing different polarity to PS (M3) and PFS (M7) to 
BAB-triblock copolymers upon thermally-induced phase transition was studied. Also in this 
case, all samples are well soluble in water forming an optically clear solution at temperatures 
below the cloud point (< ~ 31 °C). At high temperatures, the solution becomes turbid for 
reasons already described before.  
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 a)       b) 
 
Figure 71: Transmission of aqueous solutions of a) 4FS-PNI-4FS 5600-70000 and b) 3FS-PNI-3FS 
6300-70000 as a function of temperature using a cooling/heating rate of 1 °C per minute; sample 
concentration 1 g/L. The red arrow represents the heating, the blue arrow the cooling curve.  
 
 
All investigated transmissions are reversible (figure 71). Sample 2FS-PNI-2FS is showing the 
same shape. The graph can be found in the appendix. The graphs achieved for the FS-PNI-FS 
samples are again of sigmoidal shape similar to the previously showed PS-PNI-PS and PFS-
PNI-PFS samples. The cloud point of the investigated probes can be found around 31 °C 
matching the values for the PS-PNI-PS samples (vide supra). The transitions are reversible, 
but again a marked hysteresis can be found in the cooling cycle similar to the PFS-PNI-PFS 
systems, probably for the same reasons. 
 
 
 
 
 
12.1.5  Turbidimetry measurements of PS-PNAP-PS systems 
 
 
Only little information on the behaviour of aqueous PNAP solution and on turbidity 
measurements exists. For pure PNAP (M2-block) samples, a cloud point around 50 °C can be 
found in the literature [305, 306]. 
 
 
Here, the effect of replacing PNIPAM (M1-block) against another thermosensitive polymer- 
PNAP (M2-block) -in BAB-triblock copolymers upon thermally-induced phase transition was 
studied. All prepared samples are well soluble in water forming an optically clear solution at 
temperatures below the cloud point (< 50 °C). At temperatures above the cloud point, the 
solution becomes turbid.  
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a)       b) 
 
 
Figure 72: Transmission of aqueous solutions of a) PS-PNAP-PS 5100-70000 and b) PS-PNAP-PS 
4100-70000 as a function of temperature (Cooling/heating rate of 1 °C per minute; concentration 1 
g/L). The red arrow represents the heating, the blue arrow the cooling curve.  
 
 
 
All investigated transmission curves are fully reversible. Further graphs can be found in the 
appendix. The graphs measured for the PS-PNAP-PS samples (Figure 72) are again of 
sigmoidal shape similar to the previously displayed PS-PNI-PS and PFS-PNI-PFS analogs. 
The cloud point of the samples is around 50 °C; that is markedly higher than for the PNIPAM 
(M1 block) containing samples. The transitions are fully reversible, showing almost no 
hysteresis in the cooling cycle for all PNAP (M2 block) samples investigated. Like PNIPAM, 
PNAP can form hydrogen bonds with surrounding water molecules, but the structuring of the 
surrounding liquid is of course different compared to PNIPAM most probably leading to 
different effects for the phase separation temperature and turbidimetry measurements due to 
different destruction of the hydrogen bonds as presumed by Fujimoto et al. [318]. However, in 
contrast to PNIPAM, PNAP is not able to form self-consistent hydrogen bonds. PNAP 
represents only a hydrogen bond acceptor, which is unable to form hydrogen bonds among 
PNAP moieties; only interaction with the surrounding water molecules is possible. Once the 
PNIPAM block has collapsed, the hydrogen bonds between the PNIPAM moieties preserve 
the collapsed state delaying the resolving of the polymer whereas the absence of hydrogen 
bonds between the PNAP moieties enables a much faster rehydration. This most probably 
accounts for the much weaker hysteresis seen for the PS-PNAP-PS series.  
 
 
12.1.6  Conclusions for turbidimetry measurements 
 
 
The measured values can be found in table 10. The values found for the cloud point of dilute 
BAB-triblock copolymer solutions (c= 1 g/L) are all in the range between 30 and 31.5 °C for 
the PNIPAM (M1 block) containing systems. The PNAP (M2 block) containing systems 
show values between 43 and 49 °C. The polymers consisting of 2,3,4,5,6-pentafluorostyrene 
(PFS) (M7) for the hydrophobic B-block seem to be shifted towards slightly higher values 
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(around 31 °C) except for some polymers, whereas the non-fluorinated (M3) or 3 and 4-
fluorostyrene (FS) systems (M5, M6) show a cloud point around 30 °C. Nevertheless, the 
cloud point for all polymers ranges withing the intervals described in the literature. Also 
Bivigou-Koumba reported no significant difference from the literature values [142]. 
Consequently, the influence of the nature of the hydrophobic block on the cloud point of 
PNIPAM (M1 block) seems to be rather small. As all polymers were polymerized applying 
the same symmetric CTA XXXX introducing also –CF3-groups as termini used for end-group 
analysis, the slight difference in the cloud point could probably be originating from the higher 
fluorinated B-blocks in case of the 2-,3-,4-,5-,6-pentafluorostyrene (M7) containing systems, 
although the influence is very small. 
 
Furthermore, the BAB-systems composed from PNIPAM (M1 block) for the hydrophilic A-
block all show a more or less marked hysteresis. Especially in case the hydrophobic B-block 
is relatively long compared to the hydrophilic A-block, a strong hysteresis between heating- 
and cooling curve can be found. Obviously the system needs some more time for rehydration 
after the PNIPAM chains collapsing and dehydrating at the cloud point. In contrast, only a 
small hysteresis is found with the BAB-systems containing PNAP (M2 block). 
 
In order to find out more details, further intensive studies on this topic are necessary and 
further series of the BAB-sytems applying even more different thermosensitive monomers 
would be instructive as also double thermosensitive systems showing no hysteresis are 
reported by Skrabania et al. [453] and Gong et al. [454]. Especially temperature dependent 
19F-NMR- measurements could help to find out about the state of hydration and thus 
hysteresis behaviour of these BAB-systems in solution at different temperatures [145]. 
 
 
12.2  Studies on the size of BAB-triblock copolymer micelles using the DLS method 
 
 
Applying the dynamic light scattering technique, the aggregation behaviour of the block 
copolymers and CF-end capped polymers was studied in solution at different temperatures. 
 
 
12.2.1  DLS studies of PNIPAM homopolymer solutions  
 
 
DLS studies of PNIPAM (M1) homopolymers were already performed by A. M. Bivigou- 
Koumba [142]. Below the cloud point of the solution (< 32 °C) small particles showing a size 
of Dh= 11 nm and a PDI of 0.6 are detected, giving evidence to the existence of single 
molecule coils in the solution. After increasing the temperature above the cloud point, the 
hydrodynamic diameter undergoes a marked sudden increase with a Dh shifting to about 300 
nm and a PDI of 0.12, leaving the solution turbid. Increasing the temperature further about 60 
°C lead to almost no changes of the micellar size. No precipitation of the samples was 
observed even at higher concentrations. 
 
The marked change of the hydrodynamic diameter when increasing the temperature from RT 
above the cloud point can be explained by the fact that at temperatures below 32 °C water 
represents a good solvent for PNIPAM (M1) polymers. The polymer adopts a random coil 
conformation in aqueous solution and interacts preferentially with the surrounding water 
molecules via hydrogen bonds. After passing the cloud point, the situation becomes opposite 
and inter- and intramolecular interactions of the PNIPAM (M1) homopolymers become 
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dominant, while the hydrogen bonds get broken. This leads to a collapse of the random coil 
structure and the formation of colloidal particles of increased hydrodynamic diameter and 
diversity. 
 
 
12.2.2 DLS studies of PS-PNI-PS systems (25-55 °C) 
 
 
The BAB-triblock copolymers of type PS-PNI-PS additionally include two hydrophobic 
poly(styrene) (M3) blocks influencing the aggregation behaviour in aqueous solution. In order 
to learn about the behaviour of BAB-triblock copolymers in water, samples PS-PNI-PS 3100-
50000 and 3100-70000 were studied in detail. The samples should serve as a reference for the 
block copolymers of different composition. Furthermore, the influence of the small terminal 
CF3-groups on the aggregation behaviour should be investigated. 
 
Following the development of the hydrodynamic diameter Dh with increasing temperature, 
similar trends as described for the PS-PNI-PS-polymers by Bivigou-Koumba [142] can be 
found (figure 73, table 10):  

 
Figure 73: Temperature dependent comparison of the hydrodynamic diameter Dh of aqueous 
solutions of PS-PNI-PS systems 3100-50000 and 3100-70000 at a concentration of 1 g/L.  
 
In figure 73, the hydrodynamic diameter changes dramatically with increasing temperature. 
The samples show an apparent hydrodynamic size of about 61 and 58 nm below the cloud 
point with a PDI of 0.23 and 0.72 (25 °C). The size of the aggregates is characteristic for the 
formation of micelles consisting of a PNIPAM corona and micellar core made from 
poly(styrene) (“flower-like micelles”). 
 
 
With increasing the temperature above 32 °C, the size is increasing to about 255 and 230 nm 
with the size distributions becoming narrower indicated by PDI values of 0.18 and 0.07. 
Possibly, the formed aggregates become denser and more compact leading to a more uniform 
size distribution. Increasing the temperature further to 55 °C results in micelles of 232 and 
218 nm combined with a higher size distribution of 0.68 and 1.00. The higher PDI values 
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might result from the formation of large aggregates originating from a secondary association 
of the micelles into large clusters but not from the collapsed PNIPAM corona, as one could 
presume. In this context, further measurements are necessary to precisely determine the 
rearrangements in solution. The size of the aggregates formed above the cloud point is smaller 
compared to the size of pure PNIPAM samples possibly due to the formation of micellar 
clusters. Clusters of reduced sizes are formed as the immobilization of the hydrophobic blocks 
seems to hinder further aggregation on a large scale [455, 456]. None of the studied samples 
showed signs of precipitation, indicating the formation of stable aggregates. 
 
In general, the studied samples display the same behaviour as the PS-PNI-PS systems 
described in the work of Bivigou-Koumba [142]. The CF3-moiety at the polymers termini is 
obviously too small compared to the block copolymer segments to show any influence on the 
polymers aggregation behaviour. The situation might be different for bulkier fluorinated 
moieties or longer, stiff perfluorinated chains.  
 
 
 
12.2.3  DLS studies of PFS-PNI-PFS systems (25-55 °C)  
 
In order to learn about the influence of the hydrophobic block on the micellization behaviour 
of the BAB-systems, triblock copolymers containing 2-,3-,4-,5-pentafluorostyrene (M7) for 
the hydrophobic B-block were investigated. For this purpose, three different series of PFS-
PNI-PFS polymers, PFS-PNI-PFS 60000, 80000 and 100000 were studied in detail. 
 
Following the development of the hydrodynamic diameter Dh with increasing temperature, 
almost the same trends as already described for the PS-PNI-PS systems (vide supra) can be 
found (figure 74, table 10):  

 
Figure 74: Hydrodynamic diameter of PFS-PNI-PFS 60000 series at a concentration of 1 g/L.  
 
 
For the PFS-PNI-PFS 60000 series (figure 74, table 10), the hydrodynamic diameter changes 
with both increasing temperature and length of the hydrophobic block. The micelles show a 
hydrodynamic diameter of about 67, 81 and 74 nm with PDI values of 0.18; 0.2 and 0.18. At 
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35 °C, above the cloud point, the micellar size increased drastically to 269, 298 nm and 308 
nm with PDIs of 0.04 and 0.07 indicating non–aggregated micelles. Further heating seemed to 
influence only the size of sample PFS-PNI-PFS 6500-60000 showing a secondary 
aggregation. At 45 °C, micelles of 286 nm with a PDI of 1.0 are formed, which might give 
evidence for further aggregation to micellar clusters. Further measurements are necessary to 
precisely determine the rearrangements in solution. 
 
 

 
 
 
Figure 75: Comparison of the hydrodynamic diameter of PFS-PNI-PFS 80000 series at a 
concentration of 1 g/L.  
 
 
 
Within the PFS-PNI-PFS 80000 series (figure 75, table 10), the hydrodynamic diameter 
changes with both increasing temperature and length of the hydrophobic block as seen before. 
The micelles show a hydrodynamic diameter of about 66, 65 and 70 nm with PDI values of 
0.22 and 0.18. Above the cloud point, at 35 °C, the micellar size increased dramatically as 
described before to 198, 210 and 280 nm with PDIs of 0.02 and 0.17. Depending on the length 
of the hydrophilic block, the aggregation behaviour seems to be different and seems to 
undergo several steps. At 45 °C, well above the cloud point, hydrodynamic diameters of 242, 
228 and 321 nm were detected with small PDI values of 0.17, 0.06 and 0.09 indicating still 
compact micellar aggregates. Here, the micelles do not seem to form large clusters but show 
secondary rearrangements. At 55 °C, the micellar size remained almost the same with still 
small PDI values. Also here, further measurements are necessary to precisely determine the 
rearrangements in solution. Stable micellar aggregates seem to be formed up to elevated 
temperatures. 
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Figure 76: Temperature dependent comparison of the hydrodynamic diameter Dh of aqueous 
solutions of PFS-PNI-PFS 100000 series at a concentration of 1 g/L. 
 
 
Within the PFS-PNI-PFS series 100000 (figure 76, table 10), the hydrodynamic diameter is 
changing again with both increasing temperature and length of the hydrophobic block. 
Depending on the length of the hydrophilic block, the aggregation behaviour seems to be 
different from the PS-PNI-PS systems and seems to undergo several steps as already 
described for the 80000 series. At 25 °C, the micelles show a diameter of about 68, 75 and 74 
nm with PDIs of 0.19, 0.2 and 0.17. At 35 °C the size enlarged to 158, 222 and 226 nm 
displaying small PDI values of 0.03 and 0.01 indicating micellar aggregates. Increasing the 
temperature further to 45 °C, values of 190, 246 and 254 nm with again small PDIs of 0.08, 
0.11 still indicating micellar aggregates, were meaured. Also here, the micelles do not seem to 
form clusters but show secondary rearrangements. Again, further measurements are necessary 
to precisely determine the rearrangements in solution. 
 
Comparing the PFS-PNI-PFS 60000, 80000 and 100000 series (figures 74-76, table 10), the 
size of the aggregates is characteristic for the formation of micelles consisting of a PNIPAM 
corona and micellar core made from pentafluorostyrene. Increasing the temperature further 
above the cloud point to 35 °C, the size is increasing drastically for the 60000 series, the 
80000 series the 100000 series. The size distributions become narrower indicated by smaller 
PDI values. The 80000 and 100000 series seem to form stable micellar aggregates instead of 
clusters up to 55 °C. In this context, further measurements are necessary to precisely 
determine the rearrangements in solution. Comparing the three different series, the 
temperature dependent evolution of the hydrodynamic diameter is the same within a series 
and can be compared to the PS-PNI-PS series described before, except the described 
secondary aggregation shown by the 80000 and 100000 series. The hydrodynamic diameter 
seems to change with both increasing temperature and length of the hydrophobic block. Dh is 
increasing with increasing length of the hydrophobic blocks within a series, as can be clearly 
deduced from figures 74-76. The sizes of micelles created from BAB-polymers with larger B-
blocks are huger due to possessing larger cores (PFS 100 > PFS 80 > PFS 60 > PFS 40 > PFS 
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20). The influence of the length of the PNIPAM (M1)–block on the hydrodynamic diameter 
seems to be less emphasized than the length of the hydrophobic block. Comparing samples 
PS-PNI-PS 3100-50000 with PFS-PNI-PFS 4200-80000 (shortest B-blocks of all 
synthesized series) and PS-PNI-PS 5700-70000 with PFS-PNI-PFS 7200-100000 (largest B-
blocks of all synthesized series) shows, that mainly the length of the hydrophobic B-block 
determines the size of the formed aggregates, whereas the length of the hydrophilic A-block 
seems to play only a marginal role (figure 77, table 10): 
 
a)        b) 

 
 

Figure 77: Samples a) PS-PNI-PS 3100-50000 with PFS-PNI-PFS 4200-80000 (shortest B-blocks 
of all synthesized series) compared to b) PS-PNI-PS 5700-70000 with PFS-PNI-PFS 7200-100000 
(largest B-blocks of all synthesized series) at a concentration of 1 g/L. 
 
With some samples, especially the PFS-PNI-PFS 80000 and PFS-PNI-PFS 100000 series, a 
moderate decrease or increase at temperatures above the cloud point can be detected. This 
behaviour might originate as already described from further association of the micelles into 
large clusters and thus structural changes. Also the PFS-PNI-PFS type samples showed no 
signs of precipitation indicating the formation of stable aggregates (figure 78): 
 

 
 
Figure 78: Triblock copolymer solution of PFS-PNI-PFS 6500-100000 a) before and b) after 
reaching the cloud point. The absence of precipitation inclines the formation of stable 
aggregates. 

a) b)
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12.2.4  DLS studies of FS-PNI-FS systems (25-55 °C) 
 
 
In order to obtain further information about the influence of the hydrophobic block on the 
micellization behaviour of the BAB-systems, a B-block with a polarity different from that of 
the PS- and PFS-samples became interesting, namely 4-fluorostyrene (M6) and 3-
fluorostyrene (M5) containing samples were investigated in detail. 
 
In order to investigate the behaviour of FS-triblock copolymers in water, samples 3FS-PNI-
3FS 6300-70000 and were 4FS-PNI-4FS 5600-70000 studied in detail.  
 
 
Recording the development of the hydrodynamic diameter Dh with increasing temperature, 
similar trends as already described for the PS-PNI-PS and PFS-PNI-PFS systems can be 
found.  

 
 
Figure 79: Change of the hydrodynamic diameter Dh of aqueous solutions of FS-PNI-FS systems 
4FS-PNI-4FS 5600-70000 and 3FS-PNI-3FS 6300-70000 with increasing temperature at a 
concentration of 1 g/L.  
 
 
Also for these systems, the hydrodynamic diameter changes with increasing temperature 
(figure 79, table 10). In case of sample 4FS-PNI-4FS 5600-70000 the micelles seem to 
undergo secondary aggregation. At room temperature, the samples show an apparent 
hydrodynamic size of 86 nm with a PDI of 0.2 and 0.22 (25 °C). With increasing the 
temperature further to 35 °C (above the cloud point), the size is increasing to 486 nm with the 
size distributions remaining almost the same or slightly higher indicated by PDI values of 
0.22 and 0.36. The aggregates seem to be less uniform compared to the systems described 
before. At 45 °C, the micellar size is changing to 427 and 499 nm, with smaller PDI values 
0.15 and 1.00. The 4FS-PNI-4FS 5600-70000 polymer seems to form more compact micellar 
structures, whereas the 3-FS containing polymer might already form clusters. Further 
measurements are necessary to precisely determine the rearrangements in solution. 
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The 4FS (M6) containing polymer is forming stable micellar solutions up to 55 °C. Also in 
case of the FS-systems, no studied sample showed signs of precipitation, proving the 
formation of stable aggregates. 
 
 
12.2.5  DLS studies of PS-PNAP-PS systems (45-75 °C) 
 
 
In contrast to the PS-PNI-PS samples, the PS-PNAP-PS samples possess a different 
hydrophilic A-block and were supposed to show similar aggregation behaviour to the 
PNIPAM containing samples: 
 

 
 
Figure 80: Change of the hydrodynamic diameter Dh of aqueous solutions of PS-PNAP-PS systems 
with increasing temperature at a concentration of 1 g/L.  
 
 
The hydrodynamic diameter of the PS-PNAP-PS samples changes with increasing 
temperature and length of the hydrophobic block as described for the aforementioned systems 
(figure 80, table 10). At 45 °C (below the cloud point), the samples show an apparent 
hydrodynamic size of 33 and 26 nm with a PDI of 0.47 (5100-70000) and 0.71 (3300-7000), 
indicating the formation of relatively bulky aggregates. With increasing the temperature 
further to 55 °C (above the cloud point), the size is increasing even more drastically compared 
to the systems before to 1020 and 465 nm with PDI values of 0.7 and 0.35. More compact 
particles seem to be formed for the 3300-70000 sample, whereas the 5100-70000 sample 
seems to form bulkier aggregates. At 65 °C, the hydrodynamic diameter does not change too 
much. The 5100-70000 system (PDI 1.0) might form clusters, whereas bulkier, but still small 
aggregates are formed by 3300-70000 system (0.45). Also for these samples, further 
measurements are necessary to precisely determine the rearrangements in solution. Unlike the 
PNIPAM (M1) comtaining samples, the PNAP (M2)-samples show a tendency towards 
flocculation, indicating the formation of less stable aggregates. 
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12.2.6  Conclusions on DLS/turbidimetry 
 
 
In this chapter, the micellization of BAB-triblock copolymers composed of PNIPAM (M1 
block) or PNAP (M2 block) for the thermosensitive, hydrophilic A-block and PS (M3), PFS 
(M7) and 2-, 3-, 4-FS (M4, M5, M6) for the hydrophobic B-block was investigated in detail 
applying DLS (= dynamic light scattering). All samples are well water soluble due to the 
relatively short hydrophobic B-blocks compared to the long hydrophilic A-middle blocks.  
 
DLS measurements prove the existence of small micellar aggregates showing hydrodynamic 
diameters Dh of about 60 nm for the PS-PNI-PS, 85 nm for the FS-PNI-PS, around 70 to 80 
nm for the PFS-PNI-PFS and around 30 nm for the PS-PNAP-PS systems at room 
temperature with small polydispersities. The values measured for Dh tend to increase with 
increasing length of the hydrophobic B-block within a polymer series, independent of its type. 
The length of the hydrophilic PNIPAM (M1)-block on the evolution of the hydrodynamic 
diameter seems to play a negligible role, but might influence the secondary association 
behaviour as seen for the PFS-PNI-PFS 80000 and 100000 series leading to the formation of 
micellar solutions stable up to elevated temperatures, possibly without cluster formation. In 
each case, further measurements are necessary to precisely determine the rearrangements in 
solution. 
Despite insoluble in aqueous medium above the cloud point, the PNIPAM (M1 block) 
containing BAB-systems did not show signs of precipitation, indicating the formation of 
stable aggregates. The aggregates formed above the cloud point are relatively large but 
display a well-defined size in case of small PDI values. As a reason for this behaviour, 
Winnik et al. [457] suggest kinetic effects and the tethering of both ends of the A-block on the 
micelles surface preventing the collapsed micelles to from larger clusters (“mesoglobule 
concept”). The same trends as described for the PNIPAM (M1 block) could be found for the 
PNAP (M2 block) containing samples, except that their stability against precipitation seems 
to be lower. 
 
 
12.3  DLS studies on the stability of BAB-systems against dilution at room temperature 
 
 
A well known feature about polymeric micelles is their stability against dilution [458, 459, 
460]. As all investigated aqueous solutions prepared from fluorinated and non-fluorinated 
BAB-triblock copolymers revealed the existence of micelles, their stability against dilution 
was studied. The polymer solutions were stepwise diluted from 10 to 0.1 g/L from a stock 
solution and the micellar size compared after each dilution step applying DLS. For 
comparison, micellar solutions of a commercially available non-fluorinated low molecular 
weight surfactant, in this case Triton® X 100 and a fluorinated low molecular weight 
surfactant, Zonyl® FSH 300, as well as solutions of SDS, sodium dodecyl sulphate, a 
classical, ionic low molecular weight surfactant, were studied. Micellar solutions of Pluronic® 
6400 were chosen for comparison with a polymer surfactant system. 
 
 
12.3.1  DLS studies on selected BAB-systems 
 
For preparation of solutions and DLS measurements, the protocol described in the 
experimental section was followed. 
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a) b) 

 
Figure 81: DLS studies of diluted aqueous solutions of a) PS-PNI-PS 3100-70000 and b) PFS-PNI-
PFS 4200-80000. The solutions described were stepwise diluted from 10- to 0.1 g/L. 
 
Figure 81 exemplifies the results of the dilution experiments. The aggregates in all 
investigated solutions of the BAB-triblocks were stable against dilution revealing almost the 
same hydrodynamic diameter after each dilution step as monitored by DLS measurements 
(vide supra, graphs almost congruent). Further examples of PFS-PNI-PFS, FS-PNI-FS and 
PS-PNAP-PS-triblock copolymers showing the same stability against dilution can be found in 
the appendix. 
 
 
12.3.2  DLS studies on commercially available surfactants 
 
 a) b) 

 
 

Figure 82: DLS studies of diluted aqueous solutions of a) Pluronic® 6400 and b) Triton® X 100 at 
concentrations from 10-1 g/L. The DLS study of Zonyl® FSH 300 can be found in the appendix. 
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Micellar solutions of commercially available surfactants such as SDS, Triton® X 100, 
Pluronic 6400 and Zonyl® FSH 300 were also studied following the same protocol used for 
the BAB-systems. As expected, the low molecular weight surfactant SDS [145] is not stable 
against dilution as well as the studied Zonyl® fluorosurfactant and polymer surfactant 
Pluronic® 6400 (10-1 g/L), figure 82). Triton® X 100 proved to be the only sample of low 
molecular weight surfactants stable against dilution at concentrations above 1 g/L (10-1 g/L, 
figure 82, congruent graphs). At concentrations below 1 g/L, the micelles were no longer 
stable. 
 
 
 
 
12.3.3  Conclusions on dilution studies 
 
 
DLS measurements proved the stability of all BAB-block copolymer solutions against 
dilution revealing almost the same hydrodynamic diameter (congruent graphs) for the 
micelles after each dilution step. Some solutions were diluted to 0.01 g/L, with the micelles 
still showing stability against dilution. 
Micelles of Triton® X 100 proved to be partially stable only at concentrations above 1 g/L 
(10-1 g/L), whereas Zonyl® FSH 300, Pluronic® 6400 and SDS as a low molecular weight 
surfactant, were not stable against dilution. The good stability of the polymeric micelles 
against dilution indicates very low CMCs (< 1⋅10-5 mN/m) if the polymers show a CMC at all, 
in agreement with the reports on diblock copolymers published by Garnier [69, 112].  
 
 
 
 
12.4 SEM measurements (Scanning Electron Microscopy)  
 
 
In order to find out about the structure of the micellar aggregates, SEM measurements 
(Scanning Electron Microscopy) were performed.  
 
The SEM works in reflection mode, applying an electron beam with an energy of 1 keV–20 
keV which is focused on the probe surface to a size of about 1 nm–10 nm [461]. Spatial 
information can be gained by scanning the focus on the sample by scanning or deflection coil 
put in the optics of the microscope. Depending on the chosen detector, inelastically 
backscattered electrons, X-rays, Auger electrons, or true secondary electrons can be detected. 
The measurement conditions can be found in the experimental section.  
 
 
 
The image (figure 83) revealed the existence of globular structures as described by ten Brinke 
et al. [462]. This result is in well agreement with the results gained from DLS measurements 
predicting globular structures. 
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Figure 83: SEM-image of dried PS-PNI-PS 5700-70000 micellar solutions. The globular shape of 
the particles is clearly visible. The sphere with radius RB forms the inner core containing only B-
monomers whereas the shell with size RA is called the corona and contains A-blocks as described by 
ten Brinke et al. [462]. 
 
 
12.5  Mixed aggregation 
 
 
Micellar solutions including mixed micelles composed of a fluorinated surfactant and a 
hydrocarbon-type surfactant are able to exceed the surface activity for an ideal solution in 
which the components do not interact [145]. The synergism observed in solutions of mixed 
surfactants of different types is governed by the interaction in micelles and monomer-micelle 
equilibra [145]; interactions between surfactant monomers are insignificant. The composition  
 
of mixed micelles can be studied applying different methods, among them NMR- 
measurements, surface tension measurements, fluorescence quenching measurements and 
many more [145]. Observations made mixing hydrocarbon- and fluorocarbon-type micelles 
proved complete nonmixing of the surfactants, partial mixing and the existence of two types 
of mixed micelles or one single type of mixed micelle [145]. 
 
 
 
12.5.1  Mixing different micellar solutions: studying the size and shape of mixed micelles 
 
 
In this experiment, the influence of mixing amphiphilic BAB-block copolymers of different 
block length for the hydrophobic styrene (M3), substituted styrenes (M4, M5, M6, M7) and 
hydrophilic PNIPAM (M1) or PNAP (M2) segments on size and shape of the flower-like 
micelles was investigated. The mixed systems were studied time dependent using DLS.  
Experimental details on the mixing procedure can be found in the experimental section. The 
occurrence of newly formed mixed micelles was studied by comparing the hydrodynamic 
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diameters of parent and mixed solutions. If mixed micelles are formed, a new trace 
originating from the mixed system, often but not necessarily localized between the traces 
from the parent surfactants, will appear (figures 84-87). Mixing surfactants of different block 
lengths and thus hydrodynamic diameter Dh should lead to mixed micelles of different sizes 
due to changing the packing parameters of the parent systems [36, 120]. 
 

 
 

 
Figure 84: Comparison of DLS traces of PS-PNI-PS 5700-70000 with PFS-PNI-PFS 4200-80000 
in aqueous solution (both 1 g/L) and mixture of both polymers (v:v/1:1). 
 
 

 
 

 
Figure 85: Comparison of DLS traces of PS-PNI-PS 5700-70000 with Triton® X 100 in aqueous 
solution (both 1 g/L) and a mixture of both polymers (v:v/1:1). 
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Figure 86: Comparison of DLS traces of PS-PNI-PS 3100-70000 with PS-PNI-PS 5700-70000 in 
aqueous solution (both 1 g/L) and a mixture of both polymers (v:v/1:1). 
 
 

 
 

Figure 87: Comparison of DLS traces of PS-PNI-PS 3100-70000 with Triton® X 100 in aqueous 
solution (both 1 g/L) and a mixture of both polymers (v:v/1:1). 
 
The measurements were repeated within distinct intervals (directly after preparation, after 3 
days, after 7 days) in order to determine changes in the micellar size. Normally the size of 
these micelles should not vary due to the poly(styrene)- and poly(pentafluorostyrene) blocks 
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showing a high Tg (styrene (M3) 373 °C, pentafluorostyrene (M7) 378 °C) leading to the 
formation of micelles (figure 88) with a glassy core, the frozen micelles. Table 2 gives an 
overview over the prepared mixed micelles and their size after 0, 3 and 7 days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 88: Flower-like micelles: possible influence on shape and size of mixing. Scheme adapted 
from Garnier [69]. 
 
Table 2: Evolution of mixed micellar systems as followed by DLS directly, 2 and 7 days of 
storage at room temperature (25 °C) after mixing: 
 

triblock 
copolymers 

 
BAB 

Dh [nm] (a) 
 

before 
mixing 

Dh [nm] 
 

directly 
after mixing 

Dh [nm] 
 

3 days 
after mixing 

Dh [nm] 

 
7 days 

after mixing 
PS-PNI-PS 
3100-70000 

+ 
PS-PNI-PS 
5700-70000 

 

 
52 

(100) 
82 

(100) 

 
78 

(100) 

 
83 

(100) 

 
84 

(100) 

PS-PNI-PS 
3100-70000 

+ 
PS-PNI-PS 
3100-50000 

 

 
52 

(100) 
58 

(100) 

 
55 

(100) 

 
54 

(100) 

 
57 

(100) 

PS-PNI-PS 
3100-70000 

+ 
PFS-PNI-PFS 

4200-80000 
 

 
52 

(100) 
64,0 
(100) 

 
89 

(100) 

 
83 

(100) 

 
82 

(100) 

PS-PNI-PS 
3100-70000 

+ 
PFS-PNI-PFS 

6500-80000 
 

 
52 

(100) 
64 

(100) 

 
77 

(100) 

 
84 

(100) 

 
77 

(100) 

PS-PNI-PS 
3100-50000 

+ 
PFS-PNI-PFS 4200-

80000 
 

 
58 

(100) 
64 

(100) 

 
61 

(100) 

 
60 

(100) 

 
59 

(100) 

mixed micelle composed 
of two different triblock 

copolymers 
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PS-PNI-PS 
3100-50000 

+ 
PFS-PNI-PFS 6500-

80000 

 
58 

(100) 
64 

(100) 
 

 
56 

(100) 

 
63 

(100) 

 
61 

(100) 

PS-PNI-PS 
5700-70000 

+ 
PFS-PNI-PFS 

4200-80000 
 

 
61 

(100) 
64 

(100) 

 
86 

(100) 

 
82 

(100) 

 
82 

(100) 

PS-PNI-PS 
5700-70000 

+ 
PFS-PNI-PFS 

6500-80000 
 

 
61 

(100) 
64 

(100) 

 
77 

(100) 

 
78 

(100) 

 
80 

(100) 

PS-PNI-PS 
3100-70000 

+ 
4FS-PNI-4FS 5600- 

70000 
 

 
52 

(100) 
84 

(100) 

 
83 

(100) 

 
84 

(100) 

 
79 

(100) 

PS-PNI-PS 
3100-50000 

+ 
4FS-PNI-4FS 5600- 

70000 
 

 
58 

(100) 
84 

(100) 

 
75 

(100) 

 
80 

(100) 

 
86 

(100) 

PS-PNI-PS 
5700-70000 

+ 
4FS-PNI-4FS 5600- 

70000 
 

 
61 

(100) 
84 

(100) 

 
92 

(100) 

 
89 

(100) 

 
89 

(100) 

PS-PNI-PS 
3100-50000 

+ 
PS-PNAP-PS 
3300-50000 

 

 
58 

(100) 
33 

(100) 

 
44 

(66.2) 
424 

(32.2) 

 
142 

(48.7) 
31 

(42.6) 

 
42.0 
(64) 
429 

(30.5) 
 

PFS-PNI-PFS 
4200-80000 

+ 
PS-PNAP-PS 
3300-50000 

 

 
64 

(100) 
33 

(100) 

 
46 

(63.7) 
495 

(34.7) 

 
41 

(59.2) 
412 

(38.4) 

 
47 

(61.4) 
507 

(36.0) 

PFS-PNI-PFS 
6500-80000 

+ 
PS-PNAP-PS 
3300-50000 

 

 
64 

(100) 
33 

(100) 

 
51 

(69.1) 
623 

(30.9) 

 
47 

(66.6) 
325 

(30.6) 

 
50 

(66.4) 
595 

(32.1) 

PS-PNI-PS 
3100-50000 

+ 
PS-PNAP-PS 
4100-50000 

 

 
58 

(100) 
33 

(100) 

 
45 

(68.3) 
352 

(30.4) 

 
44 

(68,5) 
400 

(27.7) 

 
45 

(69) 
669 

(31.0) 

PFS-PNI-PFS 
4200-80000 

+ 
PS-PNAP-PS 
4100-50000 

 

 
64 

(100) 
33 

(100) 

 
44 

(57.3) 
223 

(40.5) 

 
53 

(75.1) 
747 

(24.9) 

 
49 

(68.7) 
590 

(30.0) 
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PFS-PNI-PFS 
6500-80000 

+ 
PS-PNAP-PS 
4100-50000 

 

 
64 

(100) 
33.0 
(100) 

 
52 

(77,5) 
426 

(18.2) 

 
49 

(73,9) 
441 

(22.8) 

 
50 

(71,2) 
703 

(28.8) 

triblock copolymers 
BAB 

+ 
low molar weight 

surfactant 

Dh [nm] 
 

before 
mixing 

Dh [nm] 
 

directly after 
mixing 

Dh [nm] 
 

3 days 
after mixing 

Dh [nm] 

 
7 days 

after mixing 

PS-PNI-PS 
3100-70000 

+ 
Triton® X-100 

 
52 

(100) 
8 

(100) 
 

 
13 

(48.9) 
426 

(41.6) 
 

 
245 

(55.5) 
11.5 

(44.5) 

 
389 

(53.8) 
13 

(46.2) 

PS-PNI-PS 
3100-50000 

+ 
Triton® X-100 

 
58 

(100) 
8 

(100) 
 

 
16 

(74) 
238 
(26) 

 
13 

(50) 
257 
(48) 

 
506 
(59) 
15 

(39) 

PS-PNI-PS 
5700-70000 

+ 
Triton® X-100 

 
61 

(100) 
8 

(100) 
 

 
85 

(100) 

 
63 

(98.7) 
4670 
(1.3) 

 
41 

(91.2) 
4200 
(8.8) 

PS-PNAP-PS 
3300-50000 

+ 
PA-PNAP-PS 
4100-50000 

 

 
33 

(100) 
33 

(100) 
 

 
439 

(51.0) 
32 

(46.8) 

 
438 

(49.7) 
33 

(48.3) 

 
470 

(53.4) 
33 

(44.8) 

 
 
 
Table 2: Hydrodynamic diameter of mixed micelles directly after mixing, 2, 3 and 7 days of storage 
at room temperature (25 °C) after mixing. (100) in brackets means: 100 % by volume of aggregates 
with average hydrodynamic diameter Dh of X nm. 

 
During the period of seven days no significant changes (> 10 nm) in the hydrodynamic size of 
the micelles could be detected except for the Triton® X 100 containing samples, which seem 
to be instable. This shows that a stable situation is reached within a reasonable time (i.e., 
within three days) and that the mixed aggregates do not grow into vesicles or bigger 
morphologies, as it has been often reported for other hybrid micellar systems [4]. This result 
is not surprising, for all the micelles are composed of blocks made of either styrene (M3), 4-
fluorostyrene (M6) or pentafluorostyrene (M7) for the outer hydrophobic B-blocks showing a 
high Tg (see also chapter aggregation and rheology) and leading to the formation of micelles 
with a frozen core. These micelles show a reduced mobility of their unimers forming these 
aggregates at room temperature thus enabling only small structural changes. In order to find 
out about possible variations in the micellar size, long term measurements (after about 2 
months, 6 months) would be necessary. Furthermore, in some cases the DLS system is not 
able to distinguish exactly between the distributions (see figures 84, 86). In this case, using 
additional fluorescence quenching measurements might be useful to determine the size of the 
mixed aggregates. 
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12.5.2  Conclusions on mixed aggregation 
 
 
When mixing the various BAB-systems made within a series and among each other, no 
incompatibilities between different BAB-systems could be detected. Non-fluorinated (M3- 
blocks) BAB-systems are fully miscible among each other as well as fluorinated (M5, M6, 
M7)-BAB-systems. Additionally, the fluorinated BAB-systems can be mixed with non-
fluorinated BAB polymers without obvious restrictions. Problems described for mixing 
hydrocarbon with fluorocarbon-type surfactants originating from their incompatibility could 
not be found [82]. Furthermore, the investigated mixtures of different BAB-systems formed 
mixed micelles of distinguishable hydrodynamic diameters (see table 2) and reasonable PDI 
values. Mixing BAB-systems of similar length of the hydrophobic B-block led to minimal 
changes in the hydrodynamic diameter compared to that of the larger parent system, whereas 
mixing with a larger B-block lead to an increase of the hydrodynamic diameter. The same is 
valid for mixing fluorinated and non-fluorinated systems. 
 
The addition of the non-ionic surfactant Triton® X 100 led to different results. Whereas the 
PS-PNI-PS and PFS-PNI-PFS samples composed of short hydrophobic blocks (~ 3000 
g/mol) do not interact with the surfactant, the samples composed of larger hydrophobic blocks 
(~ 5000 g/mol) are able to form mixed micelles of low molar mass polymeric polymeric 
surfactant. However, these micelles show no long-term stability. Surprisingly, the length of 
the hydrophilic A (M1 or M2)-block showed no influence on the mixing behaviour. Looking 
at the hydrodynamic diameters (Dh) of the mixed solutions, small particle sizes of about 11 
nm and a PDI of 0.6 could be detected for the systems containing the short hydrophobic 
blocks reflecting the size of single molecule coils, so-called unimers. Thus, no micelles are 
formed, which means that the two surfactants are not miscible. For the BAB-systems 
composed of the longer PS (M3)- or PFS (M7)-blocks, mixed micelles including Triton® X 
100 surfactant molecules seem to have formed, but show only limited stability. The 
immiscibility might originate from unfavourable interactions between the short hydrophobic 
B-blocks. Further investigations are necessary to study the problem. 
 
 
12.6  Rheology  
 
 
12.6.1  Outline for rheology measurements of BAB-block copolymer samples  
 
 
The investigation of all samples was done due to the following experimental outline: 
 
1) Visual tests applying the TIM (tube inversion method) 
 
2) Testing the dependence of the viscosity on the shear rate 
 
3) Testing the dependence of the viscosity, usually as G` (gain modulus) and G`` (loss 

modulus) on the shear stress 
 

 
 Following points 1)-3) enabled the determination of the experimental data required for 
more detailed investigations on the samples 
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4) Oscillation frequency and temperature dependent investigations on G` and G`` 
 
 From the ratio G`/G`` and the specific development of the parameters depending on 

the temperature, the sol-gel behaviour was analyzed 
 
 
 
12.6.2  Rheology measurements applying PS-PNI-PS block copolymers 
 
 
First, the system PS-PNIPAM-PS, which is found in the literature, was investigated as a 
model system. Furthermore, possible effects of the fluorinated end groups should be studied. 
Then, the PS blocks (M3 blocks) in the triblock copolymers should be changed against 
different fluorinated blocks and the effects further investigated. 
 
After first qualitative gelation tests on selected samples of concentrated polymer solutions (40 
and 50 wt%) in tubes applying the tube inversion method (TIM) [463] were successful, the 
samples were subjected to rheology studies.  
 
In the literature, the gelation behaviour in aqueous solution of only few BAB-systems were 
previously studied, most of them are commercially available Pluronic® systems, PPO-PEO-
PPO [464, 465] or PBO-PEO-PBO systems [466, 467]. Despite these commercially available 
systems, Zhao et al. [468] studied the behaviour of HEMAn-NIPAAmm-HEMAn and 
NIPAAmm-HEMAn-NIPAAmm triblock copolymers, Kirkland et al. [469] investigated 
BAB-systems of type PNIPAM-DMA-PNIPAM. A great series of different BAB-systems 
varying in the nature and length of both blocks was recently studied in our group by A. M. 
Bivigou-Koumba [156]. 
 
Therefore, aqueous solutions of 20-, 30-, 40-, and 50 wt% were prepared from the BAB-
triblock copolymers as described in the experimental section. A cone-plate system was chosen 
for measurement. Liquid samples were placed under the cone plate using a syringe, the solid 
ones were placed onto the Peltier-plate using a spatula. A lid was used for limiting 
evaporation falsifying the results due to loss of humidity during the measurement.  
 
 
-Shear rate sweep measurements 
 
 
First, the block copolymer solutions were studied at room temperature (25 °C) in order to get 
information about their general flow-behaviour.  
 
 
The PS-PNI-PS samples of 10 wt% showed liquid like behaviour in the TIM measurements. 
They were difficult to measure applying the cone-plate system, for the solutions were too thin 
to be further investigated applying this geometry. For more detailed investigations on these 
systems, using the cylinder-type geometry could be favourable [470]. In order to find out 
about possible bridging between micelles, DLS measurements were performed using selected 
samples. Since no aggregation structures implying bridging between micelles could be 
detected, the samples can not be referred to as gels and behave like liquids. Oscillation- and 
frequency stress measurements were not performed with the 10 wt% samples. 
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Then, the flow-behaviour of the 20- and 30 wt% solutions was investigated. 
 
In TIM experiments the PS-PNI-PS samples of 20 wt% samples showed liquid like behaviour 
but with a slightly higher viscosity compared to the 10 wt% samples. Alike the 10 wt% 
samples, also the 20 wt% samples were difficult to measure using the cone-plate system 
(figure 89). Also here, light scattering implied no bridging between the micelles. Thus it can 
be deduced, that also the 20 wt% samples still show liquid like behaviour. 
 

 
 
Figure 89: The viscosity depicted as a function of the shear rate of PS-PNI-PS samples of 20 wt% at 
room temperature (25 °C). The results were difficult to reproduce especially within the areas of low 
shear rates (left side of the graphs). All measurements for the 20 wt% samples show liquid like 
behaviour. 
 
The 30 wt% measurements (figure 90) were reproducable. TIM-tests of the samples already 
revealed a markedly higher viscosity of the 30 wt% probes compared to the 20- and 10 wt% 
samples. 
 

 
 
Figure 90: The viscosity of the 30 wt% samples of the PS-PNI-PS samples depicted as a function of 
the shear rate at room temperature (25 °C).  
 
All measurements of the 30 wt% probes could be reproduced with only negligible differences. 
At shear rates below -1,25 1/s, all copolymers show almost constant viscosity behaving as 
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Newtonian liquids. At higher shear rates, the samples` behaviour leaves the Newtonian 
regime. Shear thinning is observed. Shear thinning often occurs due to flow orientation of 
particles or conformational changes of polymer molecules in dilute solution [143, 35]. When 
the shear rate is larger than the rate of thermal reorientation of the molecules, the molecules 
will align in direction of the flow, which may explain the observations in this series. Shear 
thinning in concentrated solution (here 40- and 50 wt%) can be found when the shear rate is 
larger than the rate needed to build-up the equilibrium supra-particulate structures [143, 35].  
 
The systems viscosity seems to depend on the length of the hydrophobic block increasing 
with its length. Also the shear thinning effect seems to increase with the length of the 
hydrophobic block. It may be attributed to local restructuring and destroyment of the 
preliminary micellar structures and/or entanglements between the micelles. Bivigou-Koumba 
[142] asumed, that the disruption of the flower-like micelles might initially induce a slight 
increase in the share of bridged micelles leading a small dilatant maximum before the 
associative network structure is gradually breaking down with increasing shear deformation. 
Within this series, no dilatant maximum supporting this thesis could be found. As already 
mentioned above, the viscosity seems to depend on the length of the hydrophobic B (M3)-
block but the type of hydrophobic block most probably plays a key role.  
 
 
In the following experiment, dynamic oscillation stress measurements were performed in 
order to find the viscoelastic regime of the samples over which the storage modulus G` is 
independent of the stress. Figure 91 indicates a viscoelastic region for a stress smaller than 10 
Pa. 
 

 
 
 
Figure 91: Oscillation shear stress dependence of the storage modulus G` and the loss modulus G`` 
of 30 wt% hydrogels of the PS-PNI-PS samples measured at 1 Hz. The loss modulus G`` is depicted 
in red; the storage modulus G` in black.  
 
 
All following experiments were conducted at an oscillating shear stress of 1 Pa (30-, 40-, 50 
wt% samples) to stay within this region.  
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-Oscillation frequency sweep measurements 
 
 
In the following experiment, the frequency dependence of the dynamic moduli of the block 
copolymers was checked. 
 
 
The transitions from sol to gel or vice versa were studied in the viscoelastic region of the 
block copolymer at an oscillating shear stress of 1 Pa (figure 92). The concentration of the 
investigated solutions is increasing from left to right. 
 
 

 
 

 
 
 
Figure 92: Frequency dependence of the dynamic moduli of aqueous micellar solutions made from 
PS-PNI-PS BAB-triblock copolymers on the concentration (30-, 40- and 50 wt%) measured at an 
oscillatory stress of 1 Pa at 25 °C. The loss modulus G`` is depicted in red, the storage modulus in 
black, a) 30 wt%, b) 40 wt%, c) 50 wt%. 
 
Pure PNIPAM solutions of 50 wt% G` and G`` are almost parallel over the frequency window 
studied with G`` larger than G` at 25 °C [156]. This behaviour represents a viscous liquid. The 
frequency dependent measurements of the BAB-triblock copolymers of type PS-PNI-PS 
show a different behaviour compared to the pure PNIPAM samples. 
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Figure 92 presents the frequency dependence of the dynamic moduli for the PS-PNI-PS series 
PS-PNI-PS 70000 and 50000. The graphs show a general increase of the storage and the loss 
moduli with the concentration, especially for the storage modulus G`. At a concentration of 30 
wt% both moduli are similar in size but G` is less dependent on the frequency compared to 
G``. At low frequencies G` is somewhat smaller than G``, but slightly higher at high 
frequencies indicating the substances are behaving as soft gels. With further increasing the 
concentration to 40- or 50 wt %, the storage modulus is in all investigated cases larger than 
the loss modulus indicating the samples to behave as hard gels, except for PS-PNI-PS 3100-
70000. 
 
As already mentioned, increasing length of the hydrophobic blocks for a certain block 
copolymer concentration leads to a general increase of G` compared to G`` producing harder 
gels.  
 
Similar polymers differing in the nature of the end groups of the RAFT-agent chosen for 
polymerization (-O-CH3 instead of –CF3) were studied by A. M. Bivigou-Koumba [156]. 
Comparing the results, no significant difference in the rheology behaviour of the triblock 
copolymers is found, implying that the fluorinated end groups do not significantly influence 
the gel-formation of this polymer type. This result is not surprising, as the CF3-groups are 
attached to much larger hydrophobic groups at both polymer termini which form the glassy 
micellar cores [471-475]. 
 
 
 
 
-Temperature dependent measurements of PS-PNI-PS-block copolymers investigating 
sol-gel and gel-sol transitions applying a temperature sweep measurements 
 
 
Temperature sweep measurements reveal changes in the rheology properties of materials- 
here block copolymer gels -upon heating and cooling- over a moderate temperature interval. 
A temperature range from 15 to 45 °C was chosen for investigation of the hydrogels. 
 
The temperature dependent change of the samples from liquid towards soft gel and finally 
hard gel with increasing concentration can also be followed by the change of the dynamic 
moduli with temperature (figure 93). 
 
At temperatures below the cloud point, storage and loss modulus decrease steadily with 
temperature (figure 93). When increasing the temperature close to the cloud point, the PS-
PNI-PS block copolymers show an abrupt change in their mechanical properties in the linear 
viscoelastic region independent of the sample concentration. Both storage- and loss modulus, 
G´ and G´´, display first a decay near the transition temperature of about 31 °C (see also 
turbiditiy measurements) coming close to each other at the cloud point, followed by a 
tremendous increase after the switching step. The height of the transition step depends on the 
concentration of the samples and diminishes with increasing polymer concentration from 20- 
to 50 wt% due to a change of the free volume of the sample. The hysteresis between heating 
and cooling curve increases with the concentration decreasing due to the tendency of the 
system to show macroscopic phase separation. 
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System PS-PNI-PS 5700-70000 
 

 
 

 
 

 
Figure 93: Temperature dependent dynamic moduli G` (red) and G`` (black) at different 
concentrations of sample PS-PNI-PS 5700-70000, a) 20 wt%, b) 30 wt%, c) 40 wt%, d) 50 wt%. The 
loss modulus G`` is depicted in red, the storage modulus G` in black. 
 
 
 
As already described, the height of the transition step in figure 93 is obviously much smaller 
for the concentrated samples compared to the diluted ones displaying an escalating increase of 
the moduli G` and G``. The transition point represents the order-disorder transition of the 
sample TODT which is represented by the cloud point of about 31 °C in this case [476-478]. 
Furthermore, the point is characterized by a dramatic change of the modulus as reported by 
Matsuda et al. [476]. Optical observations of the samples above the cloud point show- 
depending on the concentration -either dull solutions (10-, 20-, 30 wt%)- or solutions, in 
which the collapsing polymer seems to have squeezed out the water turning the former gel 
into a two phase system consisting of an aqueous phase and collapsed polymer phase (40 wt% 
and 50 wt%).  
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Investigating the 30 wt% samples, both moduli G` and G`` run parallel for samples a) and b). 
The loss modulus G`` is larger than the storage modulus G` which is typical for liquid-like 
behaviour. Increasing the concentration further to 40 wt% leads to an approach of both moduli 
indicating the system is coming close to soft gel behaviour. At a concentration of 50 wt % the 
samples behave like hard gels with the storage modulus G’ being much higher than the loss 
modulus G’’. The system can also be shifted towards gel formation by increasing the length 
of the hydrophobic blocks. In addition to the length of the hydrophobic blocks, also their 
nature influences the gel formation behaviour. 
 
 
 
 
12.6.3  Rheology measurements applying PFS-PNI-PFS block copolymers 
 
 
In this series of experiments, the effect of replacing the poly(styrene) blocks (M3 blocks) by 
the more hydrophobic poly(pentafluorostyrene) blocks (M7-blocks) on the rheology 
behaviour and gel formation behaviour of the BAB-systems was investigated. Different series 
of this block copolymer type varying in the size of both the hydrophobic and hydrophilic 
segments were measured and compared. 
 
As found out by DLS studies and visual tests, also in this case solutions of 10 wt% are freely 
flowing solutions. No aggregates could be detected by DLS. The viscosity of the 10 wt% 
solutions was too low for applying the cone-plate geometry. The samples could be measured 
again using a cylindrical geometry. Also the 20 wt% samples were difficult to measure using 
the cone-plate geometry for measurement, leading to results which were difficult to 
reproduce, especially within the area of low shear rates. Light scattering implied no bridging 
between the micelles; therefore the 20 wt% samples behave also like flowing liquids. 
 
 
 
-Shear rate sweep measurements 
 
 
As a model series, first the block copolymers composed of a PNIPAM middle block (M1 
block) of 80000 g/mol were investigated having PFS (M7) end-blocks of ~ 4000-7000 g/mol 
(GPC). The block copolymer solutions were studied at room temperature (25°C) to get 
information about their flow- behaviour. Figure 94 shows the apparent viscosity as a function 
of the shear rate of 20-, 30-, 40- and 50 wt% solutions. All measurements could be reproduced 
with only negligible differences. As already mentioned above, the 20 wt% samples were again 
difficult to measure using the cone-plate geometry for measurement, leading to non-
reproducible results within the areas of low shear rates as well as the 30 wt % measurements 
in the area of low shear rates. 
 
 
 
 
 
 



Chapter XII: Investigation of the thermosensitive solution behaviour of BAB-triblock 
copolymers 

 
 

112

 
 

 
 

 
Figure 94: Development of the Newtonian behaviour of aqueous solutions for the 20- and 30 wt% 
samples to soft gel and gel like structures of the 40- and 50 wt% samples of the PFS-PNI-PFS 80000 
series (PFS-PNI-PFS 4200-, 5500- and 7200-80000) showing a typical plateau region before shear 
thinning. The concentration of the investigated solutions is increasing from a)-d). 
 
 
 
The shear rate measurements for the 80000 series (figure 94) indicate the formation of soft 
gels at a concentration of about 40 wt%. At higher concentrations, hard gels showing a 
prounounced plateau region are formed. 
 
 
 
Then, the block copolymers composed of a PNIPAM (M1) middle block of 60000 g/mol were 
investigated (figure 95). The sizes of the hydrophobic PFS-blocks were the same as described 
for the 80000 series. 
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Figure 95: Development of the Newtonian behaviour of aqueous solutions for the a) 30 wt% samples 
to soft gel and gel like structures and of the b) 40- and c) 50 wt% samples of the PFS-PNI-PFS 60000 
series showing a typical plateau region before shear thinning, but less prounounced as for the 80000 
series. For the 60000-series a small dilatant maximum can be seen for the 40 wt% samples d). 
 
 
Within this series (figure 95), the 40 wt% samples display a small dilatant maximum d) as 
described by Bivigou-Koumba [142], but not with the 50 wt% samples. 
The shear rate measurements for the 60000 series indicates the formation of soft gels at a 
concentration of about 40 wt%, whereas at higher concentrations, hard gels showing a 
prounounced plateau-region are formed similar to the 80000 series. 
 
 
Furthermore, the block copolymers composed of a PNIPAM middle block (M1-block) of 
100000 g/mol were investigated. The sizes of the hydrophobic PFS (M7)-blocks were the 
same as described for the 80000 series. 
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Figure 96: Development of the Newtonian behaviour of aqueous solutions of the PFS-PNI-PFS 
100000 series, examples PFS-PNI-PFS 5500-100000 and 7200-100000. The concentration of the 
investigated solutions is increasing from a) 40 wt% to b) 50 wt%.  
 
For the 100000 series (figure 96), the 40- and 50 wt% solutions show a typical plateau region 
before shear thinning as for the 80000 series. The 20- and 30 wt% solutions are again liquids 
(not shown). The 40 wt% samples display a small dilatant maximum whereas the 50 wt% 
samples show no dilatant maximum at all. The shear rate measurements for the 100000 series 
show the same trend as already described for the 60000 and 80000 series. 
 
 
-Oscillation frequency sweep measurements 
 
Next, dynamic oscillation stress measurements were performed in order to find the 
viscoelastic regime of the samples over which the storage modulus G` is independent of the 
stress. The 60000 row was studied as a model series at 1 Hz. Figure 97 displays a viscoelastic 
region for a stress smaller than 10 Pa. 
 
Figure 97-1): Concentration dependent dynamic oscillation stress measurements of the PFS-PNI-
PFS 60000 (PFS-PNI-PFS 5500-60000 and 6500-60000) series in order to find the viscoelastic 
regime of the samples, a) 30- and b) 40 wt% samples. The loss modulus G` is coloured red, the storage 
modulus G`` black. 

 
 



Chapter XII: Investigation of the thermosensitive solution behaviour of BAB-triblock 
copolymers 

 
 

115

 
 
Figure 97-2): Concentration dependent dynamic oscillation stress measurements of the PFS-PNI-
PFS 60000 (PFS-PNI-PFS 5500-60000 and 6500-60000) series in order to find the viscoelastic 
regime of the samples, c) 50 wt% sample. The loss modulus G` is coloured red, the storage modulus 
G`` black. 
 
 
 
Investigation of sol-gel and gel-sol transitions applying frequency sweep measurements 
 
 
The transitions from sol to gel or vice versa were studied in the viscoelastic region of the 
block copolymer at an oscillating shear stress of 1 Pa (figure 98).  
 
 
 

  
 
Figure 98-1): Dependence of the frequency of the dynamic moduli of aqueous micellar solutions of 
different concentrations a) 30- and b) 40 wt% made from PFS-PNI-PFS triblock copolymer of the 
80000 series (PFS-PNI-PFS 4200-, 5500- and 7200-80000) measured at an oscillatory stress of 1 Pa 
at 25 ° C. The loss modulus G`` is depicted in red, the storage modulus G` in black. 
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Figure 98-2): Dependence of the frequency of the dynamic moduli of aqueous micellar solutions of 
c) 50 wt%) made from PFS-PNI-PFS triblock copolymer of the 80000 series (PFS-PNI-PFS 4200-, 
5500- and 7200-80000) measured at an oscillatory stress of 1 Pa at 25 °C. The loss modulus G`` is 
depicted in red, the storage modulus G` in black. 
 
 
 
 
In general, the same tendencies as described before for the PS-PNI-PS systems can be found, 
despite the introduction of the more hydrophobic pentafluorostyrene segments (M7-blocks) 
for the B-block of the BAB-triblock copolymer systems (figure 98).  
 
At a concentration of 30 wt% both moduli are similar in size but G` is less dependent on the 
frequency compared to G``. At low frequencies G` is a little bit smaller than G`` but slightly 
higher at high frequencies indicating the substances are behaving like soft gels. With further 
increasing of the concentration to 40- or 50 wt%, the storage modulus is in all investigated 
cases larger than the loss modulus indicating the samples to behave like hard gels. As already 
mentioned, increasing length of the hydrophobic blocks for a certain block copolymer 
concentration leads to a general increase of G` compared to G`` indicating the formation of 
hard gels. 
 
 
 
 
 
-Temperature dependent measurements of PFS-PNI-PFS–block copolymers 
investigating sol-gel and gel-sol transitions applying a temperature sweep measurements 
 
 
In this experiment, a temperature range from 15- to 45 °C was chosen (figure 99): 
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Temperature sweep measurement for PFS-PNI-PFS 5500-60000 
 

 

 
 
Figure 99: Temperature dependent change of the dynamic moduli G` (red) and G`` (black) at 
different concentrations a) 20-, b) 30-, c) 40- and d) 50  wt%) of sample PFS-PNI-PFS 5500-60000. 
The loss modulus G`` is depicted in red, the storage modulus G` in black. 
 
 
 
As described for the PS-PNI-PS systems, the height of the transition step is obviously much 
smaller for the concentrated samples compared to the diluted ones displaying an escalating 
increase of the moduli G` and G``(figure 99). The transition point represents the order- 
disorder transition of the sample TODT which is represented by the cloud point of about 31 °C 
also in this case. Optical observations of the samples above the cloud point show -depending 
on the concentration- either dull solutions (10-, 20-, 30 wt%) or solutions, in which the 
collapsing polymer samples seem to have squeezed out the water turning the former gel into a 
two phase system consisting of an aqueous phase and collapsed polymer phase (40 wt% and 
50 wt%).  
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12.6.4  Rheology measurements applying FS-PNI-FS block copolymers 
 
 
In this experiment, the influence of introducing a block with different polarity compared to 
that of pentafluorostyrene (M7) and pure styrene (M3) to the BAB-systems and the influence 
on their rheology behaviour should be investigated. The performed TIM measurements were 
indicating gel-like behaviour only for the 40- and 50 wt% samples. As found out with DLS 
studies, no aggregates could be detected in the 10- and 20 wt% solutions as described for the 
PS-PNI-PS and PFS-PNI-PFS samples.  
 
 
 
 
 
-Shear rate sweep-measurements 
 
 
The block copolymer solutions were measured at room temperature (25 °C) studying their 
flow- behaviour first as already described for the BAB-systems measured before. Figure 100 
shows the apparent viscosity as a function of the shear rate. All measurements of 30-, 40- and 
50 wt% could be reproduced with only negligible differences. 
 
 
 

 

 
 
Figure 100-1): Shear rate sweep-measurement of FS-PNI-FS 70000 series, investigating a) 30-, b) 
40 wt% samples. The concentration of the investigated solutions is increasing from left to right.  
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Figure 100-2): Shear rate sweep-measurement of FS-PNI-FS 70000 series, investigating c) 50 wt% 
samples. Picture d) shows the small dilatant maximum of the 40 wt% series.  
 
 
Comparing the graphs from figure 100 a) and b) to those of the PS-PNI-PS and PFS-PNI-PS 
samples, no remarkable difference in the behaviour could be found. 
 
 
-Oscillation frequency sweep measurements 
 
 
The transitions from sol to gel or vice versa were studied in the viscoelastic region of the 
block copolymers as described for the PS-PNI-PS and PFS-PNI-PFS systems before (figure 
101). 
 
 

 
 
Figure 101: Oscillation shear stress measurements investigating series FS-PNI-FS 70000 (30 wt% 
samples) at 1 Hz. The loss modulus G` is depicted in red, the storage modulus G`` in black. 
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- Frequency sweep measurements for FS-PNI-FS systems 
 

 

 

 
 
Figure 102: Frequency sweep measurements at 1 Pa for FS-PNI-FS systems at a) 30-, b) 40- and c) 
50 wt%. The loss modulus G` is depicted in red, the storage modulus G`` in black. 
 
 
The frequency sweep measurements (figure 102) showed the same tendency as for the BAB-
systems reported before. The transition from a Newtonian fluid to a gel can be found around 
40 wt%. At 50 wt% the FS-PNI-FS block copolymers are hard gels, represented by the 
storage modulus G` being larger than the loss modulus G’’. 
 
 
-Temperature dependent measurements of FS-PNI-FS–block copolymers investigating 
sol-gel and gel-sol transitions applying a temperature sweep measurements 
 
 
Temperature sweep measurements (15-45 °C) were performed again to demonstrate the 
change from liquid to gel behaviour (figure 103): 
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Temperature sweep for 3FS-PNI-3FS 6300-70000 
 

 
Figure 103: Temperature sweep measurements of sample 3FS-PNI-3FS 6300-70000 at 
concentrations of a) 20-, b) 30-, c) 40- and d) 50 wt%. The loss modulus G` is depicted in red, the 
storage modulus G`` in black. 
 
 
Also for the temperature sweep measurements (figure 103), similar results as for the PS-PNI-
PS and PFS-PNI-PFS samples can be found.  
 
 
 
12.6.5  Rheology measurements applying PS-PNAP-PS block copolymers 
 
 
The PS-PNAP-PS systems are different from the hydrogels studied before due to changing 
the PNIPAM middle block (A-block, M1) by a PNAP block (M2 block). The differences 
between the two hydrophilic polymers have already been discussed. Now, the possible 
influence of changing the hydrophilic block on the rheology behaviour should be further 
investigated.  
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TIM experiments revealed liquid like behaviour for the 20 wt% samples, whereas the 50 wt% 
samples behaved like gels. Additionally performed DLS studies showed, that solutions of 10- 
and 20 wt% are freely flowing solutions as reported for the PS-PNI-PS, PFS-PNI-PFS and 
FS-PNI-FS systems before. No aggregates could be detected by DLS. Measurements 
applying solutions of 10 wt% were tried but as described before lead to results which are 
difficult to reproduce in rheology measurements. 
 
 
 
-Shear rate sweep-measurement 
 
As before, the block copolymer solutions were studied at room temperature (25 °C) to get 
information about their flow-behaviour. Figure 104 a) and b) show the viscosity as a function 
of the shear rate: 
 

 
Figure 104-1): Investigation of sol-gel and gel-sol transitions of PS-PNAP-PS samples 3300-70000, 
4100-50000, 4100-70000 and 5100-70000 a)-d) applying frequency sweep measurements. The 20 
wt% samples are depicted in black, the 50 wt% ones in red. 
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Figure 104-2): Investigation of sol-gel and gel-sol transitions of PS-PNAP-PS sample 3300-50000 
e) applying frequency sweep measurements. The 20 wt% sample is depicted in black, the 50 wt% one 
in red. 
 
 
 
 
-Oscillation frequency sweep measurements 
 
 
The transitions from sol to gel or vice versa for the PS-PNAP-PS systems were studied in the 
viscoelastic region of the block copolymer at 1 Hz (figure 105): 
 
 
 
Figure 105-1): PS-PNAP-PS block copolymers 3300-50000 and 3300-70000 (20- and 50 wt% 
samples) a)-b). The concentration of the investigated solutions is increasing from left to right. The loss 
modulus G` is depicted in red, the storage modulus G`` in black. 
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Figure 105-2): PS-PNAP-PS block copolymers 4100-50000 and 4100-70000 (20- and 50 wt% 
samples) c)-d). The concentration of the investigated solutions is increasing from left to right. The loss 
modulus G` is depicted in red, the storage modulus G`` in black. 
 
 
 
The oscillation shear stress measurements (figure 105, 106) already display, that solutions of 
50 wt% and higher are necessary to form soft hydrogels with the storage modulus G’ being 
close to or larger than the loss modulus G’’ as displayed for the PS-PNAP-PS samples. (The 
loss modulus G` depicted in red, the storage modulus G`` in black). 
 
 
 

 
 
 
Figure 106: Oscillation shear stress measurements of PS-PNAP-PS 5100-70000 at 20- and 50 wt%. 
 
 
 
 
In order to verify the gained results, additionally frequency sweep measurements were 
performed at an oscillating shear stress of 1 Pa (figure 107): 
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Figure 107: Frequency sweep measurements of PS-PNAP-PS samples 3300-50000, 3300-70000, 
4100-50000, 4100-70000 and 5100-70000. The loss modulus G` is depicted in red, the storage 
modulus G`` in black a)-e). 
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Temperature dependent measurements of PS-PNAP-PS–block copolymers investigating 
sol-gel and gel-sol transitions applying a temperature sweep measurements 
 
 
Temperature sweep measurements (40- 60 °C) were performed applying the 20- and 50 wt% 
solutions. PS-PNAP-PS 4100-50000 is shown as a model compound for both concentrations: 
 
 
 

 
 

 
 
 

 
 

 
Figure 108: Temperature sweep from 40- to 60 °C of a) PS-PNAP-PS 4100-50000 20 wt%, b) PS-
PNAP-PS 4100-50000 50 wt%, c) 4100-70000 50 wt% and d) 3300-70000 50 wt%. The loss modulus 
G` is depicted in red, the storage modulus G`` in black. 
 
 
Whereas the graph (Figure 108 a)) of the 20 wt% solutions (example here PS-PNAP-PS 4100-
50000) showed a marked temperature jump as shown for the BAB-systems described before, 
the 50 wt% solutions (figure 108 b), c), d)) unexpectedly did not show any temperature jump 
at all. An explanation for this behaviour could be either the system showing no elastic 
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properties and offering no free volume like the BAB-systems composed from PNIPAM (M1 
block) as the thermosensitive middle block or the PNAP (M2) blocks not being able to form 
secondary aggregation structures after collapsing in contrast to the PNIPAM containing 
systems. The reason therefore is not quite clear and more investigations on these systems are 
needed to gain a satisfactory explanation. Maybe this was the reason, why PNAP-PS 
copolymers are reported in the literature instead of block copolymers [312, 313]. 
 
 
 
 
12.6.6  Conclusions on rheology measurements 
 
 
Applying the RAFT process, BAB-triblock copolymers composed of variable monomers and 
different block length showing a narrow polydispersity at the same time, were accessible in 
two steps only applying symmetric, bifunctional CTA XXXX. The long hydrophilic 
PNIPAM (M1) or PNAP (M2) middle-blocks compared to the short hydrophobic B-blocks 
enable good solubility of the BAB-systems in water. As described in detail, these micelles are 
hiding the hydrophobic B-ends in the micellar core while the hydrophilic A-block is exposed 
to water forming the characteristic flower-like structures. At concentrations between 10- to 30 
wt% the samples behave like liquids proven by rheology measurements. The tendency to 
create bridged micelles (hydrophobic B-blocks connect two different micelles hiding in two 
different micellar cores) is low for the strong segregation regime applies for the polymers 
according to the very hydrophobic end blocks (styrene (M3) and 2-,3-,4-,5-,6-
pentafluorostyrene (M7)).  
 
At elevated and high concentrations of 40- to 50 wt% the systems are able to form soft or 
even hard gels (especially the 50 wt% samples). Heating slightly above the cloud point (> 
32/50 °C) favours hydrogel formation according to the formation of further hydrophobic 
contacts between the B-blocks forming the micellar core, whereas heating well above the 
cloud point leads to phase separation and breakdown of the hydrogel structure due to the 
micellar network collapsing with increasing dehydration of the micellar coronae. The 
minimum concentration of block copolymer needed for gel preparation decreases with the 
length of the B-blocks increasing. 
 
The mechanical strength of the hydrogels increases with increasing block length, but the main 
factor favouring mechanical strength and gel formation seems to be the glass transition 
temperature Tg of the hydrophobic blocks. Increasing the glass transition temperatures Tg (PS 
(M3) 373 K < PFS (M7) 378 K) [478, 479, 480, 481, 482] seems to increase the viscosity of 
the BAB-samples, although the temperature differences are only small. For the Tg values of 4-
fluorostyrene (M6), different values are reported in the literature. Whereas Katritzky, Cao, 
Garcίa-Domenech [479, 480, 482] report a value of 379 K, Yu [481] found a value of 368 K, 
whereas Camelio et al. [483] reported values of 379, 384 and 386 K. For 2-FS (M4) and 3-FS 
(M5) no values vor Tg could be found in the literature. 
 
 
The fluorinated end-groups (-CF3) or fluorinated B-blocks did not show a tremendous 
influence on the gelation behaviour comparing to PS-PNI-PS samples repeated in the 
literature before. Substituting the F-moieties in the fluorinated B-blocks against longer chains 
could lead to comb-like structures which could perhaps show improved gelation behaviour 
already at concentrations between 10- and 30 wt%. Nevertheless, BAB-block copolymer 
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solutions show foaming behaviour and could probably work as solubilization agents for 
hydrophobic substances, due to forming free flowing micellar solutions up to a concentration 
of 30 wt% [142]. The BAB-systems containing PNAP for the thermoresponsive blocks seem 
to be more like sticky gels showing very limited elasticity at concentrations as high as 50 wt% 
and are thus less favourable for elastic hydrogel formation. The measured cloud points could 
be found around 29 to 32 °C for the PNIPAM (M1 block) containing polymers and 44 to 50 
°C for the PNAP (M2 block) containing samples not differing notably between the diluted, 
semi-concentrated and concentrated solutions.  
 
In order to follow the transitions during the temperature ramp experiment, it would be helpful 
to combine both rheology and optical devices. For optical investigations, the application of 
cryogenic transmission electron microscopy [484], X-ray techniques, such as X-ray 
diffraction analysis or SAXS [485-487] and FT-IR [488] or 1H-NMR [489-492] as well as 
19F-NMR measurements for the pentafluorostyrene (M7) containing samples could be helpful, 
especially in this case studying the consistence, amount of water and ageing of this gel like 
samples depending on the applied temperature. The application of confocal laser scanning 
microscopy could give further insight in the molecular transport and distributions in the 
hydrogels- in case they can be fluorescently labelled or a fluorescent probe can be 
incorporated into the gel (preferred case). If a laser beam passes an anisotropic sample, its 
polarization and amplitude are be varied and detected. Changes in the anisotropy thus 
resemble changes in the samples properties [493-494]. 
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Chapter XIII: Investigation of the surfactant properties of BAB-triblock 
copolymers and fluorine end capped polymers 
 
 
Part of the newly synthesized BAB-triblock copolymers composed of 2-, 3-, 4-fluorostyrene 
(M4, M5, M6) and 2,3,4,5,6-pentafluorostyrene (M7) as well as the fluorine end-capped 
systems including a PS (M3) block belong to the class of fluorinated polymers due to 
containing also hydrocarbon-moieties [36, 145]. These fluorinated samples are reported to 
display good solubility in water which is in fact true for the BAB-systems [36, 145]. All 
samples are mixtures of homologues and the values gained from surface tension and CMC 
measurements must be seen as average values. As all series of BAB- and fluorine end- 
capped-systems have the same components, differences in the surfactant behaviour within a 
series most probably originate from different block length for the hydrophobic and 
hydrophilic blocks. Note that the BAB- and CF-end capped samples are not stable against 
very high or low pH-values due to the trithiocarbonate moieties linking the blocks are not 
stable under this conditions. Due to the relatively long hydrophilic PNIPAM (M1)- or PNAP 
(M2)-block, the polymers display excellent water solubility and amphiphilic properties, which 
can be changed to hydrophobic behaviour and unsolubility on demand by simply switching 
the temperature. In emulsions these amphiphiles could be added as cosurfactants forming 
globular aggregates at elevated temperatures which could work as stabilizing particles for the 
emulsions [36, 145]. The good stability of the polymeric micelles in water against dilution 
already indicates a very low CMC of the triblock copolymers under investigation. Therefore, 
CMC/CAC- measurements of the block copolymers were performed. Furthermore, the foam 
formation and stability of selected triblock copolymers in water was studied. The aspects of 
the surface active triblocks at the interface between two liquids is studied, namely the ability 
to work as stabilizers for emulsions with oils of different polarity. Experiments for the 
investigation of the application as possible efficiency boosters in microemulsion were 
performed additionally.  
 
 
 
13.1  Foam experiments 
 
 
As simple shaking of aqueous solutions of BAB-block copolymers revealed foam formation 
and thus surface activity, the foaming behaviour of these systems was studied in more detail. 
In order to get informations about the ability of the amphiphilic polymers to create foams and 
their foam stability, time dependent measurements of the foam height were performed. The 
systems described in this work are dispersions of air in water.  
  
 
Normed glass cylinders washed with piranha acid before use had been applied as vessels for 
the determination of the foam height. For all experiments the same amount of liquid was filled 
into each tube and the same type of test tube model was chosen. For foam formation, the 
protocol described in the experimental section was followed. 
For comparison, commercially available low molecular weight surfactants such as Triton X 
100, Zonyl FSP, Brij 56 and Tween 65 and SDS were chosen. Pluronic 6400 was 
investigated as a polymer surfactant (Figure 109): 
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Figure 109: Commercially available low molecular weight surfactants such as Triton X 100, 
Zonyl FSP, Brij 56, Tween 65 and SDS were chosen as low molecular weight surfactants [495, 
496], Zonyl FSP is a very low foaming surfactant [497] whereas Triton® X 100 is a better foaming 
agent, with an HLB of 13.5 [495, 496]. Pluronic® 6400, a polymer surfactant containing 40 % of 
polyethylene glycol is a very low foaming polymeric surfactant [498]. 
 
 
 
 
All tested BAB-triblock copolymers –fluorinated and non-fluorinated- are able to form stable 
foams (figure 110-112). The tested BAB-triblock copolymers all displayed a fine pored 
structure directly after shaking. Defined, spherical gas bubbles with thick liquid lamellae were 
observed indicating low foam numbers for this type of polymeric surfactant. With longer 
observation times, a polyhedral foam crown developed as described above due to liquid 
leaving the interface due to gravitation [36, 158].  
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Figure 110: Foam decay of aqueous polymer solutions of fluorinated BAB-systems as a function of 
time (concentration of solutions= 1 g/L). Lines are meant as guides for the eye. 
 
 

 
 
 
Figure 111: Foam decay of aqueous polymer solutions of non-fluorinated BAB-systems as a 
function of time (concentration of solutions= 1 g/L). Lines are meant as guides for the eye. 
 
 
 



Chapter XIII: Investigation on the surfactant properties of amphiphilic BAB-triblock 
copolymers and fluorine end-capped polymers 

 
 

132

 

 
 
 
Figure 112: Comparison of foam decay of aqueous polymer solutions of non-fluorinated and 
fluorinated BAB-systems as a function of time (concentration of solutions= 1 g/L). Lines are meant as 
guides for the eye. 
 
 
 
Figures 110-112: the foam composition is almost similar in all cases, which means that 
neither the type and length of the hydrophobic B-blocks, styrene (M3) or 2,3,4,5,6-
pentafluorostyrene (M7), nor the length of the hydrophilic PNIPAM (M1) middle- block has 
an influence on the quality of the foaming behaviour of the BAB-systems. The foam of all 
investigated systems is stable for over two hours until total foam decay (zero-level) as typical 
for transient foams (see chapter on foams). In contrast, Pluronic 6400, a surfactant of type 
PEO-PPO-PEO, Zonyl FSP, representing a fluorinated surfactant (for detailed information 
about both surfactants vide supra and see appendix) and Tween 65 show very low foaming 
activity which is an advantage in many industrial applications [36, 145]. The compounds are 
not depicted in the graphs. Compared to the latter ones, Triton X 100 and Brij 56 reveal 
better foam composition and activity.  
 
Nevertheless, the quantity of the foaming behaviour seems to be influenced by the type and 
length of the applied blocks as shown by figures 110, 111 and 112.  
 
As expected, the foams created from SDS, an ionic surfactant, show the best foam formation 
and stability [36], followed by Triton X 100. Both foams display a slow, continuous decay. 
The foams created from PFS-PNI-PFS 4200-80000 and PS-PNI-PS 3100-70000, PFS-PNI-
PFS 5500-80000 showed the best foaming behaviour of the BAB-systems, but also rapid 
foam decay. Especially PFS-PNI-PFS 4200-80000 foams decrease rapidly. Foams prepared 
from PFS-PNI-PFS 5500-80000, 5500-60000, 7200-80000 show medium foam formation 
and a relatively continuous decay. The foams created from the PS-PNAP-PS polymer and 
Brij 56 displayed the lowest foam formation and stability.  
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Obviously the samples created from the BAB-polymers with short hydrophobic B-blocks 
show the best foam formation but also the lowest stability. Increasing the length of the 
hydrophobic B-block leads to a reduced foaming behaviour, but simultaneously increases 
foam stability. 
 
As a rough estimation, the value for the HLB of the systems can be estimated between the 
HLB-value described for Triton® X 100 and Brij® 56, this means between 13.5 and 16 (vide 
supra). The HLB-value for the BAB-systems is relatively low explaining their moderate to 
poor foaming properties [466]. Figures 108 and 109 display the low molecular weight 
surfactant SDS as the surfactant creating the highest and most stable foams showing better 
diffusion behaviour at the interface compared to the relatively slow macromolecules. More 
graphs for comparison can be found in the appendix. 
 
 
13.1.1 Foam experiments applying mixtures of amphiphilic polymers and SDS (v:v/1:1) 
 
 
In this experiment, the effect of the addition of SDS, sodium dodecyl sulphate, a well known 
commercially available low molecular weight surfactant, on the foam formation and stability 
of aqueous solutions of BAB-triblock copolymers should be studied. SDS itself shows both 
good foam formation and foam stability and is therefore an ideal candidate for comparison as 
shown above. 
 
For foam formation and mixing of SDS- and copolymer solutions, the protocol described in 
the experimental part was followed. All investigated BAB-triblock copolymers –fluorinated 
(M5, M6, M7 blocks) and non-fluorinated (M3 blocks)- are still able to form stable foams, 
also in the presence of the low molecular weight surfactant (figures 113, 114). The tested 
BAB-triblock copolymers also displayed a fine pored structure directly after shaking, similar 
to the samples without SDS-additive.  
 

 
Figure 113: Foam decay of aqueous polymer solutions of fluorinated BAB-systems including SDS 
(v:v= 1:1) as a low molecular weight surfactant as a function of time (concentration of solutions= 1 
g/L). Lines are meant as guides for the eye. 
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Figure 114: Foam decay of aqueous polymer solutions of fluorinated BAB-systems including SDS 
(v:v= 1:1) as a low molecular weight surfactant as a function of time (concentration of solutions= 1 
g/L). Lines are meant as guides for the eye.  
 
 
Figures 113, 114: The time for the decay of the foam height is obviously faster compared to 
the SDS-free samples (vide supra) and the overall foaming behaviour of all studied samples is 
reduced. Also this type of foam belongs to the class of transient foams. Also in this case 
neither the type and length of the hydrophobic B-blocks, styrene (M3) or 2,3,4,5,6-
pentafluorostyrene (M7), nor the length of the hydrophilic PNIPAM (M1) A-block has an 
influence on the quality of the foaming behaviour. The foam of all SDS-polymer systems is 
stable for over two hours until total foam decay. The quantity of the foaming behaviour seems 
to be influenced by the type and length of the applied blocks as already discussed for the 
SDS-free samples. Whereas the fluorinated samples PFS-PNI-PFS 7200-80000 and 4200-
80000 show a continuous, gradual decay, the foams generated by the non-fluorinated samples 
PS-PNI-PS 3100-50000, 3100-70000 and 5700-70000 together with those of Pluronic 6400 
show a rapid decay.  
 
In general it can be deduced, that the addition of SDS reduces the foaming ability and lifetime 
of the foams created from aqueous solutions of BAB-triblock copolymers. The reason 
therefore is not known. A possible explanation could be the introduction of a smaller 
molecule leading to a higher dynamics at the interface simultaneously resulting in a reduced 
stability of the foam bubbles and thus foam crown. Alltogether, the mixed polymer/SDS- 
surfactant systems are even poorer foaming agents than the pure polymer systems. 
 
 
13.1.2  Conclusions on the foam formation of BAB-triblock copolymers 
 
The foaming properties of polymeric surfactants of various BAB-types were compared to 
ionic low molecular weight surfactant SDS, being a very good foaming agent, and the 
commercially available non-ionic surfactants Triton® X 100, Tween® 56, Zonyl® FSP 
fluorosurfactant and Pluronic® 6400 as a polymer surfactant. 
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All investigated BAB-triblock copolymers show foam formation, but are in general no good 
foamers indicating towards a low HLB-value of these systems. The PS-PNI-PS and PFS-
PNI-PFS systems are able to create homogeneous transient foams with a limited lifetime. PS-
PNI-PS systems show almost the same foam stability as the PFS-PNI-PFS systems. The 
chemical nature of the fluorinated block seems to have only limited influence on the foaming 
properties. As a rough estimation, the value for the HLB of the systems can be estimated 
between the HLB-value described for Trition® X 100 and Brij® 56, this means between 13.5 
and about 16 (vide supra). The HLB-value for the BAB-systems is relatively low explaining 
their moderate to poor foaming properties [36]. Compared to the BAB-systems, SDS as an 
ionic surfactant shows the best foam formation and stability. In contrast, Pluronic® 6400, 
Tween® 56 and Zonyl® FSP fluorosurfactant can be seen as non-foaming surfactants creating 
almost no foam even after intensive shaking. The addition of SDS to the PS-PNI-PS and 
PFS-PNI-PFS systems still leads to homogeneous transient foams but of reduced foam 
stability. The reason for this behaviour is still unknown.  
 
 
 
13.2  Amphiphilic BAB-triblock copolymers as surfactants in emulsions 
 
 
As a closer look into literature revealed only restricted knowledge about the behaviour of 
fluorinated and non-fluorinated amphiphilic BAB-triblock copolymers on emulsions, the 
ability of these polymers to stabilize o/w- and w/o-emulsions created of various types of oil 
has shifted into focus. The broad spectrum of studies was finished by testing PS-PNI-PS and 
PFS-PNI-PFS polymers for their possible efficiency boosting effect in miniemulsions and as 
stabilizers in miniemulsions.  
 
 
 
13.2.1  Investigation of emulsion stabilization applying BAB-triblock copolymers 
 
 
The stability of a typical emulsion without a stabilizing additive, e. g. an amphiphile, is only 
poor [36, 144]. A high viscosity of the continuous phase is favoured for making emulsions 
more stable due to a reduced coalescence; i.e. the collision between the droplets is reduced. 
For this reason, polymer or other additives increasing the viscosity are added [36]. Here 
polymers are introduced for steric stabilization, also called polymer stabilization, of the 
particles [36]. 
 
 
In this experiment, the ability of the fluorinated and non-fluorinated BAB-block copolymers 
to stabilize emulsions was investigated. BAB-block copolymers shifted into focus after 
Klapper et al. [171] reportet successfully applying the BAB-systems for emulsion 
stabilization, whereas He et al. [328] report the use of poly(ethylene glycol)-poly(lactic acid)-
poly(ethylene glycol) systems (PEG-PLA-PEG) for pharmaceutical applications. The non-
ionic BAB-samples should enable steric stabilization of emulsions [36]. The theory about 
emulsion formation and stabilization has already been described in the previous chapter. The 
newly synthesized BAB-triblock copolymers could stabilize emulsions in the following ways 
(figure 115, 116):  
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-oil–in-water emulsions (o/w-emulsions) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 115: Stabilization of the oil droplets in oil-in-water systems. The size of the droplets is 
enlarged compared to the true, smaller size for explanation reasons. 
 
a) The hydrophobic B-blocks (M3, M7-blocks) (blue) interact with the oil droplets (green) dispersed 
in the aqueous phase (light blue).The hydrophilic, but lipophobic part resembled by the PNIPAM 
(M1)-middle block (red) enables good interaction with water. 
 
b) The B-blocks (M3, M7-blocks) (blue) can also be located in two different oil droplets leading to 
bridging-structures.  
 
 
 
Figure 115: The hydrophobic B-blocks (blue) interact with the oil of the oil droplets (green) 
spread in the aqueous phase (light blue), whereas the hydrophilic, but lipophobic part, which 
is formed by the PNIPAM-middle block (red), enables good interaction with water. Both B-
blocks (blue) can be located at the interface of one oil droplet similar to the flower-like 
structures already described for the micellization of these polymers in aqueous solution or in 
two different oil droplets leading to bridging-structures as already described for these systems 
for the gelation of BAB-triblock copolymers. The bridging structures are more likely to occur 
with high surfactant concentrations.  
 
 
 
 
- water–in-oil emulsions (w/o-emulsions) 
 
 
This emulsion type is the opposite type to the described oil-in-water systems (figure 116): 
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Figure 116: The hydrophobic B-blocks (M3, M7-blocks) (blue) interact with the oil (green) 
surrounding the aqueous droplets (light blue) spread in the oil. The hydrophilic, but lipophobic part 
resembled by the PNIPAM (M1)-middle block (red) enables good interaction with the water droplets. 
The size of the droplets is enlarged compared to the true, smaller size for explanation reasons. 
 
 
Figure 116: The hydrophilic PNIPAM (M1)-block (red) interacts with the water of the water 
droplets (light blue) spread in the oil phase, whereas the hydrophobic, lipophobic part, which 
is formed by the poly(styrene) (M3) or poly(pentafluorostyrene) (M7) B-blocks (blue), 
enables good interaction with the applied oil. Both B-blocks are located at the interface of one 
water droplet similar to flower-like structures but forming reverse “flowers” in this case. 
Bridging-structures as described for the oil-in-water systems (vide supra) cannot be formed in 
these systems. 
 
In order to learn more about the ability of BAB-systems to stabilize emulsions, oil-in-water 
(o/w) and water-in-oil (w/o) emulsions were prepared from fluorinated and non-fluorinated 
BAB-triblock copolymers, destilled water and different kinds of oils according to the 
procedure described in the experimental part. As sonication of the samples might destroy the 
block copolymers, the time of sonication was limited to three and five minutes. Furthermore, 
short sonication times avoid a warming of the solution above the cloud point of the solution 
leading to precipitation of the polymer and falsifying the results. Waxy oils such as methyl- 
palmitate or n-nonane were not heated to improve emulsion formation for the same reasons. 
 
 
The chosen triblock copolymers vary in length and type of the hydrophobic styrene (M3) and 
2,3,4,5,6-pentafluorostyrene (M7) B-blocks and the length of hydrophilic A-block prepared 
from PNIPAM (M1). Polymers PS-PNI-PS 3100-70000, PFS-PNI-PFS 4200-80000 and 
PFS-PNI-PFS 6500-80000 were selected for performing the emulsion experiments. The types 
of oils chosen for emulsion preparation were varied in their polarity, lipophilicity and 
consistence (figures 117, 118). 
 

water 

water 

water 
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Figure 117: Compounds chosen as fluorinated oils: hexafluorobenzene and perfluorodecaline. 
 
 
The fluorinated compounds (figure 118) hexafluorobenzene and perfluorodecaline can be 
found in e. g. medical applications as a marker or as solvating agents or in microemulsions 
[499-502]. They are highly unpolar and lipophobic oils. 
 
 

 
 

 
Figure 118: Non-fluorinated, lipophilic oils of variable polarity chosen for emulsion formation.  
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Despite methyl palmitate and nonane showing a more waxy character, all other oils are liquids 
(figure 118). Methyl palmitate is often applied in medical- and pharmaceutical applications 
and cosmetics [503-505], whereas sunflower and rapeseed oil find different applications e. g. 
in food industry and the latter one also in bio diesel [506-510]. Sunflower oil and rapeseed oil 
contain mixtures of fatty acids [511, 512]. The main ingredient of sunflower oil is mostly 
linolic acid, whereas rapeseed oil contains oleic acid as the most part. Silicon oil is used for 
medical applications such as ophthalmologic and plastic surgery [513, 514]. Tributyrin has 
been reported in pharmaceutical applications [515, 516]. N-hexane and n-nonane are common 
hydrocarbons used as solvents, in extraction and synthesis. 
 
 
As a general rule for the formulation of an emulsion, the mixture of emulsifiers should have 
an HLB-value similar to that of the ingredient to be emulsified [36, 144]. Methyl palmitate 
and n-nonane represent relatively unpolar, waxy substances, whereas sunflower- and 
tributyrin oil, rapeseed oil, hexane and silicon oil are substances of also low polarity but 
liquid. Emulsions prepared from these unpolar oils were expected to be well stabilized 
especially from polymers containing styrene (M3) as the hydrophobic but not lipophobic B-
block. As highly fluorinated compounds, both hexafluorobenzene and perfluorodecaline 
resemble very unpolar, hydro- and lipophobic liquids [223] and emulsions prepared from 
these fluorinated oils were expected to be stabilized especially by the fluorinated BAB-
triblock copolymers prepared from monomer M7. Furthermore, the fluorinated systems were 
expected to stabilize the oil compounds worse compared to the styrene containing samples 
due to their not only hydrophobic, but also lipophobic character [223]. 
 
 
All emulsions prepared from styrene (M3) containing BAB-triblock copolymers were able to 
form stable emulsions after three minutes of sonication from sunflower-oil (o/w and w/o), 
rapeseed-oil (o/w and w/o), tributyrin (o/w and w/o), and silicon oil (o/w and w/o). From 
methyl-palmitate, nonane and hexane only oil-in-water systems could be prepared. Directly 
after preparation, the described solutions -except the hexane containing one which was 
opaque- appeared as a single white uniform phase indicating the block copolymers adsorbing 
onto the interface between the liquid and oil phase providing steric stabilization [144]. The 
generation of emulsions was verified by investigating samples under the light microscope 
(figures 119, 120). Sample preparation was done according to the procedure described in the 
experimental section. The type of emulsion could be investigated using conductivity 
measurements, in which the water-in-oil-emulsions showed almost no conductivity, whereas a 
current could be measured for the oil-in-water systems.  
 
 
Water-in-oil-emulsions of only poor stability could be formed with the perfluorinated oil 
hexafluorobenzene. The formation of more stable oil-in-water-emulsions was possible but 
resulting also in emulsions of restricted stability after sonication for five minutes. Emulsions 
prepared under the same conditions decomposing within minutes were formed using 
perfluorodecaline, whereas the oil-in-water systems again proved to be the more stable ones. 
It seems that these oils, especially the fluorodecaline, are too unpolar and thus the oil droplets 
in solution are not well stabilized by the polymers composed of styrene (M3)-blocks, despite 
two outer blocks can interact at the interface. Applying the waxy oils methyl palmitate and 
nonane, emulsions could be formed after sonication of the samples for four minutes. 
Unfortunately the quality of these emulsions suffers from greater wax particles still present in 
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the samples (samples were not heated due to avoiding solutions warming over the cloud 
point).  
 

 
 
 
Figure 119:  Optical micrograph of emulsions made using PS-PNI-PS 3100-70000, 1 g tributyrin as 
oil (oil-in-water emulsion). 
 
 
 
 

 
 
 
 
Figure 120: Optical micrograph of emulsions made using PS-PNI-PS 3100-70000, 4 g tributyrin as 
oil (water-in-oil emulsion). 
 
 
Within the first two days after preparation, the height of the emulsion decreased quite fast 
until the equilibrium volume phase was reached for the samples prepared from non-
fluorinated oils. 
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All o/w and selected w/o-emulsions prepared from the non-fluorinated systems were stable 
for two days (interval of observation). After one week, emulsions began to show signs of 
separation, creaming and sedimentation in this case. In general, most emulsions were showing  
signs of degradation, whereas the emulsions prepared from silicone oil, rapeseed oil and 
sunflower oil were still stable. As already mentioned, the oil-in-water-emulsions prepared 
using hexafluorobenzene and perfluorodecaline showed only limited stability. The height of 
the emulsions decreased within minutes and most of the emulsions had decomposed within a 
day, the perfluorodecaline containing w/o samples within two hours. The same was found for 
the hexane containing emulsions.  
 
 
BAB-triblock copolymers containing 2,3,4,5,6-pentafluorostyrene (M7) as the hydrophobic 
B-block were showing similar behaviour compared to the non-fluorinated BAB-systems. 
Stable emulsions were obtained after three minutes of sonication from sunflower oil (o/w and 
w/o), rapeseed oil (o/w and w/o), tributyrin (o/w and w/o), hexane (o/w) and silicon oil (o/w). 
From methyl palmitate, nonane and hexane also in this case only oil-in-water systems could 
be prepared. With hexafluorobenzene and perfluorodecaline, w/o and o/w emulsions were 
prepared. Directly after preparation, the described solutions -except the hexane containing 
one- appeared as a single white uniform phase as described for the styrene containing BAB-
systems. The generation of emulsions was checked by investigating samples of the prepared 
emulsions under the light microscope (figures 121, 122). Sample preparation was done 
following the same routine as described before. The type of emulsion was investigated using 
conductivity measurements, in which the water-in-oil-emulsions showed almost no 
conductivity, whereas a current was measured for the oil-in-water systems.  
 
 
 

 
 
 
 
Figure 121: Optical micrograph of emulsions made using PFS-PNI-PFS 4200-80000, 1 g tributyrin 
as oil (oil-in-water emulsion). 
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Figure 122: Optical micrograph of emulsions made using PFS-PNI-PFS 4200-80000, 4 g tributyrin 
as oil (water-in-oil emulsion). 
 
 
 
Within the first two days after preparation, the height of the emulsion decreased quite fast 
until the equilibrium volume phase was reached for the samples prepared from non-
fluorinated oils as described for the styrene (M3) containing systems. 
All o/w and selected w/o-emulsions were at least stable for two days (interval of observation). 
After one week, also these emulsions began to display signs of creaming and sedimentation, 
except the ones prepared from sunflower oil, rapeseed oil, silicon oil and tributyrin. The oil-
in-water emulsions prepared using hexafluorobenzene and perfluorodecaline showed only 
limited stability despite now using fluorinated block copolymers for steric stabilization. As 
seen before, the height of the emulsion decreased within minutes and most of the emulsions 
had decomposed within a day. The water-in-oil systems showed even worse stability and 
decomposed within an hour. Applying block copolymer PFS-PNI-PFS 6500-80000, 
including a longer PFS-block did not lead to better results. The same was found for the 
hexane containing emulsions.  
 
Furthermore, the preparation of emulsions applying BAB-triblock copolymers offers the 
possibility to destroy the emulsion on demand by just heating it above the cloud point of 
PNIPAM changing the HLB of the triblock copolymers with temperature (see appendix). 
 
In general, BAB-triblock copolymers can be applied for the preparation of emulsions, 
especially oil-in-water emulsions, in which no long-term stability is required. The preparation 
of water-in-oil emulsions was not possible for the waxy samples. The emulsions prepared 
from liquid oils- oil in water and water in oil- are of good quality according to light- 
microscopy investigations. The emulsions using silicon oil, rapeseed oil and tributyrin as the 
oil phase show good stability about one week. Neither the styrenic (M3) nor the 
perfluorinated (M7) BAB-triblock copolymers formed long-term stable oil-in-water 
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emulsions with hexafluorobenzene and perfluorodecaline. The reverse systems showed even 
worse stability. The same is valid for the preparation of emulsions applying hexane. The 
emulsions decomposed within 1 h. The reason for the limited stability could be the 
hydrophobic styrene (M3) or perfluorinated (M7) B-block being too short for well 
stabilization of the fluorinated oils. Enlargement of the styrenic and perfluorinated blocks 
could probably solve the problem. Another explanantion could be limited compartibility 
between the styrene (M3) blocks and the perfluorinated oils and the pentafluorostyrene (M7)- 
blocks with fluorodecaline. In general, enlargement of the hydrophobic blocks but keeping the 
polymer easily water- soluble by tuning the length of the hydrophilic PNIPAM-block could 
lead to emulsions of improved stability by shifting the HLB of the polymeric BAB- 
surfactants.  
 
 
13.2.2  Conclusions on emulsions prepared from BAB-systems 
 
 
The preparation of o/w and w/o emulsions applying fluorinated (M7 block copolymers) and 
non-fluorinated (M3 block) BAB-systems and a liquid oil phase- except for pentane and the 
fluorinated oils- leads to good results as monitored by light microscopy studies, whereas the 
long-term stability of most emulsion systems is only limited and a crucial drawback for the 
application of this type of amphiphilic polymers in emulsion formulation.  
In general, polymeric surfactants usually show no good emulsifying properties being unable 
to diffuse rapidly to fresh created interfaces [36]. Some emulsions were stable for two days 
only; the emulsions prepared from pentafluorostyrene and perfluorodecaline only for hours or 
a day. Especially for the emulsification of hexafluorobenzene and fluorodecaline, the length 
of the hydrophobic-lipophilic fluorinated B-block was probably not enough to stabilize the oil 
water interface sufficiently. Applying polymers composed of a longer B-block could help but 
might lead to solubility problems due to negatively shifting the HLB-value. The emulsions 
prepared from the silicon oil, rapeseed oil and tributyrin surprisingly showed the best long 
term stability. In general, the BAB-systems show no satisfying behaviour in the formulation 
of emulsions with long term stability, which might originate from the fact that their diffusion 
coefficients are too slow compared to low molecular weight surfactants efficiently stabilizing 
the oil-water interface in emulsions leading to a soon breakdown of the emulsions due to 
decomposition mechanisms such as creaming, etc. described in chapter emulsion. The 
emulsions should be prepared again with different ratios of oil to water or water to oil and the 
formed emulsions tested for their stability. Maybe an improvement of the emulsions stability 
is possible following this way or by preparing mixtures together with other non-ionic 
surfactants. The combination of both a low- and a high-HLB surfactant could help to support 
the newly developed oil-water interface by offering stabilizing surfactants from both sides at 
the same time. Further pictures of the emulsions formed applying the BAB-triblocks can be 
found in the appendix. 
 
 
 
13.3  BAB-triblock copolymers for efficiency boosting in microemulsions 
 
 
In the following experiments the behaviour of the non-fluorinated BAB-triblock copolymers 
as boosting agents in microemulsion at room temperature (25 °C) and elevated temperature 
(40 °C) were investigated. 
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The triblock copolymers are spread uniformly in the surfactant membranes increasing their 
bending rigidity [517] and curvature elasticity [186]. Efficiency boosting has been 
investigated so far applying block copolymers made from PPO or PEO [186, 518] the AB-
diblock-polymers synthesized and studied by S. Garnier [69] and other di- and triblock 
copolymers. The nature and length of the oil soluble block seems to play an important role for 
the use of the polymer as efficiency boosters [519]. Hydrophobic or hydrophilic 
homopolymers showing non-adsorbing behaviour are reported to lead to the opposite effect 
when used in microemulsions [520]. Oil and water are expelled due to the osmotic pressure 
resulting in a growing of the excess phase of the microemulsion phase. 
 
Choosing the composition of the amphiphilic block copolymers should enable a smart fine 
tuning of the efficiency of microemulsions. Nevertheless, more systems should be studied to 
gain further information in this challenging field. Frank et al. [521] report efficiency boosting 
for block copolymers with a long hydrophilic block. Therefore, the effect of amphiphilic PS-
PNI-PS block copolymers of BAB-type with a relatively long hydrophilic PNIPAM (M1) 
block on microemulsion systems- in this case based on toluene as the oil phase and PS-PNI-
PS 3100-50000 as the amphiphilic block copolymer, SDS, sodium docecyl sulphate, as low 
molecular weight surfactant and pentanol as a co-surfactant (pentanol/oil:50/50 w/w)- should 
be investigated following the protocol described in the experimental section. 
 
Figure 123 displays the behaviour of the macrosurfactants PS-PNI-PS 3100-50000 and PS-
PNI-PS 3100-70000 in the microemulsion system SDS/pentanol/toluene. The partial phase 
diagram of the microemulsion is compared to the partial phase diagram of the microemulsion 
including 10 % (w/w) of triblock copolymer.  
 
The diagrams were recorded in cooperation with Dr. M. Fechner (UP, AK Prof. Koetz). 
 
a) T= 25 °C 

 
Figure 123-1): Partial phase diagram of the microemulsion system SDS/pentanol/toluene compared 
to the phase diagram of the microemulsion including 10 % (w/w) of triblock copolymer PS-PNI-PS 
3100-50000 (- - -) and PS-PNI-PS 3100-70000 (       ) at room temperature (25 °C). The red dotted 
line represents the system without polymer additive. The grey part of the diagram was not further 
investigated. 
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b) T= 40 °C 

 
 

Figure 123-2): Partial phase diagrams of the microemulsion system SDS/pentanol/toluene compared 
to the phase diagram of the microemulsion including 10 % (w/w) of triblock copolymer PS-PNI-PS 
3100-50000 (- - -) and PS-PNI-PS 3100-70000 (        ) at elevated temperature (40 °C). The red dotted 
line represents the system without polymer additive. The grey part of the diagram was not further 
investigated. 
 
 
 
Figure 123 shows that the domains of the partial phase diagram representing the basic 
microemulsion (red) is not congruent to the phase diagrams gained from the systems 
containing the amphiphilic BAB-block copolymers PS-PNI-PS 3100-50000 and 3100-70000 
at both room temperature (25 °C) and elevated temperature (40 °C). At room temperature and 
elevated temperature the phase diagrams of the microemulsions with or without polymer 
additive are almost congruent. Obviously the influence of the slightly longer PNIPAM (M1) 
chain length of the PS-PNI-PS 70000 series compared to the 50000 series on the phase 
behaviour is negligible. The domains are shifted towards the surfactant corner, indicating a 
reduced water uptake of the system. The reason for observing the same effect at room and 
elevated temperature (above the cloud point of the PNIPAM (M1)-middle block) could be 
originating from strong hydrophobic interactions between the B-blocks (styrene (M3)) not 
depending on the polarity of the PNIPAM (M1)-block preventing interaction and adsorption 
of the block copolymers on the interfacial film of the surfactant in the microemulsion. Most 
probably the polymer is located inside the droplets. In case it was able to stabilize the 
interface, the domain of the polymer containing microemulsion would be shifted in direction 
of the water edge (left corner of the triangular phase diagram), indicating a larger water 
uptake capacity and thus a boosting effect.  
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13.3.1  Conclusions on microemulsions 
 
 
The preparation of microemulsions applying fluorinated and non-fluorinated BAB-systems 
using toluene/pentanol= 1:1 as a liquid oil phase leads to no boosting effect of the 
microemulsion at room temperature (25 °C) and elevated temperature (40 °C). The influence 
of the slightly longer PNIPAM (M1) chain length of the PS-PNI-PS 70000 series compared 
to the 50000 series on the phase behaviour is obviously negligible. Strong hydrophobic 
interactions between the B-blocks (styrene (M3)) not depending on the polarity of the 
PNIPAM (M1)-block seem to prevent interaction and adsorption of the block copolymers on 
the interfacial film of the surfactant in the microemulsion. Possibly, recording the phase 
diagrams using different oils than toluene/pentanol could provide further insights in the 
influence on the phase behaviour of these polymers in microemulsions. 
 
 
13.4 Behaviour of BAB-triblock copolymers at the air-water interface 
 
 
When accumulating at the interface between air and water, the BAB-systems expose their 
hydrophilic segments (PNIPAM (M1)- and PNAP (M2)-blocks) towards water and hide their 
hydrophobic blocks away (PS (M3)- and PFS (M7)-blocks) from water by orientating them 
towards the gas phase.  
 
 
13.4.1  Surface activity of amphiphilic BAB-block copolymer systems 
 
 
For the aqueous solutions of BAB-triblock copolymer, foam formation was already indicating 
weak but existing surface activity. The stability of the block copolymer solutions against 
dilution in aqueous solution proven by DLS measurements was indicating very low CMCs (< 
1⋅10-5) or the polymers showing no CMC at all [69]. In order to find the CMC values of the 
BAB-systems, concentration dependent measurement of the surface tension keeping the 
temperature constantly at 25 °C were tried.  
 
 
13.4.2  Determination of the CMC 
 
 
Compared to low molecular weight surfactants, amphiphilic di- and triblock copolymers show 
a reduced mobility and slower diffusion rates leading eventually to longer equilibration times 
[522]. Therefore, the systems should be given enough time to equilibrate before performing 
the measurement. Furthermore they show lower CMCs/CACs compared to their low 
molecular weight equivalents [69, 523]. It can be found at concentrations from 10-9 to 10-4 
mol·L (SDS/CTAB: 10-3 mol·L) [524, 525, 526]. It is also possible that the CMC/CAC can 
not be detected at all as described by Rager et al. [527]. Low CMCs/CACs are favourable for 
many applications because only small amounts of polymers are needed for micelle formation 
[112]. The CMC gained for fluorinated surfactants is approximately equal to hydrocarbon 
analogues with 1.5 to 1.8 times longer hydrocarbon chain [98]. 
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The CMC/CAC can be determined by measuring changes in the surface tension applying the 
plate or ring method, the hanging drop tensiometer, measurements of the equivalent 
conductance [528, 529], potentiometric titration [530, 531] optical methods like UV-vis 
spectroscopy based on the Tyndall effect [532, 533], time resolved fluorescence quenching 
measurements (TRFQ) [534, 535] and dye solubilization methods [536] applying fluorescent 
dyes such as N-phenyl-1-naphthylimine [537] or others [538]. In this case, the CAC of 
different BAB-systems varying in the nature and length of the hydrophilic and hydrophobic 
blocks was investigated at room temperature (25 °C) applying the Du-Nuoy-ring tensiometer 
for surface tension measurements [82, 120, 539, 540]. The temperature was kept constant 
important for these measurements for the surface tension being temperature dependent [82, 
120]. The systems were equilibrated overnight before the measurement creating an 
undisturbed, equilibrated surface. All samples were prepared freshly. Exhaustive cleaning 
avoiding dust or any other impurities, especially residues of organic solvents and grease, are 
obligatory for obtaining reliable results.  
 
 
CMC-measurements of BAB-triblock copolymers in aqueous solution (figure 124):  
 

 

Figure 124: CMC-measuements of polymer a) PFS-PNI-PFS 6500-60000 and b) PS-PNI-PS 5700-
50000 in water applying the ring method. The stock solution (0.1 g/L) was stepwise diluted (x 0,5 
microliters on 20 ml of Millipore water). The temperature was kept constantly at 25 °C. Graphs 
determined for BAB-systems PS-PNI-PS 3100-50000, 3100-70000, 5700-50000, 5700-70000; PFS-
PNI-PFS 4200-80000, 5500-80000, 5500-60000, FS-PNI-FS and PS-PNAP-PS can be found in the 
appendix. 
 
 
 
All studied samples showed almost the same sigmoidal shape (figure 124). The irregularities 
observed in the graphs may originate form transitions from [59, 541] U-structure (described in 
context with adsorption phenomena) to hairpin shape [542] of the polymers localized at the 
interface, but not indicating the CMC of the polymers. In this context, the ring method does 
not seem to be useful for determination of the CMC-values of these polymer surfactant 
systems, as also found by Garnier et al. [69]. Sievers et al. [543, 544] described a smart 
method for CMC determination applying AFM measurements. Despite on dry surfaces, AFM 
measurements can also be conducted in solution and the point of micelle formation, which 
represents the CAC, can be clearly visualized. 
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Another, different reason explaining the graphs (figure 124) could be the samples still 
including residues of the surface active poly(PNIPAM) (M1) homopolymer. Surface active 
poly(PNIPAM) homopolymer could be originating from the second step of the block 
copolymer synthesis. During the chain extension with NIPAM also some PNIPAM 
homopolymer is generated due to the initiator AIBN (4,4`-azobisisobutyronitrile) starting the 
polymerization process of the RAFT polymerization (see also chapter RAFT). This problem 
unfortunately cannot be circumvented when starting the RAFT process using initiators. In 
order to remove these impurities the samples were homogenized and dialyzed for four days. 
Since GPC-elugrams revealed no low molecular weight components, the mentioned 
impurities can be excluded.  
 
 
13.4.3  Surface tension measurements 
 
 
The dynamic surface tension can be measured by applying the maximum bubble pressure 
method or oscillating yet method [145, 180]. For measurements of the equilibrium surface 
tension, the du-Nuoy-ring method, the Wilhelmy-plate method, the pendant drop method and 
the capillary rise method can be applied [145, 180]. Another convenient possibility for suface 
tension measurements are contact angle measurements. [145, 180]. The sessile drop-, 
adhering bubble method and hanging drop method are frequently used for measuring contact 
angles.  
Applying the hanging drop method, a drop of the liquid is pressed out of a syringe and the 
shape of the drop recorded using a camera. Tailored analysis software enables the calculation 
of the surface tension from the drop shape. The apparent contact angle on a surface can also 
be measured as a function of time [399].  
 
In the literature, most articles found provide data about BAB-systems such as Pluronics 
[546-548] or ABA-systems [548, 549] only, but no information about the CMC and surface 
tension can be found for the new BAB-systems of the synthesized type, neither for the PS-
PNI-PS nor the PFS-PNI-PFS triblock copolymers. The surface tension of the polymers was 
determined using the hanging drop method [180, 145] (table 3). Prior to measurement all used 
glassware was exhaustively cleaned and polymer solutions were prepared following the 
protocol described in the experimental section. 
 
 
 

polymer solution 
in water 

 

surface tension 
[mN/m] 

PS-PNI-PS 3100-70000 45,0 
PS-PNI-PS 3100-50000 44,8 

PFS-PNI-PFS 6500-80000 44,8 
PFS-PNI-PFS 4200-80000 45,0 
4FS-PNI-4FS 5600-70000 45,1 

 
 
Table 3: Values gained for the surface tension applying the hanging-drop method. The con- 
centration of the investigated solutions was 0.1 g/L. 
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For the hanging drop method, the surface tension was calculated from drop shape pictures 
applying Image J analysis software [550, 551]. For all investigated samples, a value of about 
45 mN/m (± 0,5) was found independently of the type and length of hydrophobic B (M3, M6, 
M7)-block or length of the hydrophilic PNIPAM (M1)-block applying the hanging  
drop method. This means that the BAB-systems- as described before- show only weak surface 
activity. The values gained are average values for each sample consisting of a mixture of 
homologues. 
 
 
 
13.4.4  Conclusions surface tension and CMC measurements  
 
 
Despite the different nature of both hydrophilic A (M1)- and hydrophobic B (M3, M7)- 
block, the values found for the surface tension applying the hanging drop method are around 
45 mN/m for all systems with only negligible deviations from this value. The amphiphilic 
molecules show only weak surface activity compared to conventional surfacant systems. It 
seems that the influence of the fluorinated (M7) B-blocks on diminishing the surface tension 
is almost equal to that of the styrene ones. Maybe prolonged fluorinated blocks might show a 
more significant influence due to tuning the HLB but might also lead to solubility problems 
for the fluorinated PFS-PNI-PFS and styrene PS-PNI-PS systems. For the CMC of the 
systems, no value could be achieved applying ring-tensiometer measurements. The system 
seems to have a very low CMC/CAC- if it exists at al. The measurements should be repeated 
applying more sensitive characterization methods [552, 553].  
 
 
 
 
13.4.5  Fluorine end-capped polymers as surfactants in organic solvents 
 
 
The use of non-symmetric CTA XXXV enabled the smart introduction of the fluorinated 
moiety via the Z-group of the RAFT agent. The gained fluorine end-capped polymers are not 
water soluble due to their composition from PS (M3) and a fluorinated moiety. Despite the 
widespread application of surfactants in aqueous systems, these systems could be tried as 
surfactants in organic solvents [120]. Aggregation studies of these systems in a solvent 
selective for one of the blocks were performed applying DLS. 
 
Several organic solvents were studied as a selective solvent for either the PS (M3) or the 
fluorinated block. As described for the BAB-systems, also the surfactants carrying a 
fluorinated moiety consist of a mixture of homologues. Isooctane, decane, heptane, hexane, 
dioxane, xylene and toluene were tried as solvents. Whereas the first five solvents did not 
dissolve the polymers at all, toluene and xylene turned out to be good solvents. Toluene 
turned out to be a selective solvent for the poly(styrene) (M3)-block. DLS (table 4) proved the 
existence of aggregates (probably globular micelles as described for AB-systems) at a block 
length for the PS (M3)-block > 20000 g/mol. 
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poly(styrene) (PS) 
(M3) 

PDI Z-average Dh volume average (nm) 

10000 - - - 
20000 - - - 
30000 0.07 8.3 7.4 
40000 0.16 10 9.5 
50000 0.13 10.9 10.5 
60000 0.10 12.3 11.7 
100000 0.05 17.6 13.9 

 
 
Table 4: Investigation of the hydrodynamic diameter Dh of micelles prepared from fluorine 
end-capped polymers choosing toluene as a selective solvent. The concentration of the 
samples was 1 g/L. 
 
 
13.4.6  Conclusions on fluorine end-capped polymers as surfactants in organic solvents 
 
 
The fluorine end-capped polymers are not water soluble due to their composition from PS and 
a fluorinated moiety. These systems were tried as surfactants in organic solvents applying 
DLS for the investigation of aggregates. Toluene proved to be a selective solvent for the 
styrene B (M3)-block. DLS proved the existence of aggregates (most probably globular 
micelles as described for AB-systems) at a block length for the PS block > 10000 g/mol. All 
studied samples showed no foaming, which can be an advantage in some applications. 
 
 
 
Chapter XIV: Conclusions and perspectives 
 
 
14.1  Conclusions 
 
 
In this thesis fluorinated and non fluorinated mono- and bifunctional trithiocarbonates of the 
structure Z-C(=S)-S-R and Z-C(=S)-S-R-S-C(=S)-Z were synthesized for the use as chain 
transfer agents (CTAs) in the RAFT process. All newly synthesized polymers successfully 
moderated the radical polymerization process of styrene (M3). In order to enable convenient 
and reliable determination of the molecular masses besides GPC measurements, end-group 
analysis of the synthesized block copolymers via 1H-, 19F-NMR and UV-vis spectroscopy 
could be performed by attaching suitable fluorinated groups to the R-groups of the symmetric 
CTAs and both R- and Z-groups of the non-symmetric CTAs. A further advantage of all the 
newly prepared RAFT agents is their simple preparation in a one- pot reaction in high yields 
and the easy purification step by just recrystallizing the raw product from methanol. 
 
Using the RAFT process, symmetric triblock copolymers of type BAB- and fluorine end- 
capped polymers could be synthesized in just two or one polymerization steps. The RAFT- 
process enabled the polymerization of hydrophilic monomers such as N-isopropylacrylamide 
(NIPAM) (M1) as well as N-acryloylpyrrolidine (NAP) (M2) for the A-blocks and of the 
hydrophilic styrene (M3), 2-fluorostyrene (M4), 3-fluorostyrene (M5), 4-fluorostyrene (M6) 



Chapter XIV: Conclusions and perspectives 

 
 

151

and 2,3,4,5,6-pentafluorostyrene (M7) for the B-blocks. All polymers could be synthesized 
with good control of the molar mass and narrow molar mass distributions. 
 
The properties of the triblock copolymers were investigated using DLS, turbidimetry, 
rheology, foam height- and surface tension measurements. Furthermore their ability to 
stabilize emulsions and microemulsions was investigated. The self-assembly behaviour of the 
block copolymers was studied in dilute, concentrated and high concentrated aqueous 
solutions. In dilute aqueous solutions the polymers form micelles which could be investigated 
using DLS and NMR measurements for characterizing their size. The cloud point was 
determined via turbidimetry and DLS. It is found around 31 °C for the NIPAM (M1)- and 
around 50 °C for the NAP (M2) based polymers. The fluorinated end-groups did not shift the 
cloud point temperature for NIPAM and NAP notably.  
 
Dilute aqueous polymer solutions were showing surface activity; they form foams of only 
limited stability indicating weak surface activity studied in foam height measurements. The 
micelles are -typical for polymeric surfactants- stable against dilution to 0.1 g/L, proven by 
DLS investigations. Furthermore, the foam stability and stability against dilution was 
compared to standard surfactants such as Triton® X 100, Zonyl® fluorosurfactants, Pluronic® 
6400 and others. Other commercially available fluorinated and non-fluorinated polymeric 
surfactants did not show this foam stability and stability against dilution. Surface tension 
measurements applying the drop method showed a value of about 45 mN/m for all samples, 
which points at weak surface activity as already deduced from the foam stability 
measurements. 
 
At high concentrations, the polymers are able to form hydrogels, which properties were 
compared depending on their composition. For the investigation of hydrogels, aqueous 
solutions of the triblocks containing of 10 wt%, 20 wt%, 30- and 40 wt% and finally 50 wt % 
of polymer were prepared. Among those, the rheology studies showed that physical networks 
and thus hydrogels are only formed at concentrations around 40 wt% and higher. The 10 wt% 
solutions were too thin to perform rheology studies; they were investigated using DLS. DLS 
proved normal solution behaviour showing no bridging. The minimum concentration needed 
for hydrogel formation decreases with the length of the hydrophobic end-blocks. It seems that 
high glass transition temperatures favour hydrogel formation, the achieved hydrogels show 
high mechanical strength. The concentrated samples of the NAP (M2) based BAB-systems 
showed no elasticity during rheology measurements and are not suitable for the preparation of 
hydrogels.  
 
Furthermore, the BAB-block copolymers were positively tested as emulsifiers for different 
oils- fluorinated or non-fluorinated. However, the prepared emulsions show only short-term 
stability.  
 
 
14.2  Perspectives for further investigations-outlook 
 
 
The synthesized BAB-triblock copolymers and fluorine end-capped polymers turned out to be 
polymers possessing interesting features. Some more experiments and measurements should 
be done to complete the knowledge about these interesting polymers: 
 
- Triblock copolymers with switched block sequence, leading to ABA-systems should be 

synthesized and compared to the BAB-systems. 
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- The PNIPAM/PNAP-block (A-block) (M1, M2) could be replaced by other polymers, like 

e.g. PMDEGA or other stimuli-sensitive polymers, comparing the properties of the different 
systems. 

 
- The PS-block (M3) in the fluorine end-capped polymers could be substituted by another 

hydrophobic polymer such as BuA, comparing the properties of the different polymers, also 
as surfactants in non-aqueous systems. 

 
- The pentafluorostyrene-blocks (M7) should be modified e.g. by attaching glycopolymers or 

POSS and the effect on micellization and LCST behaviour tested.  
 
- The fluorinated monofunctional RAFT agents should be tried in emulsion polymerization 

and polymerization in supercritical CO2, due to the fluorinated tail might provide good 
solubility in this medium. 

 
- In order to complete investigations on kinetics applying 19F-NMR-studies with fluorinated 

RAFT-agents, also fluorinated initiators should be synthesized (e. g. labelled V 501). An 
example is shown in figure 125: 

 
 

 
Figure 125: Example for fluorinated initiator and RAFT-agents for 19F-NMR investigations. 
 
- Double fluorinated symmetric RAFT-agents should be synthesized and evaluated, e.g. as 

shown in figure 126: 
 

 
 
 
Figure 126: Example for double fluorinated, symmetric RAFT-agent. 
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- AFM-measurements could be performed for characterization of mechanical properties of 
gels and determination of the very low (if existing) CMC values. 

 
- The CMC-values should be measured again using a more sensitive method.  
 
- The chosen water-to-oil-ratio may also influence the type of emulsion formed. Other ratios 

could be tested to improve the emulsions stability. 
 
- Measurement of the surface tension with fluorine end-capped polymers in solvents different 

from toluene could be tried. 
 
- The wetting behaviour of aqueous solutions containing the newly synthesized BAB-triblock 

copolymers (fluorinated and non fluorinated) on various high- and low-energy surfaces 
should be tried. 

 
- Solubilization experiments with fluorinated- and non-fluorinated BAB-block copolymers 

applying different kinds of oils should be tried.
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Chapter XV: Experimental part       
  
 
 
15.1 Analytical methods         

         
 
1H-(300 MHz), 13C-(75 MHz) and 19F-(282 MHz) NMR-spectra of the synthesized RAFT- 
compounds and polymers were recorded using a Bruker Avance 300 apparatus (128 scans for 
1H-, 10000 scans for 13C- and 19 scans for 19F-spectra). 
 
IR-spectra of the newly synthesized RAFT agents and a selection of polymers were recorded 
using a Bruker IFS FT-IR spectrometer 66/s. 
 
Mass spectra were tried to be taken using a TSQ Quantum spectrometer from Thermo 
Finnigan in Louvain-la-Neuve by Raoul Rozenberg (Prof. Dr. Habib-Jiwan) and M. Winkler 
from Waters using the APCI ionization method. 
 
Elementary analysis was made using a Model EA 1110 (CHNS-O) from CE Instruments 
(Dr. H. Wetzel, Fraunhofer-Institut für Angewandte Polymerforschung, Potsdam-Golm). 
 
The thermal properties of CTAs, homo- and block copolymers were recorded using a 
TGA/SDTA 851 thermal gravimetric analyzer (TGA) from Mettler-Toledo and a DSC 822 
differential scanning calorimeter (DSC) from Mettler Toledo under a nitrogen atmosphere. 
For the TGA analysis, the products were scanned at a rate of 20 °C min-1 from 25 °C to 700 
°C. The calibration was done on indium and zinc standards. For DSC measurements, the 
samples were put into an aluminium pan sealed with a lid. The mass of the full pan was noted. 
The scanning interval was between 25 °C and 180 °C at a rate of 5 °C min-1 or 10 °C min-1, 
respectively.  
 
Gel permeation chromatography (GPC) was performed using an Agilent 1200 isocratic 
pump equipped with an Agilent 1200 refractive index detector, an Agilent UV detector and a 
set of Styragel columns pore size 100 and 1000 from PSS GmbH, Mainz, Germany. Eluent: 
THF (HPLC grade from Acros/Roth). Flow rate 1.0 ml min-1. The calibration was done with 
poly(styrene) standards from Polymer Standards Service (PSS), Mainz, Germany for all kinds 
of measured polymers. The measurements were performed at 45 °C for the BAB-triblocks, 
the other block copolymers were measured at room temperature in THF. The BAB-triblocks 
were measured applying N,N-dimethylacetamide (DMAc) as an eluent, 0,1 % LiBr was 
added.  
 
Turbidimetry studies were conducted applying a temperature controlled turbidimeter model 
TP1 from E. Tepper (Mainz, Germany). As heating and cooling rates 1 °C min were chosen at 
concentrations of 1 and 2 g/L of polymer solutions, respectively. 
 
Dynamic light scattering measurements were performed applying a High Performance 
Particle Sizer (HPPS from Malvern Instruments) using a light scattering apparatus equipped 
with a He-Ne (633 nm) laser and a thermo-electric Peltier temperature controller. The 
temperature interval lies between 10 to 90 °C degrees. The measurements were performed at 
the scattering angle of 173 °C (“backscattering detection”) at 25 °C (0.1 °C) using the 
autocorrelation functions analyzed with the CONTIN method . For all the samples the results 
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were calculated first applying the “multi-modal distribution mode”. For monomodal size 
distributions, the measurement was repeated using the “monomodal distribution mode”. 
Aqueous solutions of the polymers were filtered with a disposable filter and placed in a 
poly(styrene) or glass cuvette for analysis. 
 
Scanning electron microscopy (SEM) pictures of the prepared micellar solutions were 
recorded applying a Hitachi “S-4800” equipped with a cryo-device from Gatan Alto 2500 and 
a sandwich sample holder without cave. For measurement the cryo-preparation was chosen. 
The sample was sputtered for 120 seconds using a platine source at 3 kV acceleration voltage. 
 
For rheology measurements a rheometer AR-G2 from TA Instruments was used. A cone 
plate made from Titanium (diameter 40 mm, cone angle 1° with gap 30 μm) was applied. 
Temperature control was achieved applying a Peltier element. A solvent trap filled with water 
was used to limit solvent evaporation during the experiments. Shear flow measurements under 
stress control: range between 0.01-100 s-1. Oscillation stress sweep experiment: range 0.01-
1000 Pa at 25 °C, frequency 1 Hz. Frequency sweep experiments: range 0.001-100 Hz at 25 
°C, oscillatory stress 1 Pa at 1 Hz. All temperature dependent experiments between 15-45 °C 
(PNIPAM containing samples) and 39-60° C (PNAP containing samples) were performed 
with a heating/cooling rate of 2 °C/min., ocillatory stress 5 Pa at 1 Hz in controlled gap 
compensation mode. 
 
Ultrasonication for preparing of the investigated emusions and microemulsions was 
performed using a US50 from IKA Labortechnik (Germany). 
 
Microscopy was applied for characterizing the emulsions of the prepared block copolymers 
using a Olympus® BHS light microscope. 
 
Foaming experiments were performed in 10 ml glass cylinders of the same diameter (~ 7 
mm) cleaned with piranha acid before use. The samples were sealed with a stopper and 
homogeneously shaken for 2 min. The height of the foam diminishing with time was 
compared. All investigated triblock copolymers, polymer- and low-molecular weight 
surfactants displayed a very good solubility in water. Aqueous micellar solutions of 1 g/L 
with a constant volume were prepared by directly dissolving the desired amount of copolymer 
in Millipore water and stirring the aqueous solution overnight. The liquids were transferred 
into glass tubes (volume 5 ml) and mechanically shaken for one minute. The glass tubes were 
cleaned applying piranha acid and rinsing with milipore water before use to avoid any 
contamination with surfactant or polymer residues. For evaluation, the height of the foam was 
plottet against time and compared with that of the reference surfactants listed. Mixtures of 
surfactants (polymer/polymer and polymer/low molecular weight surfactant) were 
investigated, too, mixing two different surfactant solutions (1/1:v/v) and stirring overnight 
before measurement. 
 
Surface tension data of polymers was collected using a hanging drop tensiometer of S. 
Karpitschka (MPI-MPG). The measurements were conducted at room temperature. For 
measurement, a drop of the polymer solution is squeezed out of syringe and the changing 
contact angle of the drop is measured and compared to pure MILLIPORE water. Image J® 
was used as an analysis software. 
 
CMC data of the polymer solutions was collected at room temperature (about 296 K) using a 
Du Nuoy ring-tensiometer K12 from Krüss (Hamburg, Germany). 
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15.2 Sample preparation  
 
 
For the preparation of NMR-samples, 35 mg of dry polymer or 15 mg of dry CTA were 
dissolved in about 2 ml of an appropriate deuterated solvent for the measurement of 1H-, 13C- 
and 19F- spectra. P4O10 was applied as a drying agent for the samples in vacuuo at RT. 
 
IR-spectra were taken from the pure, dry CTA or polymer sample. P4O10 was applied as a 
drying agent for the samples in vacuuo at RT. 
 
Elementary analysis (EA) was made using pure, dry polymer and CTA samples (dried over 
P4O10 under vacuo at RT before measurement) 
 
TGA- and DSC-measurements were performed from about 8 and 10 mg of CTA/polymer 
dried over P4O10 under vacuo at RT shortly before measurement. 
 
Gel permeation chromatography (GPC) elugrams were recorded using solutions of 1 g/mol 
of polymer in destilled THF. The samples were allowed to dissolve in THF overnight under 
soft shaking.  
 
Investigations on the turbidity of the polymer samples were performed by preparing 
polymer solutions of 1 g/L and 2 g/L in MILLIPORE water from dry polymer (dried prior to 
use in vacuuo over P4O10). To assure complete dissolution of the polymers, the solutions were 
shaken overnight. 
 
DLS measurements were performed from aqueous solutions of 1 g/L or 2 g/L of dry BAB-
block copolymers at different concentrations by dissolving the samples in MILLIPORE water. 
The samples were allowed to dissolve overnight under gentle shaking. From the fluorine end-
capped systems, solutions of 1 g/L in toluene were prepared from the dry polymers. For the 
dilution studies, a stock solution of 10 g/L was prepared and stepwise diluted to 1 g/L, 0.1 g/L 
and some samples to 0.01 g/L. Each sample was equilibrated for 10 minutes before 
measurement. The solutions of the CF end-capped samples were dissolved in toluene. 
 
SEM samples were prepared from polymer solutions of 1 g/L using MILLIPORE water. The 
polymer was allowed to dissolve overnight under gentle shaking at room temperature. For 
measurement the cryo-preparation was chosen. The sample was shock-frozen applying liquid 
nitrogen to avoid the formation of crystals. The frozen sample was broken at a temperature of 
-180 °C and subsequently etched for 4 seconds at – 98 °C.  
 
For rheology measurements, all used triblock copolymers were dried under vacuo over 
P4O10 at RT before use. Samples including 10-, 20-, 30-, 40- and 50 wt% of polymer were 
prepared by dissolving the polymer sample in small jars filled with about 2 ml of pure 
acetone. The samples were allowed to dry at room temperature for about eight days. 
Afterwards, the calculated amount of MILLIPORE water was added using a syringe and the 
jar tightly closed using PARAFILM for sealing. The water was allowed to diffuse into the dry 
polymer for 14 days resulting in clear liquids or gels depending on the concentration. The gels 
obtained from the PS-PNAP-PS polymers were slightly yellow. 
 
For the preparation of the oil-in-water (o/w) emulsions, 0.015 g of dry polymer (dried over 
P4O10 under vacuuo), 4.0 g of water and 1.0 g of different oils (sunflower, rapesseed, hexane, 
nonane, tributyrin, methyl palmitate, hexafluorobenzene and fluorodecaline) were united in 
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sealable test tubes of the same size and diameter. For preparing the water-in-oil- emulsions 
(w/o), 0.015 g of dry polymer (dried over P4O10 under vacuuo), 1.0 g of water and 4.0 g of 
different oils (sunflower, rapesseed, hexane, nonane, tributyrin, methyl palmitate, 
hexafluorobenzene and fluorodecaline) were united in test tubes of the same size. The non-
fluorinated samples were sonicated for 3 min, the fluorinated ones and hexane for 5 min. 
Short sonication times were chosen in order to avoid destruction of the polymer chains and 
warming of the sample (thermosensitive PNIPAM blocks might collapse and falsify results) 
 
Microscopic investigations of the emulsions and microemulsions were done by investigation 
of the emulsion/microemulsion samples directly after preparation on glass slides. A drop of a 
distinct emulsion was placed between two glass slides (cleaned with ethanol before use) and 
spread between them. Best results are gained from thin, homogeneously spread samples. 
 
For the preparation of microemulsions, MILLIPORE water was applied for the aqueous 
phase, toluene as the oil phase and SDS, sodium dodecyl sulphate, as surfactant. Pentanol was 
used as a co-surfactant. The phase diagrams were recorded by titration of the mixture with 
water or the corresponding solution including the polymeric surfactant PS-PNI-PS 3100-
50000 and PS-PNI-PS 3100-70000 at RT and 40 °C. A mixture including oil, surfactant and 
alcohol was prepared first (oil/alcohol:50/50w/w). Then, water or the aqueous polymer 
solution was added to the system and the mixture was stirred or exposed to an ultrasonic bath 
(only short time!) until the mixture appeared optically clear (sometimes it is good to wait for 
some minutes). The isotropic phase in the phase diagram was investigated by dropwise 
addition of water or the aqueous polymer solution to the mixture. 
 
Foaming experiments were performed using polymer solutions of 1 g/L. The polymers were 
dried prior to use in vacuuo under P4O10 and dissolved in exactly 2 ml of MILLIPORE water. 
The solutions were gently shaken at room temperature overnight. For the mixtures of 
polymeric surfactants with SDS, 1:1 mixtures (v:v) of polymeric surfactants and SDS (1 g/L) 
were prepared. 
 
For surface tension measurements, 0.0050 g of dry polymer was dissolved in 50 ml of 
MILLIPORE water (0.1 g/L). The samples were gently shaken overnight at room temperature. 
All used glassware was cleaned with piranha acid prior to use in order to avoid any organic 
pollution. The tensiometer syringe was cleaned after each measurement using pure acetone 
and MILLIPORE water for complete removement of impurities. 
 
For CMC determination via surface tension, 0.0050g of dry polymer was dissolved in 50 ml 
of MILLIPORE water (0.1 g/L) for preparing the stock-solution. The solutions were gently 
shaken overnight at room temperature. For measurement the stock solutions were diluted (x 5 
microliter/20 ml) The diluted solutions were stirred for 10 minutes and allowed to equilibrate 
overnight at room temperature. All used glassware was cleaned with piranha acid prior to use 
in order to avoid any organic pollution. The tensiometer ring was cleaned after each 
measurement using pure acetone and glowing using a Bunsen-burner for complete 
removement of impurities. 
 
For the mixed micelle samples, samples of 1 g/L were prepared and stirred overnight. Then, 
the solutions were united (v:v=  1:1) and equilibrated overnight before measurement. 
 
 
 
 



Chapter XV: Experimental part 

 
 

158

15.3  Synthesis of CTAs (+ tables) 
 
15.3.1 Synthesis of symmetric CTAs (see figure 127 and table 5) 
 
W, X, Y, Z values for the precise amounts of reagents are given in table 5. A 500 ml three 
necked round- bottom flask equipped with a magnetic stirring bar, silicon septum and a 
silicon oil bubbler was purged with nitrogen for 30 minutes. Then, phase-transfer catalyst 
Aliquat® 336 (Acros Organics, average MW 442 g/mol) (4 drops) and W g 1,2-ethanediol 
(Fluka, > 98 % ) (0.053 mol) were added using a liquipipette/syringe under nitrogen flow. Y g 
of sodium hydroxide microprills (Riedel-de-Haën, purum) (0.106 mol) were completely 
dissolved in 15 ml of distilled water and added dropwise to the reaction mixture under 
vigorous stirring and cooling the flask at 10 °C (isopropanol-dry ice bath).The solution was 
stirred for one hour under nitrogen atmosphere before X g of carbon disulfide (Aldrich, low in 
benzene-content, > 99.9 %) (0.106 mol) were added dropwise. The colour of the reaction 
mixture immediately turned into bright yellow. The reaction was stirred one further hour at 
RT before adding Z g of benzyl bromide (Aldrich, 98 %) (0.106 mol) dissolved in a solvent 
mixture of benzene/hexane (1:1= 150 ml:150 ml) and 50 ml of CS2. The mixture was stirred 
at RT overnight. The reaction mixture was completely clear after this time containing a 
yellow phase.  
 
Purification 
 
First, part of the solvent was removed under vacuuo. Then, the crude product got washed with 
200 ml of distilled water for three times. Residual water was removed drying with magnesium 
sulphate powder (Aldrich, > 97 %). The sulphate powder was filtered off afterwards. In order 
to remove salt residues completely, the dried liquid was passed over a column of neutral 
alumina (Acros, mesh 50-200 microns), turning a bit brownish/yellow. The column was 
washed with hexane/benzene to make sure that no product remained on the column. Solvent 
residues were then removed in vacuuo and the raw product, a bright yellow solid, dried in the 
vacuum oven at RT for 24 h. Yield of the crude raw product ~ 100 %. 

 
For further purification, the substance was recrystallized from methanol. 5 g of product were 
completely dissolved in about 500 ml of methanol (Aldrich, ACS-grade).  
 
 

 
 
Figure 127: General formula of symmetric trithiocarbonate RAFT agents 
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symmetric  
CTA 

 

HS-(CH2)2-SH 
[g] 

 
W 

CS2 
[g] 

 
X 

NaOH 
[g] 

 
Y 

benzylbromide 
[g] 

 
Z 

yield 
(after 

recrystalliz.) 
[%] 

CTA XXXIX 
 

5 8.08 4.25 18.16 -* 

CTA XXXX 
 

5 8.08 4.25 25.37 89 % 

CTA XXXXI 
 

5 8.08 4.25 32.6 82 % 

CTA XXXXII 
 

5 8.08 4.25 20.07 81 % 

CTA XXXXIII 
 

5 8.08 4.25 25.8 80 % 

CTA XXXXIV 
 

5 8.08 4.25 27.71 83 % 

 
 
Table 5: Amount of chemicals used for synthesis of symmetric trithiocarbonate RAFT 
agents.* CTA XXXIX is a liquid and was not recrystallized from MeOH, yield ~ 97 %. 
 
 
 
 

 
 
 
 
Figure 128: Especially the symmetric CTAs crystallize in shape of long, yellow needles when 
recrystallized from methanol. The picture shows the crystallisation of bifunctional, symmetric CTA 
XXXX. 
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15.3.2 Synthesis of non-symmetric CTAs (see figure 129 and table 6) 
 
 
W, X, Y, Z values for the precise amounts of reagents are given in table 6. A 500 ml three 
necked round-bottom flask equipped with a magnetic stirring bar, silicon septum and a silicon 
oil bubbler was purged with nitrogen for 30 minutes. Then, phase-transfer catalyst Aliquat® 
336 (Acros Organics, average MW 442 g/mol) (4 drops) and W g 1H,1H,2H,2H-
heptadecafluoro-1-decanethiol (Fluka, > 98 %) (0.010 mol) were added using a 
liquipipette/syringe under nitrogen flow. X g of sodium hydroxide microprills (Riedel-de- 
Haën, purum) (0.010 mol) were completely dissolved in 15 ml of distilled water and added 
dropwise to the reaction mixture under vigorous stirring and cooling the flask at 10 °C 
(isopropanol-dry ice bath).The solution was stirred for one hour under nitrogen atmosphere 
before Y g of carbon disulfide (Aldrich, low in benzene-content, > 99.9 %) (0.010 mol) were 
added dropwise. The colour of the reaction mixture immediately turned into bright yellow. 
The reaction was stirred one further hour at RT before adding Z g of benzyl bromide (Aldrich, 
98 %) (0.010 mol) dissolved in a solvent mixture of benzene/hexane (1:1= 150 ml:150 ml) 50 
ml of CS2. The mixture was stirred at RT overnight. The reaction mixture was completely 
clear after this time containing a yellow phase.  
 
Purification 
 
First, part of the solvent was removed under vacuuo. Then, the crude product got washed with 
200 ml of distilled water for three times. Residual water was removed by drying with 
magnesium sulphate powder (Aldrich, > 97 %). The sulphate powder was filtered off 
afterwards. In order to remove salt residues completely, the dried liquid was passed over a 
column of neutral alumina (Acros, mesh 50-200 microns), turning a bit brownish/yellow. The 
column was washed with hexane/benzene in order to ensure no product remaining on the 
column. Solvent residues were then removed in vacuuo and the raw product, a bright yellow 
solid, dried in the vacuum oven at RT for 24 h. Yield of the crude raw product ~ 100 %. 

 
For further purification, the substance was recrystallized from methanol. 5 g of product were 
completely dissolved in about 500 ml of methanol (Aldrich, ACS grade).  
 
 
 
 

 
 
 
 
Figure 129: General formula of non-symmetric trithiocarbonate RAFT agents bearing a fluorinated 
tail 
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non-symmetric 

CTA 
 

F3C-(CF2)7-
(CH2)2-SH 

[g] 
W 

CS2

[g] 
 

Y 

NaOH 
[g] 

 
X 

benzyl-
bromide 

[g] 
Z 

yield 
(after 

recrystalliz.) 
[%] 

CTA XXXIV 
 
 

5 0.79 0.42 1.78 85 % 

CTA XXXV 
 

5 0.79 0.42 2.49 80 % 

CTA XXXVI 
 

5 0.79 0.42 1.97 80 % 

CTA XXXVII 
 

5 0.79 0.42 2.53 83 % 

CTA XXXVIII 
 

5 0.79 0.42 2.72 83 % 

 
 
Table 6: Amount of chemicals used for synthesis of non-symmetric trithiocarbonate RAFT agents. 
 
 
 
15.4 Monomer synthesis: N-acryloylpyrrolidine (NAP) (M2) 
 
 

O

N

 
 
 
Figure 130: N-acryloylpyrrolidine (NAP) (M2) 
 
 
 
Synthesis of N-acryloylpyrrolidine (figure 131) 
 
 
A 500 ml three-necked round bottom flask equipped with a magnetic stirring bar, a silicon 
bubbler and a thermometer was dried under nitrogen flow with a heating gun for 30 minutes. 
Afterwards the flask is cooled with an isopropanol-dry ice bath to 10 °C and 86.9 g of 
acryloyl chloride (0.96 mol, M= 90.51 g/mol, Aldrich, 97 % ) in 30 ml of benzene are added 
dropwise to 68.3 g of pyrrolidinee (0.96 mol, M= 71.12 g/mol, Acros, 98 %) dissolved in 30 
ml of dry benzene and 93.25 g of triethylamine (0.96 mol, M= 97.14 g/mol) under vigorous 
stirring (~ 2 h). The solution must be cooled well because the reaction is strongly isothermic! 
(figure 131). Under nitrogen atmosphere, the reaction is kept one hour at 5 °C and one further 
hour at RT to complete the reaction. 
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Figure 131: Synthetic path towards N-acryloylpyrrolidine (M2). Strict temperature control is 
necessary during the synthesis. 
 
 
 
Purification 
 
In order to remove the salt residue, the solution is filtered applying a Büchner funnel. The 
filter cake is washed with benzene (3* 50 ml) until the washings are colourless. The solvent is 
then removed in vacuuo yielding a brownish-yellow liquid. The substance is mixed with 
calcium hydride and carefully destilled in vacuuo (0.33-0.29 mbar, T= 63 °C). 
 
 
Yield: 40 % 
 
 
 
15.5  Purification of initiators, solvents and monomers 
 
 
 
Before the polymerization or reaction,  
 
2,2`-azobisisobutyronitrile (AIBN) (Fluka) was recrystallized from MeOH (reagent plus, > 99 
% from Aldrich) and dried under vacuuo at RT. The initiator was stored in the fridge (4 °C) 
 
2-(carbamoylazo)-isobutyronitrile, (V 30), was used without further purification (Wako 
Chemicals). The initiator was kept in the fridge (4 °C) before use.  
 
Tetrahydrofuran (THF, Baker, ultra resi analyzed) was destilled over Na/K before use in 
order to remove the inhibitor BHT as well as dangerous peroxides. The liquid was stored 
under argon in brown bottles. 
 
N,N-isopropylacrylamide (NIPAM) (M1) was recrystallized from hexane/benzene three 
times. 10 g of NIPAM were dissolved completely in 800 ml of hexane (Baker) and 30 ml of 
benzene (Aldrich, thiophene-free, ≥ 99 %) for removing the stabilizer MEHQ (methyl 
hydroxyquinone). The white needles were dried in vacuuo at RT for 48 h. The stock was 
stored in the fridge (4 °C) 
 
N-acryloylpyrrolidine (NAP) (M2) was purified by distillation before the polymerization in 
order to remove amine and salt residues originating from the synthesis. The destilled 
monomer was stored in the fridge (-20 °C).  
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2,3,4,5,6-pentafluorostyrene (M7) was purified by distillation before the polymerization in 
order to remove the added stabilizer p-tert.-butylcatechol. The destilled monomer was stored 
in the fridge (-20 °C).  
 
2-fluorostyrene (M4) was purified by distillation before the polymerization in order to remove 
the added stabilizer p-tert.-butylcatechol. The destilled monomer was stored in the fridge (-20 
°C).  
 
3-fluorostyrene (M5) was purified by distillation before the polymerization in order to remove 
the added stabilizer p-tert.-butylcatechol. The destilled monomer was stored in the fridge (-20 
°C).  
 
4-fluorostyrene (M6) was purified by distillation before the polymerization in order to remove 
the added stabilizer p-tert.-butylcatechol. The destilled monomer was stored in the fridge (-20 
°C).  
 
Styrene (M3) was purified by distillation before the polymerization in order to remove the 
added stabilizer. The destilled monomer was stored in the fridge (-20 °C).  
 
 
 
15.6 Polymer synthesis (+ tables) 
 
 
All polymerizations were performedin a 50- or 100 ml round bottom flask equipped with a 
magnetic stirring bar, sealed with a silicon septum. After purging the samples with nitrogen, 
the septum was sealed with parafilm and the flask was located in a tempered silicon oil bath 
for a given time. The oil bath was tempered at the needed temperature for at least one hour 
before use.  
 
 
 
 
15.6.1  Synthesis of homopolymers (figure 132, 133 + table 7) 
 
 
W, X, Y, Z values for the precise amounts of reagents are given in table 7). 
The monomers were polymerized in bulk applying the symmetric, bifunctional RAFT-agent 
CTA XXXX (figure 132, 133). In order to remove oxygen present in the reaction mixture, 
each flask was purged with nitrogen for 20 minutes (pressure 1 bar) prior to polymerization. 
Polymerizations performed with fluorinated monomers (M4, M5, M6, M7) W (M4, M5, M6, 
M7) were initiated using initiator V 30 (WAKO) Y; styrene (M3) W (M3) was initiated 
thermally. The polymerization temperatures were 120 °C for the initiator-initiated Y and 110 
°C for the thermally initiated case. Mwth should not exceed 10000 g/mol. The polymerizations 
were stopped by cooling the flasks with liquid nitrogen. For purification, the cooled down 
samples were diluted with about 10 ml of pure, destilled THF and precipitated three times in 
250 ml of methanol. The polymer was then separated with a Büchner funnel and dried under 
vacuo for 48 h at RT. The ratio and amount of CTA, monomer and initiator used can be found 
in table 7. The end-group functionalization was checked applying 19F-NMR. 
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Figure 132: Poly(styrene) (M3) homopolymer gained using bifunctional, symmetric CTA XXXX. 
 
 

 
 

 
Figure 133: 2,3,4,5,6-poly(pentafluorostyrene) (M7) homopolymer gained using bifunctional, 
symmetric CTA XXXX. 
 
 
15.6.2  Synthesis of BAB-triblock copolymers (Figure 134, 135, 136 + table 7) 
 
 
W, X, Y, Z values for the precise amounts of reagents are given in table 7, page 166). For the 
synthesis of the BAB-triblock copolymers (figure 134, 135), the macro-PS-RAFT/macro-
PFS-RAFT agent/macro-FS-RAFT agent X and Y g of recrystallized AIBN, W g of 
recrystallized NIPAM (M1) and Z g of THF (destilled over Na/K) were united in a 50 ml 
round bottom flask, equipped with a silicon septum. The flask was purged with nitrogen for 
20 minutes. The silicon septum was fixed using some additional wire. The polymerization 
was conducted at a temperature of 65 ° C for 48 h for the PS-PNI-PS and at 60 °C for 48 h 
for all other samples. The ratio and amount of macro-CTA, monomer and initiator used can be 
found in table 7. Mwth of 50000, 70000, 80000 and 100000 were chosen. 
The polymerization was stopped by cooling the flasks with liquid nitrogen. The contents of 
the flask was dialyzed (THF against destilled water) for 3-4 days applying a dialysis- 
membrane with a cut-off of 3500 g/mol. The water was changed three times a day. Afterwards 
the gained, clear solutions were freeze-dried. 
 

 
 
Figure 134: PS-PNI-PS triblock copolymer gained using bifunctional, symmetric CTA XXXX. 
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Figure 135: PFS-PNI-PFS triblock copolymer gained using bifunctional, symmetric CTA XXXX. 
 
 
For the synthesis of the BAB-triblock copolymer containing NAP (M2) (figure 136) for the 
thermosensitive block, X g of the macro-PS-RAFT agent, W g of destilled NAP (M2), Z g of 
THF (destilled over Na/K) and Y g of AIBN were united in a 50 ml round bottom flask, 
equipped with a silicon septum. The flask was purged with nitrogen for 20 minutes. The 
silicon septum was fixed using some additional wire. The polymerization was conducted at a 
temperature of 60 ° C for 48 h. The ratio and amount of macro-CTA, monomer and initiator 
used can be found in table 7. Mwth of 50000 and 70000 were chosen for the hydrophilic block. 
The polymerization was stopped by cooling the flasks with liquid nitrogen. The contents of 
the flask was dialyzed (THF against destilled water) for 3-4 days using a dialysis- membrane 
with a cut-off of 3500 g/mol, changing the water three times a day. Afterwards the gained 
solutions were freeze-dried. 
 

 
 
 
Figure 136: PS-PNAP-PS triblock copolymer gained using bifunctional, symmetric CTA XXXX. 
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10 b) 

0.1 

0.56 

thermal 
initiation 

@ 

110 °C 

bulk 1080 5710 
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Table 7: Amounts of CTA, monomer and initiator, polymerization times and analysis results 
 
 
 
 
a) For diblock copolymers, amount of macro RAFT agent in mmol, with the assumption 

of 100 % functionalization. Conversion determined by gravimetry.  
 

b) degassing time 20 minutes (pressure of N2 1 bar) 
 
c) THF was freshly destilled over Na/K prior to use in order to remove residues of 

peroxide and stabilizer thoroughly.  
 
d) after precipitation (3x) in MeOH from a THF solution 
 
e) molar mass determined applying 19F-NMR 
 

 f) molar mass after dialysis against water for three days  
 
g) molar mass calculated from sample weight after freeze-drying 
 

 
15.6.3  Synthesis of CF-end capped polymers (figure 137 + tables 8 and 9) 
 
For the synthesis of the fluorine end-capped systems (figure 137), the monomers were 
polymerized in bulk applying the non-symmetric, monofunctional RAFT agent CTA XXXV. 
Therefore, the flask was purged with nitrogen for 20 minutes (pressure 1 bar) in each case. 
Polymerizations were performed using styrene (M3) and thermal initiation. The 
polymerization was conducted at 110 °C. The reactions were stopped by cooling the flasks 
with liquid nitrogen. For purification, the cooled down samples were diluted with about 10 ml 
of pure, destilled THF and precipitated three times in 250 ml of methanol. The polymer was 
then separated with a Büchner funnel and dried under vacuuo for 48 h at RT. 
 
 
 

 
 
Figure 137: Polymerization of styrene (M3) in bulk at 110 °C applying monofunctional, non-
symmetric CTA XXXV. 
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a) degassing time 20 minutes (pressure of N2 1 bar) 
 
b) after precipitation (3x) in MeOH from a THF solution 

 
Table 8: Polymerization of styrene applying CTA XXXV, aiming at Mwth100000. 

 
 

 
The kinetic studies were performed using the CTAs and conditions listed in table 9: 

 
 
Table 9: Polymerization of styrene applying non-symmetric CTAs, aiming at Mwth10000. The 
samples were polymerized 5,10,15,20 and 25 h for kinetic studies. 

 
a) degassing time 20 minutes (pressure of N2 1 bar) 
 

 
Polymerizations were performed using styrene (M3) and thermal initiation. Again, the 
reactions were stopped by cooling the flasks with liquid nitrogen. For purification, the cooled 
down samples were diluted with about 10 ml of pure, destilled THF and precipitated three 

sample momomer 
(M3) 

[mmol] [g] 

RAFT 
[mmol] 

[g] 

initiator
[mmol] 

[g] 

polymerization
temperature 

[°C] 

polymerization 
time [h] 

MnGPC 
[g/mol] 

10000 28.8 ; 3 a) 0.15; 
0.107 

thermal 110 °C 17 11300 
b) 

20000 28.8 ; 3 a) 0.075; 
0.054 

thermal 110 °C 17 21100 
b) 

30000 28.8 ; 3 a) 0.05; 
0.036 

thermal 110 °C 17 29500  
b) 

40000 28.8 ; 3 a) 0.038; 
0.027 

thermal 110 °C 17 37200  
b) 

50000 28.8 ; 3 a) 0.030; 
0.021 

thermal 110 °C 17 44800 
 b) 

60000 28.8 ; 3 a) 0.025; 
0.017 

thermal 110 °C 17 50000 
 b) 

100000 28.8 ; 3 a) 0.015; 
0.011 

thermal 110 °C 17 90000  
b) 

CTA momomer 
(M3) 

[mmol] [g] 

RAFT 
[mmol]  

[g] 

initiator 
[mmol] 

[g] 

polymerization 
temperature 

[°C] 

polymerization 
time [h] 

CTA XXXIV 19.2 ; 2 a) 0.2 ; 0.129 thermal 110 °C 5,10,15,20,25  
CTA XXXV 28.8 ; 3 a) 0.3 ; 0.214 thermal 110 °C 5,10,15,20,25 
CTA XXXVI 19.2 ; 2 a) 0.2 ; 0.133 thermal 110 °C 5,10,15,20,25 
CTA XXXVII 19.2 ; 2 a) 0.2 ; 0.144 thermal 110 °C 5,10,15,20,25 
CTA XXXVIII 19.2 ; 2 a) 0.2 ; 0.147 thermal 110 °C 5,10,15,20,25 
CTA XXXX 28.8 ; 3 a) 0.3 ; 0.169 thermal 110 °C 5,10,15,20,25 
CTA XXXXII 19.2 ; 2 a) 0.2 ; 0.114 thermal 110 °C 5,10,15,20,25 
CTA  XXXXIII   19.2 ; 2 a) 0.2 ; 0.093 thermal 110 °C 5,10,15,20,25 
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times in 250 ml of methanol. The polymer was separated with a Büchner funnel and dried 
under vacuuo for 48 h at RT. 

 
 
15.7  DLS- and turbidimetry data 
 
 

triblock 
copolymer 

 
PS-PNI-PS 

DPn of 
hydrophobic 

block 

cloud 
point 
[°C] 

Dh 

[nm] 
25 °C 

PDI 
25 °C 

Dh 
[nm] 
35 °C 

PDI 
30 °C 

Dh 
[nm] 
45 °C 

PDI 
40 °C 

PS (M3) 

3100 

30 - - - - - - - 
 

PS (M3) 

5700 

55 - - - - - - - 
 

PS (M3) 

4400 

42 - - - - - - - 

PS-PNI-PS 

3100-50000 

30 31.0 60.6 0.23 255 0.18 258 0.43 

PS-PNI-PS 

3100-70000 

30 29.9 57.7 0.72 225 0.07 228 0.37 

PS-PNI-PS 

5700-50000 

55 29.8 162 0.30 686 0.15 698 0.21 

PS-PNI-PS 

5700-70000 

55 30.1 61.1 0.22 202 0.04 203 0.03 

PS-PNI-PS 

4400-50000 

42 - - - - - - - 

PS-PNI-PS 

4400-70000 

42 - - - - - - - 

triblock 
copolymer 

 
PFS-PNI-PFS 

DPn of 
hydrophobic 

block 

cloud 
point 
[°C] 

Dh 

[nm] 
25 °C 

PDI 
25 °C 

Dh 
[nm] 
35 °C 

PDI 
30 °C 

Dh 
[nm] 
45 °C 

PDI 
40 °C 

PFS 4200 (M7) 

4200 

22 - - - - - - - 

PFS 4500 (M7) 

4450 

23 - - - - - - - 

PFS 5500 (M7) 

5540 

29 - - - - - - - 
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PFS 6500 (M7) 

6460 

33 - - - - - - - 

PFS 7200 (M7) 

7190 

48 - - - - - - - 

PFS-PNI-PFS 

5500-60000 

29 31.1 66.9 0.18 269 0.04 268 0.59 

PFS-PNI-PFS 

6500-60000 

33 31.5 81.1 0.20 298 0.07 286 1.00 

PFS-PNI-PFS 

7200-60000 

48 29.3 74.4 0.18 308 0.07 312 1.00 

PFS-PNI-PFS 

4200-80000 

22 31.1 65.9 0.22 198 0.02 242 0.17 

PFS-PNI-PFS 

4500-80000 

23 31.3 65.1 0.18 210 0.02 228 0.06 

PFS-PNI-PFS 

5500-80000 

29 31.2 69.7 0.18 280 0.17 321 0.09 

PFS-PNI-PFS 

6500-80000 

33 30.3 62.4 0.20 199 0.02 211 0.04 

PFS-PNI-PFS 

7200-80000 

48 30.3 - - - - - - 

PFS-PNI-PFS 

5500-100000 

29 31.1 67.6 0.19 158 0.03 190 0.08 

PFS-PNI-PFS 

6500-100000 

33 31.2 74.5 0.20 222 0.01 246 0.11 

PFS-PNI-PFS 

7200-100000 

48 31.1 73.6 0.17 226 0.01 254 0.11 

triblock 
copolymer 

 
FS-PNI-FS 

DPn of 
hydrophobic 

block 

cloud 
point 
[°C] 

Dh 

[nm] 
25 °C 

PDI 
25 °C 

Dh 
[nm] 
35 °C 

PDI 
30 °C 

Dh 
[nm] 
45 °C 

PDI 
40 °C 

4FS (M6) 

5600 

46 - - - - - - - 

3FS (M5) 

6300 

52 - - - - - - - 

2FS (M4) 

5500 

45 - - - - - - - 
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4FS-PNI-
4FS 

5600-70000 

46 30.5 85.7 0.20 486 0.22 427 0.15 

3FS-PNI-
3FS 

6300-70000 

52 30.9 85.9 0.22 486 0.36 499 1.00 

2FS-PNI-
2FS 

5500-70000 

45 30.7 104 0.34 374 0.14 392 0.06 

triblock 
copolymer 

 
PS-PNAP-PS 

DPn of 
hydrophobic 

block 

cloud 
point 
[°C] 

Dh 

[nm] 
25 °C 

PDI 
25 °C 

Dh 
[nm] 
35 °C 

PDI 
30 °C 

Dh 
[nm] 
45 °C 

PDI 
40 °C 

PS (M3) 

3300 

32 - - - - - - - 

PS (M3) 

4100 

39 - - - - - - - 

PS (M3) 

5100 

53 - - - - - - - 

PS-PNAP-
PS 

3300-50000 

32 48.1 25.9 0.71 465 0.35 436 0.45 

PS-PNAP-
PS 

3300-70000 

32 49.4 711 0.82 562 0.74 493 1.00 

PS-PNAP-
PS 

4100-50000 

39 48.8 327 0.92 560 1.00 559 627 

PS-PNAP-
PS 

4100-70000 

39 43.9 338 0.63 445 0.26 376 0.30 

PS-PNAP-
PS 

5100-70000 

53 48.4 33.3 0.47 1020 0.70 962 1.00 

 
 
Table 10: Turbidimetry and DLS data of BAB-block copolymer systems 
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15.8  Reference oils 
 
 
- rapeseed oil (Cargill) 
 
- sunflower oil (conventionally available) 
 
- tributyrin (Aldrich, ≥ 97 %) 
 
- methyl palmitate (Aldrich, ≥ 97 %) 
 
- n-nonane (Aldrich, 99 %) 
 
- n-hexane (Baker, 98 %) 
 
- hexafluorobenzene (Aldrich, 99 %) 
 
- perfluorodecaline (Aldrich, 95 %) 
 
- silicone oil M100, medium viscosity (Roth) 
 
 
15.9 Reference surfactants [495-498] 
 
 
Triton® X-100 (figure 138) is a widely used non-ionic surfactant. It is applied for example in 
biochemistry and biotechnology for the recovery of membrane components under mild non-
denaturating conditions: 
 
 

O
OH

nTriton X 100
n= 9-10

 
 
Figure 138: Triton® X-100 
 
 
SDS (figure 139) is a commonly used low molecular weight surfactant for various 
applications: 

 
 
Figure 139: SDS (= sodium dodecyl sulphate) 
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Brij® 56 (figure 140) is a non-ionic detergent which can be used for example in biochemistry 
and biotechnology for protein extraction of cells: 
 
 

 
 
Figure 140: Brij® 56 (several types available) 
 
Tween® 65 (figure 141) is a non-ionic surfactant used for many purposes: 
 
 
 

 
 
Figure 141: Tween® 65 (several types available) 
 
 
Pluronics® from BASF (figure 142) are low foaming, non ionic block copolymers showing 
surfactant properties. They are consisting of a central polypropylene glycol group flanded by 
two polyethylene glycol groups. The length of the blocks is adapted due to the desired HLB.  
 
The used surfactant Pluronic® PE 6400 is a colorless liquid consisting of a polypropylene 
glycol block of 1750 g/mol representing 40 % in the molecule and 60 of % polyethylene 
glycol.  
 
 
 

 
 
 
Figure 142: Pluronics® (several types exist) 
 
 
 
Zonyl® fluorosurfactants (figure 143) are tailor-made surfactants for different kinds of 
applications. These fluorosurfactants are block copolymers consisting of a perfluorinated 
alkyl block. They are available in anionic, kationic, zwitterionic and neutral form. The 
following fluorosurfactants were used: 
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Zonyl® FSP is a water soluble anionic phosphate fluorosurfactant giving low aqueous surface 
tensions with minimal foaming. It can be used as a defoamer. Because of its excellent wetting 
performance it can be used for coatings, floor waxes, industrial finishes and wood-coatings as 
well as metal cleaning applications.  
 
Zonyl® FSH 300 is a non-ionic water soluble fluorosurfactant showing very low surface 
tension in aqueous or solvent based products enabling good wetting, spreading levelling and 
other useful properties in cleaning products.  
 
 
 
 

Zonyl
f luorosurfactants

F
X

F F

F F
x y

 
 
 
Figure 143: General formula of Zonyl® fluorosurfactants. They are available in anionic, cationic, 
zwitterionic and neutral form.  
 
 
 
 
 
15.10 Decomposition temperatures 
 
 
 

compound 
 

decomposition temperatures 
[°C] 

PS-PNI-PS 3100-50000 382 
PS-PNI-PS 5700-70000 387 

PFS-PNI-PFS 7200-100000 374 
4FS-PNI-4FS 5600-70000 185 

PFS (M7) 4500 409 
PFS (M7) 7200 411 

PS-PNAP-PS 4100-50000 418 
PS-PNAP-PS 3300-50000 417 
CF3-RAFT (CTA XXXX) 239 
CF3-RAFT (CTA XXXV) 219 
PS (M3) mit CTA XXXX 355 

 
 
 
Table 11: Onset of decomposition temperatures of RAFT agents and polymers 
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NMR, IR, EA and melting points of newly synthesized non-symmetric and 
symmetric CTAs and monomer NAP 
 
 
 

 
 

 
MS m/z = 562 (M-1). EA (C20H16F6S6), Mr= 562.72. Calcd: %C= 42.69; %H= 2.87; %S= 
34.19; %F= 20.26. Found: %C= 42.92; %H= 2.65; %S= 35.35 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 3.71 (s, 4H, -S-CH2-CH2-S-), 4.65 (s, 4H, -S-
CH2-aryl), 7.46 (d, 4H, -C-CH=CH- aryl), 7.57 (d, 4H, -CH=C-CF3 aryl). 13C-NMR (75 MHz 
in CDCl3, δ in ppm): δ = 34.90 (-S-CH2-CH2-S-), 40.60 (-S-CH2-aryl), 125.66, 129.52, 139.3 
(=C-aryl), 221.63 (-S-(C=S)-S-). 19F-NMR (282 MHz in CDCl3, δ in ppm): δ= -63.04 (s, 6F, 
aryl-CF3). Melting point= 105 °C. IR= ν (C-H aromat.) ~ 2900 cm-1 (w), (aromat.) 1616 cm-1 
(m), δ (CH2 def.) 1423 cm-1 (m), 1318 cm-1, ν (C-F) 1160 cm-1 (s), ν (C=S) 1116 cm-1 (s), 
1048 cm-1 (s), 1019 cm-1 (s), 891 cm-1 (m), 802 cm-1 (s), (CH2-rocking) 749 cm-1 (m), (C=C 
monosubst. arom.) 704 cm-1 (m), 622 cm-1 (w), 592 cm-1 (w) 
 
 
 

 
 
 
 
MS not possible. (C18H10F8S6), Mr= 570.65. Calcd: %C= 37.89; %H= 1.77; %S= 33.71; %F= 
26.63. Found: %C= 38.09; %H= 1.72; %S= 34.48; %F= 25.72 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 3.72 (s, 4H, -S-CH2-CH2-S-), 4.72 (s, 4H, S-
CH2-aryl), 7.04 (m, 2H, -CF=CF-CH-aryl). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 
28.45 (-S-CH2-CH2-S-), 34.68 (-S-CH2-aryl), 105.5, 105.8, 106.1 (-C-CF=CF-aryl, CH-
CF=CF), 114.5 (-CF=CF-aryl), 220.29 (-S-(C=S)-S-). 19F-NMR (282 MHz in CDCl3, δ in 
ppm): δ= -138.29 (s, 4F, aryl-oF), -141.3 (s, 4F, aryl-mF). Melting point= 125 °C. IR= ν (C-
H aromat.) ~ 2900 cm-1 (w), (aromat.) 1650 cm-1 (w), δ (CH2 def.) 1504 cm-1 (s), 1454 cm-1 
(m), 1409 cm-1 (m), 1382 cm-1 (m), ν (C-F) 1258 cm-1 (m), 1212 cm-1 (m), ν (C=S) 1169 cm-1 
(m), 1057 cm-1 (s), 1012 cm-1 (m), 945 cm-1 (s), (C-H arom. isolated) 800 cm-1 (s), (CH2-
rocking) 711 cm-1 (s), 677 cm-1 (m), 609 cm-1 (m) 

CTA XXXX 

CTA XXXXIII 
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MS not possible. EA (C18H16F2S6), Mr= 462.71. Calcd: %C= 46.72; %H= 3.49; %S= 41.58; 
%F= 8.21. Found: %C= 47.06; %H= 3.52; %S= 42.08; %F= 7.34 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 3.95 (s, 4H, -S-CH2-CH2-S-), 4.83 (s, 4H, -S-
CH2-aryl), 7.28, 7.53 (m, 8H, CH= CH-aryl, -CH-CF-aryl). 13C-NMR (75 MHz in CDCl3, δ 
in ppm): δ= 33.76 (-S-CH2-CH2-S), 39.75 (-S-CH2-aryl), 114.5, 114.79 (-CH=CH-CF-aryl), 
129.84, 129.95 (-C-CH=CH-aryl), 159.68 (-C=CH=CH-aryl), 162.95 ((-CH=CH-CF-aryl), 
221.09 (-S-(C= S)-S-). 19F-NMR (282 MHz in CDCl3, δ in ppm): δ= -114.43 (s, 2F, aryl-pF). 
Melting point= 108 °C. IR= ν (C-H aromat.) ~ 2900 cm-1 (w), (aromat.) 1597 cm-1 (m), δ 
(CH2 def.) 1499 cm-1 (m), 1390 cm-1 (m), ν (C-F) 1218 cm-1 (m), ν (CS) 1157 cm-1 (m), 1048 
cm-1 (s),(C-H aromat. monosubst.) 828 cm-1 (s), (CH2-rocking) 791 cm-1 (s), 755 cm-1 (s), 718 
cm-1 (m), 657 cm-1 (m) 
 
 
 

 
 
 
 
MS not possible. EA (C22H14F12S6), Mr= 698.72. Calcd: %C= 37.82; %H= 2.02; %S= 27.53; 
%F= 32.63. Found: %C= 37.86; %H=  1.93; %S= 27.54; %F= 32.67 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 3.71 (s, 4H, -S-CH2CH2-S-), 4.70 (s, 4H, -S-
CH2-aryl), 7.79 (m, 6H, -C=CH-aryl). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 34.98 (-S-
CH2-CH2-S-), 39.84 (-S-CH2-aryl), 121.67 (-C(CF3)-CH-C(CF3)-), 124.88 (CF3), 129.24 (-C-
CH=CH-aryl), 132.23 (-C-CH=C-(CF3)-aryl), 138.24, (-C-CH=C-(CF3)-aryl), 220.98 (-S-
(C=S)-S-). 19F-NMR (282 MHz in CDCl3, δ in ppm): δ= -63.34 (s, 12F, aryl-CF3). Melting 
point= 105 °C. IR= ν (C-H aromat.) ~ 2900 cm-1 (w), (aromat.) 1627 cm-1 (w), δ (CH2 def.) 
1471 cm-1 (w), 1370 cm-1 (m), ν (C-F) 1280 cm-1 (s), ν (CS) 1113 cm-1 (s), 1035 cm-1 (s), 922 
cm-1 (w), 901 cm-1 (s), 867 cm-1 (m), (aromat. isolated H) 800 cm-1 (s), (CH2-rocking) 699 cm-

1 (s), 677 cm-1 (s), 622 cm-1 (s) 

CTA XXXXII 

CTA XXXXI 
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MS not possible. EA (C18H8F10S6), Mr= 606.63. Calcd: %C= 35.64; %H= 1.33; %S= 31.71; 
%F= 31.32. Found: %C= 35.89; %H= 1.28; %S= 32.36, %F= 30.47 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 3.73 (s, 4H, -S-CH2CH2-S-), 4.7 (s, 4H, -S-CH2-
aryl). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 27.41 (-S-CH2-CH2-S-), 34.18 (-S-CH2-
aryl), 219.55 (-S-(C=S)-S-). 19F-NMR (282 MHz in CDCl3, δ in ppm): δ= -140.19 (s, 4F, 
aryl-o-F), 153.49 (s, 4F, aryl-m-F), -161.93 (s, 2F aryl-p-F). Melting point= 106 °C. IR= ν 
(C-H aromat.) ~ 2900 cm-1 (w), (aromat.) 1616 cm-1 (m), δ (CH2 def.) 1423 cm-1 (m), 1318 
cm-1, ν (C-F) 1160 cm-1 (s), ν (C= S) 1116 cm-1 (s), 1048 cm-1 (s), 1019 cm-1 (s), 891 cm-1 
(m), 802 cm-1 (s), (CH2-rocking) 749 cm-1 (m), (C=C monosubst. arom.) 704 cm-1 (m), 622 
cm-1 (w), 592 cm-1 (w) 
 
 
 
 

 
 
 
 
EA (C18H18S6), Mr= 426.73. Calcd: %C= 50.66; %H= 4.25; %S= 45.09 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 3.88 (s, 4H, -S-CH2-CH2-S-), 4.56 (s, 4H, -S-
CH2-aryl), 7.27 (m, 10H, -C-CH=CH-aryl). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 
41.34 (-S-CH2-CH2-S-), 43.54 (-S-CH2-aryl), 127.6, 128.52, 129.06 (=C-aryl), 134.73 (-C-
CH=CH-aryl), 221.82 (-S-(C=S)-S-). Melting point= liquid at RT. IR= ν (C-H aromat.) ~ 
2900 cm-1 (w), (aromat.) 1597 cm-1 (w), δ (CH2 def.) 1487 cm-1 (m), 1450 cm-1 (m), 1401 cm-

1 (w) 1279 cm-1 (w), 1243 cm-1 , 1146 cm-1, ν (C=S) 1072 cm-1 (s), 950 cm-1 (w), 876 cm-1 
(m), 853 cm-1 (m), 804 cm-1 (m), (CH2-rocking) 767 cm-1 (w), (C=C unsubst. arom.) 706 cm-1 
(s) 

 
 

CTA XXXXIV 

CTA XXXIX 
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S
F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F S

S

CF3

F

 
 
 
 
MS not possible. EA (C19H10F20S3), Mr= 714.45. Calcd: %C= 31.94; %H= 1.41; %S= 13.46; 
%F= 53.18. Found: %C= 31.64; %H= 1.07; %S= 13.48; %F= 53.81. 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 2.53 (m, 2H, -CF2-CH2-), 3.61 (t, 2H, -CH2-
CH2-S-(C=S)-S-), 4.67 (s, 2H, -S-CH2-aryl), 7.47 (d, 2H, -C-C= CH-aryl), 7.57 (d, 2H, -
CH=C-CF3-aryl). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 27.25 (-S-CH2-CH2-), 30.30 (-
CH2-CH2-CF2-), 40.35 (-S-CH2-aryl), 121.38, 121.95, 125.45 (-CH=CH-aryl), 139.01 (-C-
CH=CH-aryl), 221.01 (-S-(C=S)-S-). 19F-NMR (282 MHz in CDCl3, δ in ppm): δ= - 63.12 (s, 
aryl-CF3), -81.20 (s, CF3-CF2-), -114.69 (-CH2-CF2-CF2-), -122.28-126.56 (-CF2-), -126.57 
(CF3-CF2-). Melting point= 55 °C. IR= ν (C-H aromat.) ~ 2900 cm-1 (w), (aromat.) 1609 cm-

1 (w), δ (CH2 def.) 1413 cm-1 (w), 1316 cm-1 (s), ν (C-F) 1194 cm-1 (s), ν (C=S) 1157 cm-1 (s), 
1072 cm-1 (s), 1023 cm-1 (m), 999 cm-1 (m), 950 cm-1 (m), (C=C monosubst. arom.) 791 cm-1 
(m), (CH2-rocking) 706 cm-1 (m), 644 cm-1 (w), 560 cm-1 (w) 
 
 
 
 
 
 

S
F

F
F

F

F

F

F

F

F

F

F

F

F

F

F

F

F S

S

F F

FF  
 
 
 
MS not possible. EA (C18H7F21S3), Mr= 718.41. Calcd: %C= 30.09; %H= 0.98; %S= 13.39; 
%F= 55.53. Found: %C= 29.98; %H= 1.10; %S= 13.50; %F= 55.53. 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 2.54 (m, 2H, -CF2-CH2-), 3.62 (t, 2H, CH2-
CH2-S-(C=S)-S-), 4.73 (s, 2H, -S-CH2-aryl), 7.05 (m, 1H, -CF=CF-CH-aryl). 13C-NMR (75 
MHz in CDCl3, δ in ppm): δ= 27.47 (-S-CH2-CH2-), 28.63 (-CH2-CH2-CF2-), 30.55 (-S-CH2-
aryl), 106.05 (-CF=CH-aryl), 220.1 (-S-(C=S)-S-).19F-NMR (282 MHz in CDCl3, δ in ppm): 
δ= -81.20 (s, CF3-CF2-), -114.7 (-CH2-CF2-CF2-), -122.28-123.7 (-CF2-), -126.51 (CF3-CF2-), 
-138.75 (aryl C-oF), -141.25 (aryl C-mF) . Melting point= 71 °C. IR= ν (C-H aromat.) ~ 
2900 cm-1 (w), (aromat.) 1633 cm-1 (w), δ (CH2 def.) 1509 cm-1 (s), 1362 cm-1 (w), 1338 cm -1 
(w), ν (C-F) 1191 cm-1 (s), ν (C=S) 1142 cm-1 (s), 1055 cm-1 (m), 1018 cm-1 (m), (C-H arom. 
isolated H) 957 cm-1 (s), 847 cm-1, (CH2-rocking) 798 cm-1 (m), 700 cm-1 (m), 639 cm-1 (w), 
552 cm-1 
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MS not possible. EA (C18H10F18S3), Mr= 664.44. Calcd: %C= 32.54; %H= 1.52; %S= 14.48; 
%F= 51.47. Found: %C= 33.03; %H= 1.36; %S= 14.74; %F= 50.87 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 2.53 (m, 2H, -CF2-CH2-), 3.60 (t, 2H, -CH2-
CH2-S-(C=S)-S-), 4.59 (s, 2H, -S-CH2-aryl), 7.01 (d, 2H, -C-C=CH-aryl), 7.26 (d, 2H, -
CH=C-CF-aryl). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 27.52 (-S-CH2-CH2-), 30.85 (-
CH2-CH2-CF2-), 40.06 (-S-CH2-aryl), 115.87, 116.16 (-CH=CH-aryl), 131.19, 131.3 (-C-
CH=CH-aryl), 221.96 (-S-(C=S)-S-). 19F-NMR (282 MHz in CDCl3, δ in ppm): δ= -81.17 (s, 
CF3-CF2-), -114.37 (-CH2-CF2-CF2-), -114.67 (s, aryl C-F) -122.27-126.53 (-CF2-), -126.54 
(CF3-CF2-). Melting point= 70 °C. IR= ν (C-H aromat.) ~ 2900 cm-1 (w), (aromat.) 1597 cm-

1 (w), δ (CH2 def.) 1499 cm-1 (m), 1376 cm-1 (w), 1328 cm-1 (w), ν (C-F) 1194 cm-1 (s), ν (C= 
S) 1146 cm-1 (s), 1060 cm-1 (s), 1023 cm-1 (m), 950 cm-1 (m), (C=C monosubst. arom.) 816 
cm-1 (m), (CH2-rocking) 706 cm-1 (m), 644 cm-1 (w), 560 cm-1 (w) 
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MS not possible. EA (C18H6F22S3), Mr= 736.40. Calcd: %C= 29.36; %H= 0.82; %S= 13.06; 
%F= 56.76. Found: %C= 29.46; %H= 0.73; %S= 11.84; %F= 57.97 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 2.54 (m, 2H, -CF2-CH2-), 3.62 (t, 2H, -CH2-
CH2-S-(C=S)-S-), 4.69 (s, 2H, -S-CH2-aryl). 13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 
27.64 (-S-CH2-aryl), 30.04 (-S-CH2-CH2-), (-CF), 127.5 (=C-aryl), 219.53 (-S-(C=S)-S-). 19F-
NMR (282 MHz in CDCl3, δ in ppm): δ= -81.21 (s, CF3-CF2-), -114.69 (-CH2-CF2-CF2-), -
122.29-126.56 (-CF2-), -126.54 (CF3-CF2-), -140.5 (aryl C-oF), -153.85 (aryl C-mF), -161,64 
(aryl C-pF). Melting point= 73 °C. IR= ν (C-H aromat.) ~ 2900 cm-1 (w), (aromat.) 1657 cm-

1 (w), δ (CH2 def.) 1499 cm-1 (s), 1401 cm-1 (w), 1365 cm-1 (w), 1328 cm-1 (w), ν (C-F) 1206 
cm-1 (s), ν (C=S) 1132 cm-1 (s), 1060 cm-1 (m), 974 cm-1 (s), 864 cm-1 (w), (C=C monosubst. 
arom.) 816 cm-1 (m), (CH2-rocking) 706 cm-1 (m), 632 cm-1 (w), 560 cm-1 (w) 
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MS not possible. EA (C18H11F17S3), Mr= 646.45. Calcd: %C= 33.44; %H= 1.72; %S= 14.88; 
%F= 49.96. Found: %C= 33.09; %H= 1.52; %S= 14.76, %F= 50.63 
1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 2.53 (m, 2H, -CF2-CH2-), 3.60 (t, 2H, -CH2-
CH2-S-(C=S)-S-), 4.63 (s, 2H, -S-CH2-aryl), 7.26, 7.33 (m, 5H, -CH=CH-aryl and -C-C=CH-
aryl).13C-NMR (75 MHz in CDCl3, δ in ppm): δ= 26.31 (-S-CH2-CH2-), 29.88 (-CH2-CH2-
CF2-), 40.96 (-S-CH2-aryl), 127.22 ,128.07, 128.57 (-S-CH2-aryl), 221.14 (-S-(C=S)-S-). 19F-
NMR (282 MHz in CDCl3, δ in ppm): δ= -81.18 (s, CF3-CF2-), -114.7 (-CH2-CF2-CF2-),-
122.27, -126.5 (-CF2-), -126.51 (CF3-CF2-). Melting point= 72 °C. IR= ν (C-H aromat.) ~ 
2900 cm-1 (w), (aromat.) 1438 cm-1 (w), δ (CH2 def.) 1353 cm-1 (w), ν (C-F) 1194 cm-1 (s), ν 
(CS) 1146 cm-1 (s), 1097 cm-1 (s), 1060 cm-1 (m), 1035 cm-1 (w), 999 cm-1 (w), 950 cm-1 (m), 
(CH2-rocking) 791 cm-1, 1060 cm-1 (m), (C=C 5H) 706 cm-1 (s), 644 cm-1 (s), 560 cm-1 (m) 
 
 
 
Monomer NAP 
 

1H-NMR (300 MHz in CDCl3, δ in ppm): δ= 2.38 (s, 3H, CH3-), 2.5 (s, 1H, -CH=C(CH3)-), 
3.73 (t, 2H, -CH2-), 4.10 (t, 2H, -CH2-OH), 4.92 (s, 1H, HO-), 6.19 (s, 1H, -CH=CH-
aryl),6.95 (d, 1H, -CH=CH-aryl), 7.65 (s, 1H, -CH=CH-aryl) 
  
Melting point= substance is a liquid at RT.  
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NMR- and IR-spectra of RAFT agents 
 

 

 

1H-, 13C-, 19F-NMR spectra and IR-spectra of non-symmetric and symmetric CTAs 
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Figure 144: 1H-NMR spectrum of monofunctional CTA XXXV in chloroform-d 
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Figure 145: 13C-NMR spectrum of monofunctional CTA XXXV in chloroform-d 
 
 
 

 
 
 
 
 
Figure 146: 19F-NMR spectrum of monofunctional CTA XXXV in chloroform-d 
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Figure 147: IR-spectrum of monofunctional CTA XXXV 
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Figure 148: 1H-NMR spectrum of symmetric, bifunctional CTA XXXX in chloroform-d 
 
 

 
 
 
 

 
 
Figure 149: 13C-NMR spectrum symmetric, bifunctional CTA XXXX in chloroform-d 
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Figure 150: 19F-NMR symmetric, bifunctional CTA XXXX in chloroform-d 
 
 
 
 
 
 

 
 
Figure 151: IR-spectrum of symmetric, bifunctional CTA XXXX in chloroform-d 
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non-symmetric, monofunctional CTA XXXVII 
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Figure 152: 1H-NMR spectrum of monofunctional CTA XXXVII in chloroform-d 
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Figure 153: 13C-NMR spectrum of monofunctional CTA XXXVII 
 
 
 

 
 
 
 
 
Figure 154: 19F-NMR spectrum of monofunctional CTA XXXVII in chloroform-d 
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Figure 155: IR-spectrum of monofunctional CTA XXXVII 
 
 
 
 
symmetric, bifunctional CTA XXXXIII 
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Figure 156: 1H-NMR spectrum of symmetric, bifunctional CTA XXXXIII in chloroform-d 
 
 
 
 

 
 
 
 
Figure 157: 13C-NMR spectrum of symmetric, bifunctional CTA XXXXIII in chloroform-d 
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Figure 158: 19F-NMR spectrum of symmetric, bifunctional CTA XXXXIII 
 
 
 
 

 
 
 
 
Figure 159: IR-spectrum of symmetric, bifunctional CTA XXXXIII in chloroform-d 
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non-symmetric, monofunctional CTA XXXVI 
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Figure 160: 1H-NMR spectrum of monofunctional CTA XXXVI in chloroform-d 
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Figure 161: 13C-NMR spectrum of monofunctional CTA XXXVI in chloroform-d 
 
 
 
 

 
 
 
 
Figure 162: 19F-NMR spectrum of monofunctional CTA XXXVI in chloroform-d 
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Figure 163: IR-spectrum of monofunctional CTA XXXVI 
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Figure 164: 1H-NMR spectrum of symmetric, bifunctional CTA XXXXII in chloroform-d 
 
 
 

 
 
 
 
Figure 165: 13C-NMR spectrum of symmetric, bifunctional CTA XXXXII in chloroform-d 
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Figure 166: 13C-NMR spectrum of symmetric, bifunctional CTA XXXXII in chloroform-d 
 
 
 

 
 
 
 
Figure 167: IR-spectrum of symmetric, bifunctional CTA XXXXII 
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Non-symmetric, monofunctional CTA XXXVIII 
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Figure 168: 1H-NMR spectrum of monofunctional CTA XXXVIII in chloroform-d 
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Figure 169: 13C-NMR spectrum of monofunctional CTA XXXVIII in chloroform-d 
 
 

 
 

 
 
Figure 170: 19F-NMR spectrum of monofunctional CTA XXXVIII in chloroform-d 
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Figure 171: IR-spectrum of monofunctional CTA XXXVIII 
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Figure 172: 1H-NMR spectrum of CTA XXXXIV in chloroform-d 
 
 
 
 

 
 
Figure 173: 13C-NMR spectrum of CTA XXXXIV in chloroform-d 
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Figure 174: 19F-NMR spectrum of CTA XXXXIV in chloroform-d 
 
 
 
 

 
 
Figure 175: IR-spectrum of symmetric, bifunctional CTA XXXXIV 
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non-symmetric, monofunctional CTA  XXXIV 
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Figure 176: 1H-NMR spectrum of monofunctional CTA XXXIV in chloroform-d 
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Figure 177: 13C-NMR spectrum of monofunctional CTA XXXIV in chloroform-d 
 

 
 

 
 
 
Figure 178: 19F-NMR spectrum of monofunctional CTA XXXIV in chloroform-d 
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Figure 179: IR-spectrum of monofunctional CTA XXXIV 
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Figure 180: 1H-NMR spectrum of symmetric bifunctional CTA XXXIX in chloroform-d 
 
 
 

 
 
 
Figure 181: 13C-NMR spectrum of symmetric bifunctional CTA XXXIX in chloroform-d 
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Figure 182: IR-spectrum of symmetric bifunctional CTA XXXIX 
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Figure 183: 1H-NMR spectrum of symmetric, bifunctional CTA XXXXI in chloroform-d 
 
 

 
 

 
 
 
 
Figure 184: 13C-NMR spectrum of symmetric, bifunctional CTA XXXXI in chloroform-d 
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Figure 185: 19F-NMR spectrum of symmetric, bifunctional CTA XXXXI in chloroform-d 
 

 
 
 

 
 
 
 
Figure 186: IR-spectrum of symmetric, bifunctional CTA XXXXI  
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IR-spectra of polymers 
 
 

 
 
 
Figure 187: IR-spectrum of PS-PNI-PS 3100-70000 
 
 
 

 
 
 
 
Figure 188: IR-spectrum of PFS-PNI-PFS 4200-80000 
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Figure 189: IR-spectrum of PS-PNAP-PS 4100-70000 
 
 
 

 
 
 
 
Figure 190: IR-spectrum of 4FS-PNI-4FS 5600-70000 
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Figure 191: IR-spectrum of 3FS-PNI-3FS 6300-70000 
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1. Kinetics applying newly synthesized, fluorinated CTAs 
 

 
 
 
Figure 1: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: BHT) 
showing the thermally initiated polymerization of styrene (M3) in bulk applying non-symmetric CTA 
XXXV at 110 °C after (from left to right). The molar mass of the polymer is increasing with time (~ 
10000 to ~ 100000 g/mol). Polymerizations up to high conversions ~ 100000 g/mol are possible. 
 

 
 
Figure 2: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: BHT) 
displaying the thermally initiated polymerization of styrene (M3) in bulk applying non-symmetric, 
monofunctional CTA XXXVII  at 110 °C after 5, 10, 20, 25 and 30 h (from left to right). The molar 
mass of the polymer is increasing with time.  
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Figure 3: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: BHT) 
displaying the thermally initiated polymerization of styrene (M3) in bulk applying symmetric CTA 
XXXXII at 110 °C after 10, 15, 20, 25 h (from left to right). The molar mass of the polymer is 
increasing with time.  
 
 

 
 
 
Figure 4: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: BHT) 
showing the thermally initiated polymerization of styrene (M3) in bulk applying non-symmetric CTA 
XXXVI at 110 °C after 5, 10, 15, 20 and 25 h (from left to right). The molar mass of the polymer is 
increasing with time.  
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Figure 5: Evolution of GPC elugram with polymerization time (eluent: THF, internal standard: BHT) 
displaying the thermally initiated polymerization of styrene (M3) in bulk applying non- symmetric 
CTA XXXIV at 110 °C after 5, 10, 15, 20 and 25h (in right direction). The molar mass of the polymer 
is increasing with time.  
 
 
2. Synthesis of BAB-triblock copolymers from PS, FS and PFS precursors 
 

 
 
Figure 6: Elugram of PFS-PNI-PFS 100000 series: PFS-PNI-PFS 5500-100000, 6500-100000. PFS 
60 to PFS 100 (shifted to lower molecular weight, molecular weight of homopolymer increasing from 
left to right) are the PFS-macro-RAFT precursors for the synthesis of these BAB-systems. 
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Figure 7: Elugram of PS-PNAP-PS 50000 and 70000 series: PS-PNAP-PS 3300-50000, 3300-
70000, 4100-50000, 4100-70000 and 5100-70000. PS 3300 to PS 5500 (shifted to lower molecular 
weight, molecular weight of homopolymer increasing from left to right) are the PS-macro-RAFT 
precursors for the synthesis of these BAB-systems. 
 
 
 

  
 
 
Figure 8: Elugram of PFS-PNI-FS 70000 samples 2FS-PNI-2FS 5500-70000, 3FS-PNI-3FS 6300-
70000 and 4FS-PNI-4FS 5600-70000. PS samples around 5000 g/mol (shifted to lower molecular 
weight, molecular weight of homopolymer increasing from left to right) are the FS-macro-RAFT 
precursors for the synthesis of these BAB-systems. 
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3. Turbidimetry measurements applying BAB-triblock copolymers 
 
 
 

 
 
 
Figure 9: Transmission of aqueous solutions of FS-PNI-FS series 70000, example 2FS-PNI-2FS 
5500-70000 as a function of temperature. (Cooling/heating rate of 1 °C per minute; sample 
concentration 1 g/L). The red arrow represents the heating, the blue arrow the cooling curve. All 
investigated transmissions are reversible. 
 
 
 
 
 

 
 

 

Figure 10: Transmission of aqueous solutions of PS-PNAP-PS 3300-70000 and 3300-50000 as a 
function of temperature. (Cooling/heating rate of 1 °C per minute; sample concentration 1 g/L). The 
red arrow resembles the heating, the blue arrow the cooling curve. All investigated transmissions are 
reversible. 
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4. Stability of BAB-triblock copolymer micelles against dilution 
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Figure 11: DLS studies obtained from diluted aqueous solutions of PS-PNI-PS, PFS-PNI-PFS, FS-
PNI-FS and PS-PNAP-PS-triblock copolymers. The solutions were diluted from 10- to 0.1 g/L. 
 
 
 
 
 

 
 
 

Figure 12: DLS studies obtained from diluted aqueous solutions of Zonyl®-FSH fluorosurfactant. 
The solutions were diluted from 10- to 1 g/L. The surfactant is not stable against dilution. 
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5. Temperature dependent change of the hydrodynamic diameter of 
micelles 
 
 

  

 
 

 
 
Figure 13: Temperature dependent change of the hydrodynamic diameter of aqueous solutions of 
micelles of PS-PNI-PS, PFS-PNI-PFS, FS-PNI-FS and PS-PNAP-PS samples. 
 
 
 
 
The aggregation behaviour seems to be different for the different BAB-types. Especially the  
PNAP containing systems undergo a tremendous change in the particle size. The dotted graph 
resembles the micellar size at room temperature 25 °C, the straight line the aggregates above 
the cloud point. 
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Figure 14: Temperature dependent change of the hydrodynamic diameter of aqueous 
solutions of PS-PNI-PS and PFS-PNI-PFS samples and PS-PNAP-PS sample applying DLS 
measurements.  
 
 
 
 

 
 
 
Figure 15: Temperature dependent change of the hydrodynamic diameter in aqueous solution of 
sample PS-PNI-PS 7200-80000 applying DLS measurements with a heating rate of 0.1 °C per minute. 
 
 
 
 
Changing the temperature by 0.1 °C per minute, the cloud point can be also determined 
exactly applying DLS (small peak in the left part of figure 15). At the same time, the stepwise 
growth of the micelles can be envisaged.  
 
 



 a10

 
6. SEM-measurements of aqueous solutions of BAB-triblock copolymers 
 
 

 
 
 
 
Figure 16: Globular structures of dried micellar solutions of sample PS-PNI-PS 5700-70000 
investigated using SEM. 
 
 
 
7. Emulsions prepared from BAB-triblock copolymers and oils of different 
polarity 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 17: Optical micrograph of emulsions made using PS-PNI-PS 3100-70000, 1 g rapeseed as oil 
(oil-in-water emulsion). 
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Figure 18: Optical micrograph of emulsions made using PS-PNI-PS 3100-70000, 4 g rapeseed as oil 
(water-in-oil emulsion). 
 
 
 
 
 
 
 

 
 
 
Figure 19: Optical micrograph of emulsions made using PS-PNI-PS 3100-70000, 1 g 
hexafluorobenzene as oil (oil-in-water emulsion). 
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Figure 20: Optical micrograph of emulsions made using PFS-PNI-PFS 4200-80000, 1 g rapeseed as 
oil (oil-in-water emulsion). 
 
 
 
 
 
 
 
 

 
 
 
Figure 21: Optical micrograph of emulsions made using PFS-PNI-PFS 4200-80000, 4 g rapeseed as 
oil (water-in-oil emulsion). 
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Figure 22: Optical micrograph of emulsions made using PFS-PNI-PFS 4200-80000, 1 g 
fluorobenzene as oil (water-in-oil emulsion). 
 
 
Preparation of emulsions applying BAB-triblock copolymers offer the possibility to destroy 
the emulsion on demand by just heating it above the cloud point of PNIPAM changing the 
HLB of the triblock copolymers with temperature. Passing the cloud point the molecule 
becomes completely hydrophobic and is no longer capable of stabilizing the interface between 
oil and water droplets or water and oil droplets leading to a breakdown of the emulsion. 
 
 
 

 
 
Figure 23: Optical micrograph of emulsions made using PS-PNI-PS 3100-70000, 4 g oil (water-in-
oil emulsion), after 1 minute at 50 °C. 
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Figure 24: Optical micrograph of emulsions made using PS-PNI-PS 3100-70000, 4 g oil (water-in-
oil emulsion), after 2 minutes at 50 °C. 
 
 
Figure 24 shows the breakdown of emulsion after heating sample from room temperature (25 
°C) to 40 °C, a temperature well above the cloud point of PNIPAM (32 °C). 
 
 
 
 
8. Foams prepared from aqueous solutions of BAB-triblock copolymers 
 

 
Figure 25: Foam decay of aqueous polymer solutions including SDS as a low molecular weight 
surfactant as a function of time (comparison). Lines are meant as guides for the eye. 
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Figure 26: Foam decay of aqueous BAB-polymer solutions -fluorinated and non fluorinated- as a 
function of time. Lines are meant as guides for the eye. 
 
 
 
 
 
 
9. CMC-measurements of aqueous solutions of BAB-triblock copolymers 
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Figure 27: CMC-measurements of aqueous solutions of polymer a) PFS-PNI-PFS 4200-80000, b) 
PFS-PNI-PFS 5500-70000, c) 4FS-PNI-4FS 5600-70000, d) 2FS-PNI-2FS 5500-70000. 
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(from left to right). The molar mass of the polymer is increasing with time.  a2 
 
Figure 5: Evolution of GPC elugram with polymerization time (eluent: THF,  
internal standard: BHT) displaying the thermally initiated polymerization of styrene (M3) 
in bulk applying non-symmetric CTA XXXIV at 110 °C after 5, 10, 15, 20 and 25h  
(in right direction). The molar mass of the polymer is increasing with time.  a3 
 
Figure 6: Elugram of PFS-PNI-PFS 100000 series: PFS-PNI-PFS 5500-100000,  
6500-100000. PFS 5500 to PFS 7200 (shifted to lower molecular weight,  
molecular weight of homopolymer increasing from left to right) are the  
PFS-macro-RAFT precursors for the synthesis of these BAB-systems. a3 
 
Figure 7: Elugram of PS-PNAP-PS 50000 and 70000 series:  
PS-PNAP-PS 3300-50000, 3300-70000, 4100-50000, 4100-70000 and 5100-70000.  
PS 3300 to PS 5100 (shifted to lower molecular weight, molecular weight of  
homopolymer increasing from left to right) are the PS-macro-RAFTprecursors  
for the synthesis of these BAB-systems.  a4 
 
Figure 8: Elugram of PFS-PNI-FS 70000 samples 2FS-PNI-2FS 5500-70000,  
3FS-PNI-3FS 6300-70000 and 4FS-PNI-4FS 5600-70000. PS samples around 5000 g/mol 
(shifted to lower molecular weight, molecular weight of homopolymer increasing 
from left to right) are the FS-macro-RAFT precursors for the synthesis of these BAB-systems. a4 
 
Figure 9: Transmission of aqueous solutions of FS-PNI-FS series 70000 as  
a function of temperature. (Cooling/heating rate of 1 °C per minute;  
sample concentration 1 g/L). The red arrow resembles the heating, the blue arrow  
the cooling curve. All investigated transmissions are reversible.  a5 
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and 3300-50000 as a function of temperature. (Cooling/heating rate of 1 °C per minute;  
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the blue arrow the cooling curve. All investigated transmissions are reversible.  a5 
 
Figure 11: DLS studies obtained from diluted aqueous solutions of  
PS-PNI-PS, PFS-PNI-PFS, FS-PNI-FS and PS-PNAP-PS-triblock copolymers.  
The solutions were diluted from 10 to 0.1 g/L  a6/7 
 
Figure 12: DLS studies obtained from diluted aqueous solutions of  
Zonyl®-FSH fluorosurfactant. The solutions were diluted from 10 to 1 g/L.  
The surfactant is not stable against dilution.  a7 
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PS-PNI-PS 5700-70000 investigated using SEM. a10 
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Figure 25: Foam decay of aqueous polymer solutions including SDS as  
a low molecular weight surfactant as a function of time (comparison).  
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Figure 26: Foam decay of aqueous BAB-polymer solutions -fluorinated and  
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Figure 27: cmc-measurements of polymer a) PFS-PNI-PFS 4200-80000,  
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