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2. Introduction & State of the Art 

In 1920, Hermann Staudinger first postulated the existence of huge chain-like molecules 

consisting of repeating, covalently bound identical subunits (monomers).[1] Referring to this, 

he later introduced the term “macromolecule”. This can be considered the beginning of the 

field of macromolecular chemistry also known as polymer chemistry. Since then, the amount 

of research in this field increased dramatically and the number of scientists and publications 

related to this topic is innumerable. Nowadays, natural as well as synthetic polymers are 

omnipresent in our daily life. Almost all things we use are, at least partially, made of polymers. 

This triumphal evolution can most probably be attributed to their versatile characteristics. The 

mechanical properties of polymeric materials can be easily affected by various parameters 

such as the choice of monomer(s),[2] the polymer architecture,[3] their molar mass and molar 

mass distribution[4] and, not least, the tacticity of the chains.[5] Apart from these intrinsic 

properties, the processing of the raw material to the final product also plays an important role 

as this can be accomplished in numerous ways such as expansion, injection molding, extrusion, 

film casting, fiber spinning, emulsification, drop casting, or spin coating. Thus, a whole range 

of researchers including biologists, biochemists, chemists, physicists, material scientists, and 

engineers are concerned with the development of polymeric materials in order to further 

improve established products and, additionally, find new areas of application. Regarding the 

chemistry of polymers, the research focuses on finding new monomers and monomer 

combinations,[6] using advanced polymer architectures,[7] establishing hybrid materials,[8] and 

more. Thus, polymer chemists have to deal with the most fundamental process in the 

manufacturing of polymeric materials: the polymerization. Disregarding polymerizations in 

biological systems, synthetic polymerization reactions can be divided into two groups. Step-

growth polymerizations require no initiator but monomers with two or more functional 

groups. In this type of polymerization, a further distinction is made between polyaddition 

(addition of monomers) and polycondensation (condensation of monomers including the 

elimination of small molecules such as water). Even though these have wide areas of 

application, this current work will mainly focus on the synthesis of polymers via chain-growth 

polymerization. Similar to the step-growth polymerization, this subject can be further divided 

into several subgroups. 
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2.1. Polymerization Techniques 

Several different techniques can be used to synthesize macromolecules via the chain-growth 

mechanism including radical polymerization, ionic polymerization, and coordination 

polymerization. The latter is mainly used for nonpolar monomers like ethylene or propylene 

using Ziegler-Natta type catalysts or related.[9] The active species are usually constituted as 

organometallic complexes of the homogenous or heterogeneous catalyst and the growing 

polymer chain. In contrast to coordination polymerization, radical as well as ionic 

polymerization techniques were used frequently in this work. Therefore, both of them are 

described more detailed in the following chapters. 

 

2.1.1. Radical Polymerization 

Radical polymerization is, based on industrial production, the most important process 

regarding chain-growth techniques. Using a free radical polymerization (FRP) approach, many 

types of monomers available can be polymerized including styrenes, dienes, alkenes, vinyl 

monomers as well as acrylic acid, acrylates, acrylamides and their corresponding methyl 

analogues.[10] The only requirement is at least one polymerizable double bond. In a typical 

radical process, initiation, propagation, termination and transfer reactions can occur (Scheme 

1). Disregarding self-initiation as observed i.e. for styrene or acrylates,[11, 12] the radical 

polymerization is usually initiated by the thermal decomposition of a radical initiator such as 

peroxides or azo-compounds.[13] This reaction generates the required reactive radicals that, 

subsequently, can react with the double bond of a monomer unit forming the primary radical. 

In a similar manner, the resulting active species can add further monomers representing the 

propagation step responsible for the formation of polymer chains. Due to the relatively high 

reactivity of the propagating radicals, a couple of unwanted side reactions can occur. The 

reaction of one propagating species with another or an initiating radical is called 

recombination since two radicals combine forming a covalent bond resulting in a decreasing 

number of radical species. The same result can be observed when one propagating chain end 

abstracts a proton of a second propagating chain forming a saturated and an unsaturated 

species. This phenomenon is called disproportionation. The third possible side reaction is a 

transfer reaction where the reactive radical is transferred to an initiator molecule, a solvent 

molecule, or another growing polymer chain. Although the radical is retained in these cases, 
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particularly the latter process results in a branching of the polymer chains since more than 

one active radical can be located on one polymer chain. 

 

Scheme 1   Overview of possible reactions during a radical polymerization process. 

 

Since the concentration of active species in a free radical polymerization process is relatively 

high, the amount of unwanted side reactions cannot be neglected. They are rather strongly 

affecting the kinetics of these reactions, particularly when the monomer concentration 

decreases with increasing conversion. According to the Schulz-Zimm distribution function, the 

dispersity (Ɖ) of the molar mass of the polymer chains obtained in a free radical 

polymerization process is about 2.[10] Thereby, the dispersity represents the weight averaged 

molar mass (Mw) divided by the respective number averaged molar mass (Mn) of the examined 

polymer sample. To overcome the problem of the occurring side- and termination reactions, 

several controlled radical polymerization techniques were developed having in common the 

idea of drastically reducing the concentration of active radicals in the polymerization solution 

by a reversible deactivation reaction. Using suitable conditions, the deactivated “dormant” 

species can be retained over a long time range and allows i.e. the introduction of a defined 
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termination group or the addition of a second monomer and, thus, the synthesis of advanced 

polymer architectures such as block copolymers. 

One example of controlled radical polymerization processes, the atom transfer radical 

polymerization (ATRP) was established 1995 almost simultaneously by the group of 

Matyjaszewski in the United States and Sawamoto in Japan.[14, 15] The dormant initiating 

species is an alkyl halide, which can be activated reversibly by a transition metal complex. 

Thereby, the transition metal is oxidized by the abstraction of the halide leaving a reactive 

radical species capable of adding monomer units. Since the equilibrium of the reversible 

reaction is strongly favoring the dormant species, unwanted side reactions are suppressed 

due to the remarkably low concentration of active radicals. Using ATRP, dispersities of Ɖ < 1.3 

can be obtained for most monomers. 

Two different controlled radical polymerization techniques were applied within this work and 

thus, will be described more detailed in the following chapters. 

 

2.1.1.1. Nitroxide Mediated Polymerization (NMP) 

The polymerization of monomers via persistent nitroxide radicals was first described by 

Solomon, Rizzardo, and Cacioli in 1986.[16] Since then, the number of suitable nitroxides is 

steadily increasing. In a common nitroxide mediated polymerization, a radical initiator such as 

azobisisobutyronitrile (AIBN) is used to generate reactive radicals and initiate the 

polymerization. These radicals now can add monomers as in a free radical polymerization 

process but the recombination with the nitroxide radicals forming the dormant -C-O-NR2 

species is strongly favored (Scheme 2) at room temperature. To obtain significant amounts of 

monomer addition, the reaction temperature has to be increased to typically 100 °C and 

above. The bulky organic rests at the nitrogen atom weaken the carbon-oxygen bond and 

allow the homolytic cleavage to regenerate the active species and the stable nitroxide 

radical.[17] Nevertheless, even at these temperatures, the overall concentration of active 

radicals remains relatively low avoiding irreversible side- and termination reactions.[18] 
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Scheme 2   Equilibrium between dormant and active species in a 
nitroxide mediated polymerization process. 

 

Since many different stable nitroxides capable for NMP were developed since 1986, an 

example of the most common commercially available molecules is given in Figure 1. As 

depicted, the organic rests at the nitrogen atom can be cyclic (TEMPO) or acyclic (SG1) and 

can further contain other heteroatoms.[19] In order to assure the equal number of active and 

persistent radicals, a nitroxide already bound to an active radical can be used as initiator (i.e. 

“BlocBuilder”). In this case, no radical initiator is required. 

 

Figure 1   Structures of the most common commercially available nitroxides. 

 

Due to the structural variety of available initiators, NMP nowadays can be used for the 

polymerization of almost all types of monomers. Depending on the bulkiness and the angle of 

the -C-N-C- bond, the rate of homolysis is affected and, thus, different types of monomers can 

be polymerized using tailored nitroxides.[17, 20] Apart from that, it can remain challenging to 

synthesize block copolymers since all of the applied monomers have to be compatible with 

the chosen nitroxide. A similar behavior can be observed in another CRP technique described 

in the following paragraph. 
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2.1.1.2. Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization 

The controlled radical polymerization via reversible addition-fragmentation chain transfer was 

first described by Moad, Rizzardo and Thang in Australia in 1998.[21] Apart from the CRP 

methods described above, the species of the active radical is not deactivated but reversibly 

transferred into a less reactive species by the addition to a chain transfer agent. In the ideal 

case, thereby, the active radicals get rapidly equally distributed between all initiated polymer 

chains ensuring a homogenous growth of all polymer chains and, thus, a narrow molar mass 

distribution. The overall RAFT process is determined by several reactions and equilibria 

(Scheme 3).[22] After the initiation with a common radical initiator, a free radical 

polymerization process is started unless the active primary radical adds to a chain transfer 

agent (CTA) representing the pre-equilibrium. Subsequently, either the addition can be 

reversed or the R-group of the CTA is cleaved resulting in a second radical species that, again, 

can initiate a polymer chain. After a certain time, when most of the primary initiator is 

depleted, mainly growing chains initiated by secondary radicals are reversibly adding to the 

CTA representing the main equilibrium of the RAFT process. Assuming a sufficiently fast 

transfer, this ideally leads to a homogenous chain growth of all initiated polymer chains. 

 

Scheme 3   Propagation and equilibrium reactions in a RAFT process. 

 

The success of the RAFT polymerization is mainly determined by the choice of a suitable 

CTA.[23] The central moiety of these transfer agents (Figure 2) is usually a dithioate group 

carrying an anchor group (Z) and a homolytically cleavable group (R). Depending on the atom 

the anchor group is bound to the dithioate, the CTA can be ascribed to the group of 
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dithioesters (bound via carbon atom), trithiocarbonates (bound via sulfur atom), or 

dithiocarbamates (bound via nitrogen atom). 

 

Figure 2   General structure of a RAFT chain transfer agent and examples of commercially available CTAs. 

 

The nature of the anchor group has a strong effect on the reactivity of the carbon-sulfur 

double bond, thus strongly affects the transfer rates and, as a result, determines which kind 

of monomer can be polymerized.[24] The R-group on the one hand has to be easily 

homolytically cleavable, and on the other must be able to initiate new propagating species. If 

all requirements are fulfilled, the RAFT process can yield polymers with dispersities of Ɖ < 1.3. 

Further, block copolymers can be obtained if the chosen CTA is capable of polymerizing the 

second monomer. 

 

2.1.2. Ionic Polymerization 

Controlled radical polymerization techniques developed a lot since they were initially 

published and nowadays, in some cases molar mass distributions of Ɖ ≤ 1.1 can be achieved 

applying a suitable initiator, monomer and appropriate reaction conditions.[25-27] 

Nevertheless, the narrow dispersities and particularly the range of achievable molar masses 

obtained by ionic polymerization techniques is yet unique. As the name implies, ionic 

polymerization processes do not propagate via radicals but via either anionic or cationic 

species. Since all active chain ends in the polymerization solution carry the same charge, the 

termination reactions observed in radical polymerization are intrinsically excluded.[10] 

Therefore, a reversible deactivation process enabling controlled radical polymerization 
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processes is not required. Since this implies that every growing polymer chain is able to add 

monomers at every time of the polymerization process, ionic polymerizations are denoted as 

“living” processes. 

 

2.1.2.1. Anionic Polymerization 

In 1956, decades before controlled radical polymerization was initially investigated, Swarcz 

published his work dealing with what he denoted as “living polymers”.[28] He initiated a living 

polymerization of styrene using sodium naphthalene as initiator and observed that the former 

green initiator solution immediately turned red after addition of the monomer. He attributed 

this observation to the transfer of the anionic charge from the naphthalene to the styrene, 

forming the red benzyl anion. Since this color remained after consumption of the monomer 

and even after days, he stated that the initiated polymer chains stay active if impurities like 

water or oxygen are excluded proving the absence of termination reactions. Since then, 

anionic polymerization was frequently used to synthesize polymers, copolymers, or, by 

sequential addition of different monomers, block copolymers.[29-31] Now, it was possible to 

obtain remarkably narrow molar mass distributions with a dispersity of 1.1 and below.[32] 

Further, the achievable molar mass exceeded 106 g·mol-1 [33] but one big disadvantage 

remained. Every substance including initiator, monomer, and solvent used for an anionic 

polymerization process had to be extremely pure, in particular free of oxygen and protic 

substances since these immediately deactivate growing polymer chains at least partially.[34] As 

a result, it is further not possible to polymerize monomers carrying protic groups such as 

acrylic acid. Nevertheless, this issue could be avoided in some cases i.e. by polymerizing alkyl 

acrylates and the subsequent hydrolysis of the ester function.[35] The mechanism of an 

exemplary anionic polymerization is shown in Scheme 4. However, kinetic considerations 

remain rather complex since interactions of the living chain end with the counter ion have to 

be taken into account.[36] Mainly depending on the polarity of the solvent, the ion pairing can 

be either tight, solvent-separated, or fully solvated, strongly affecting the polymerization rate. 

Apart from the solvent, the type of counter ion, and thus, the initiating species has distinct 

influence. 
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Scheme 4   Anionic polymerization of styrene with an alkyl lithium initiator. 

 

Common initiators for anionic polymerization are organo-lithium compounds, sodium 

naphthalene, alkali metal hydrides or diphenylmethyl potassium. The choice of initiator 

strongly depends on the selected monomer since the reactivity of both should be comparable. 

As an example, butyl lithium will partially hydrolyze the ester groups when polymerizing 

acrylates whereas sodium hydride is not reactive enough to initiate butadiene. Apart from 

carbanionic polymerization well suitable for styrenes,[37] (meth-) acrylates,[38] or dienes,[39] it 

is also possible to polymerize monomers forming oxyanionic species such as cyclic ethers. The 

simplified reactions occurring in an anionic ring-opening polymerization (AROP) are shown in 

Scheme 5. 

 
Scheme 5   Simplified initiation and propagation reactions in an anionic ring-opening polymerization process. 

 

The anionic polymerization of cyclic ethers is often used to synthesize polyethers such as 

poly(ethylene oxide) (PEO) from ethylene oxide (EO) since the corresponding step growth 

polymerization of ethylene glycol yields only low molar mass PEO with broad dispersity. 

Recently, glycidyl ethers became a popular class of monomers since several functional groups 

can be introduced by a simple etherification of epichlorohydrin.[40] 

 

2.1.2.2. Cationic Polymerization 

The polymerization of cationic species is probably the oldest type of polymerization. Even 

though the general mechanism (Scheme 6) is similar to anionic polymerization, including the 

absence of termination reactions by chain-chain coupling, depending on the monomer, there 
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are a number of side reactions possible to occur.[41] Due to this variety of backbiting and 

transfer processes in combination with the issue of ion pairing at the living chain end, the 

detailed mechanisms of cationic polymerizations remain rather complicated. For this reason, 

there is only a limited number of approaches utilizing cationic polymerization to obtain well 

defined polymers since the technique is further strongly limited to monomers bearing electron 

donating groups i.e. isobutylene, vinyl ethers or formaldehyde. 

 

Scheme 6   Cationic polymerization of isobutene with a Brønstedt acid initiator. 

 

Once considering also cyclic monomers, the range of applications is extended since cationic 

ring opening polymerization (CROP) is used quite frequently to polymerize particularly 

heterocyclic monomers such as lactones, aziridines, oxazolines, silicones, phosphazenes or 

cyclic ethers like THF.[42] Typical initiators for cationic polymerizations are brønstedt acids such 

as perchloric acid, toluene sulfonic acid or trifluoromethane sulfonic acid as well as lewis acids, 

i.e. BF3, AlCl3 or TiCl4. Depending on the type of monomer, the propagation in the general 

CROP mechanism (Scheme 7) can be discussed as either a nucleophilic reaction at the living 

cationic chain end or the so-called “activated monomer” mechanism where the monomer is 

protonated prior to the addition step.[43] 

 

Scheme 7   Simplified initiation and propagation reactions in a cationic ring-opening polymerization process. 

 

However, even for the monomers mentioned above, cationic polymerization remains 

demanding since the living cation is prone to be transferred to impurities in the polymerization 

mixture or even to the solvent. Further, backbiting can easily occur due to intramolecular 

SN-reactions as happens i.e. when polymerizing low membered cyclic ethers such as ethylene 

oxide yielding mainly 1,4-dioxane.[44-46] 
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2.2. Polymer Architectures 

When being concerned with synthetic polymers, the most straightforward architecture is 

probably a linear chain of repeated identical monomer units, termed “linear homopolymer”. 

In several industrial processes, such as the synthesis of polystyrene (PS) or polyethylene (PE) 

this is indeed the desired structure but there are several different polymer architectures 

(Figure 3) that can be favorable due to the varying properties of the products.[3] One way to 

alter the polymer chain structure is the addition of another (structurally diverse) monomer to 

the monomer feed stock. This leads to the formation of copolymers or, depending on the total 

number of different monomers, to terpolymers (three monomers), quarterpolymers (four 

monomers), etc. As long as the sequence of the resulting polymer chains is uncertain, the 

product is termed statistical copolymer. Assuming the copolymerization rate constants of both 

monomers are similar, the resulting copolymer can be termed as a random copolymer. This 

implies that the probability finding one of the monomers in any spot of the copolymer chain 

is (in the case of two monomers) always 50 % meaning the monomers are perfectly randomly 

distributed over the chain. If the copolymerization rate constants are unequal, one of the 

monomers is preferably incorporated, at low conversion leading to a statistical copolymer 

with molar fractions of the monomers unequal to 50:50. The same copolymerization will yield 

gradient copolymers at high conversion since the relative concentration of the preferably 

incorporated monomer decreases fast, and thus, promotes the incorporation of the second 

monomer. In the case of severely different copolymerization rate constants, “block-like” 

copolymers can be synthesized since one of the monomers is incorporated in distinct amounts 

only if most of the other monomer is already consumed. Apart from that, block copolymers 

are usually synthesized by sequential addition of the second monomer after consuming the 

first and/or purification of the homopolymer followed by a subsequent block extension 

polymerization. In this way, block copolymers with multiple block segments can be 

prepared.[47] Finally, another class of copolymers, termed alternating copolymers can be 

synthesized when one monomer unit at the growing chain end strongly favors the addition of 

the other monomer and vice versa. This behavior is rarely observed for chain-growth 

polymerizations (i.e. copolymerization of styrene and maleimide)[48] but can be frequently 

found in step-growth polymerizations, particularly when polymerizing two monomers each 

bearing two identical reactive moieties (AA and BB) being able to react only with the moieties 
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of the other monomer forming a perfectly alternating pattern. Polyamides such as nylon can 

here be named as an example. 

 

Figure 3   Scheme of various polymer architectures. 

 

Apart from the sequence of different monomer units, another aspect of the polymer 

architecture can be the shape of the polymeric chain since this is not limited to linear 

structures. When monomers with branching sites are added to the polymerization mixture, 

branched or, depending on the degree of branching, hyperbranched polymers can be 

synthesized.[49, 50] Another useful technique towards this kind of architecture is forcing 

transfer reactions during the polymerization process. In some cases, i.e. the cationic ring-

opening polymerization of ethylene imine, this cannot even be prevented always resulting in 

a branched product.[51] In the special case when all branches of one macromolecule are well 

defined and highly symmetric, the product is denoted as dendrimer. Further, a very simple 

type of branched polymers consisting of three or more polymer chains connected in one 

center are termed star polymers.[52] They can be synthesized via the “core-first” 

(polymerization of the arms starting from the multifunctional core) or “arm-first” approach 

(attachment of the prepolymerized arms to the functional core).[53] All types of branched 

polymers have in common that the density of functional moieties per volume unit can be very 

high and further, the increase of their viscosity in solution with the molar mass is much less 
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distinct than observed for linear polymers. Both properties can be useful depending on the 

intended application. 

Another class of polymer architectures is represented by graft (co-) polymers consisting of a 

distinct polymer backbone with again polymeric side chains often made of structurally diverse 

monomers.[54] In this manner, properties such as a rigid polymer backbone can be combined 

with flexible side chains in order to obtain i.e. bottlebrush-like structures. Comparable to star 

(co-) polymers, graft (co-) polymers can be synthesized via the grafting-from (polymerization 

of the monomer starting from the multifunctional polymer backbone) or the grafting-to 

approach (attachment of prepolymerized chains to the polymer backbone).[55] However, 

applying these techniques it is hardly possible to obtain high grafting densities (amount of 

grafted chains per functional unit in the backbone) mainly due to steric hindrance. One way 

to avoid this problem is the grafting-through approach using polymers endfunctionalized with 

a polymerizable group (“macromonomers”) as starting material for a second polymerization. 

In this case, graft (co-) polymers with a grafting density of 100 %, termed comb (co-) polymers, 

can be obtained but in most cases, the degree of polymerization is severely limited, again, due 

to steric hindrance resulting from the large monomer units. 

Finally, also crosslinked polymer networks can be considered as a class of polymer architecture 

but since the crosslinking is most often accomplished after synthesizing and processing the 

non-crosslinked polymer, this will be discussed in detail in the following chapter. 
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2.3. Polymer Functionalization 

The general properties of polymers are mainly determined by the choice of monomer and 

chain architecture.[2, 3] Nevertheless, in order to affect or alter the properties after the 

polymerization, several techniques can be applied including the introduction of defined end 

groups as well as the post polymerization functionalization of either these end groups or the 

side chain moieties.[56, 57] The most prominent examples will be described in the following 

paragraphs. 

 

2.3.1. End Group Functionalization 

Regarding chain growth polymerizations, the introduction of defined end groups is limited to 

controlled and/or living processes. The large extent of recombination, disproportionation and 

transfer reactions in a free radical polymerization process does not allow a quantitative 

introduction of defined molecules at the chain end. However, in polymerization processes 

where side reactions are absent in good approximation, desired moieties can be introduced 

using either a functional initiator[58, 59] or suitable termination agents (mainly in living ionic 

polymerization).[60] Considering CRP methods, ATRP is probably the most prominent example 

since several functional initiators can be applied[61] and additionally, the terminal bromine can 

be easily transferred into another moiety subsequently after polymerization.[62] The 

introduction of functional end groups is less common for NMP or RAFT polymerization but 

there are some useful possibilities such as the reduction of the nitroxide[63] or the aminolysis 

of the CTA to obtain a thiol moiety.[64] Regarding living ionic polymerization, termination 

agents have to be capable of trapping the ionic chain end mostly realized either by nucleophilic 

substitution or by acid-base reactions. The requirements for those groups are on the one hand 

stability in the chemical environment of the polymerization reaction and on the other high 

purity, avoiding unwanted termination caused by impurities. 

 

2.3.2. Polymer Analogous Reactions 

The term “polymer analogous” generally refers to reactions not affecting the degree of 

polymerization (but indeed the average molar mass) of a polymer. Therefore, end group 
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modifications can also be considered as polymer analogous reactions but mainly, this term is 

used for reactions modifying the monomer units, most likely their side chains (even though 

modification of the backbone is also possible, i.e. when hydrogenating polydienes).[65] 

Prominent examples for the conversion of side chain moieties via polymer analogous 

reactions are the preparation of poly(acrylic acid) (PAA) from poly(tert-butyl acrylate) 

(PtBA),[35] the synthesis of poly(vinyl alcohol) (PVA) from poly(vinyl acetate) (PVAc),[66] and its 

conversion to poly(vinyl butyral) (PVB) by the addition of butyraldehyde.[67] In general, all 

reactions cleaving the protection group of a side chain moiety can be termed as polymer 

analogous but also the attachment of functional molecules (as in PVB) is a frequently used 

technique. The latter can further be considered a “grafting to” approach implicating that a 

100 % functionalization remains rather difficult to achieve due to steric hindrance. Even 

though this is plausibly not an issue affecting the cleavage reactions. Nevertheless, the 

conversion in this type of reactions can also be limited due to occurring precipitation (i.e. 

hydrolysis of functionalized cellulose)[10] or electrostatic repulsion evolving with ongoing 

cleavage (i.e. hydrolysis of polyacrylamide).[68] 

 

2.3.3. Polymer Crosslinking 

Reconsidering the conditions of a polymer analogous reaction (constant degree of 

polymerization), the post polymerization crosslinking of polymeric materials is clearly 

different. By linking formerly separated polymer chains, the degree of polymerization, and by 

association the molar mass, severely increases up to quasi “infinite” when all available chains 

are crosslinked. 

A characteristic result of the crosslinking of polymeric materials is the change in the materials 

properties. Due to the reduced chain mobility and the increasing molar mass, the glass 

transition temperature and the strength of the material is usually increased.[69, 70] Further, the 

solubility decreases, possibly leading to an insoluble polymer, which can be favorable i.e. when 

aiming for solvent resistant materials. 

In 1844, Charles Goodyear discovered the vulcanization of natural rubber by heating it after 

mixing with elemental sulfur. He found, that treating the originally sticky and viscous liquid 

this way converts it into a relatively strong, solid, but still flexible material. It was found that 



Introduction & State of the Art 

 

23 

the polyisoprene chains get crosslinked by oligomeric sulfur bridges during the heat 

treatment. Later on, the processed polymer became prominent (and remains until nowadays) 

as the main ingredient in the manufacturing of car tires and other rubber materials. Since 

then, many applications for crosslinked polymers were discovered and established. The field 

of interest spread to a variety of subjects such as the development of adhesives, resins, and 

photoresists, the crosslinking of polyolefins, the fabrication of crosslinked polymeric (aero- or 

hydro-) gels, and not least, the preservation of self-assembled micro- and nanostructured 

materials in solution, i.e. crosslinked polymer microparticles or micellar systems.[71-76]  

The crosslinking during polymerization is commonly realized via bi- or multifunctional 

monomers added to the feedstock. In contrast, post polymerization crosslinking usually 

requires additional radical sources like UV light or even γ-irradiation. Using suitable 

photoinitiators, the wavelength of the photo crosslinking can further be shifted to visible 

light[77] but not only organic radicals can be used for crosslinking. Depending on the polymer, 

the crosslinking can also be realized by suitable linkers such as bifunctional molecules carrying 

terminal silanes (hydrosilylation of alkenes),[78] iodines (quaternization of amines),[79] or 

maleimides (Diels-Alder reactions)[80]. Particularly the furan-maleimide Diels-Alder 

crosslinking, but also metal-organic coordination or hydrogen bonding have often been used 

in order to obtain reversibly crosslinkable materials i.e. for self-healing purposes.[81, 82] 
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2.4. Nanostructured Materials 

The development of nanostructured materials nowadays is highly forced not only by 

requirements of smaller microelectronics for computer manufacturing but also by the 

progressing development of functional structured surfaces or advanced drug delivery. Since 

electron beam lithography, the most frequently applied process in industrial production of 

nanostructured materials remains rather slow and scarcely scalable, research is focusing on 

alternative techniques capable of generating structures on a nanometer scale. For this 

purpose, (block co-) polymers are intensively investigated as suitable materials due to their 

ability to form nanostructures via self-assembly in relatively short time scales.[83] The current 

research covers a wide field of applications not only focusing on well-known polymers but also 

investigating new materials often being responsive to external stimuli.[84] 

 

2.4.1. Self-Organization of Amphiphilic Molecules 

The bulk and solution properties of amphiphilic molecules including polymers and, 

particularly, block copolymers have been studied intensively during the past decades. Even 

though a large variety of surfactants were investigated regarding their capability to self-

assemble, it was found that the principles of self-organization of amphiphilic (macro-) 

molecules can be described in good approximation applying only a few basic theories.[85] If 

two chemically different homopolymers A and B are mixed in a melt, they will most probably 

phase-separate due to the unfavorable mixing enthalpy and only a small mixing entropy, in 

the best case forming domain sizes in the micrometer range. In the worst case, they will 

entirely demix to form two macroscopic phases. If both homopolymers are now combined in 

an A-B block copolymer, macroscopic phase-separation is prevented by the covalent 

connection of both polymer segments. However, since the random mixing is energetically still 

not favorable, the block copolymer will nevertheless start to phase-separate forming domain 

sizes in a nanometer range. It was found that these microphases do not occur randomly but 

form distinct regular structures. These mainly depend on three parameters including the 

overall degree of polymerization (N = NA + NB), the volume fractions of the polymer blocks 

(fA + fB = 1), as well as the interaction parameter χ (“Flory-Huggins parameter”, representing 

the “incompatibility” of the two block copolymer segments), and thus, can be estimated in 

good proximity if these parameters are known. Several possible equilibrium morphologies 
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were experimentally found including spherical or cylindrical arrangements of A in a continuous 

phase B (and vice versa), bicontinuous networks (gyroidal structures), as well as lamellae of 

alternating phases A and B.[86] Altering the volume fractions, it is possible to observe all of 

these structures for the same monomer combination (Figure 4).[87] The experimental 

structures were further verified by calculations applying self-consistent mean field theory 

(SCMFT).[88-90] Because of these observations, many possible monomer combinations and 

block copolymer compositions were investigated focusing on applications such as 

compatibilizers for polymer blends[91] as well as the improvement of mechanical properties of 

polymeric bulk materials rendering useful i.e. for the emerging field of self-healing (block co-) 

polymers.[81] 

 
Figure 4   Equilibrium bulk morphologies of PS-b-PI block copolymers of various compositions. fs Denoting the 
volume fraction of the PS segment. From [Science 1991, 251, 898]. Reprinted with permission from AAAS.  

 

Apart from the bulk morphologies, another important field of interest is the self-assembly of 

amphiphilic block copolymers in solution. Even though the additional phase (solvent) hampers 

exact theoretical considerations, it was found that a relatively simple theory could be applied 

to estimate the self-assembled structures of the dissolved block copolymers. Initially regarding 

low molecular weight surfactants bearing hydrophobic hydrocarbon chains and hydrophilic 

head groups (i.e. salts of fatty acids) in aqueous solutions, Israelachvili published in 1976 that 

the assemblies of these molecules in solution are well estimated using the so-called “packing 

parameter” p = V/(a0∙lc).[92] Therein, V denotes the volume of the hydrocarbon chain, lc 

represents its critical length, and a0 marks the area of the hydrophilic head group. Knowing 

these parameters, the structure of the resulting assemblies can be easily predicted yielding 

either spherical micelles (p ≤ 1/3), ellipsoidal micelles (1/3 ≤ p ≤ 1/2), rod-like micelles 

(p ≈ 1/2), vesicular structures (1/2 ≤ p ≤ 1), extended bilayers (p ≈ 1), or inverted structures 

(p > 1). In a similar way, this theory can be applied to estimate the structures formed by 
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amphiphilic A-B block copolymers.[93] Many structures that are more sophisticated can be 

observed using triblock co- or terpolymers since they were proven to form, amongst others, 

core-shell-corona micelles or micelles with a compartmentalized core.[94, 95] Further, 

crystallization-driven self-assembly is another option to extend the structural variety 

obtainable by block copolymers in solution.[96] For this reason, a lot of research focuses on one 

of these topics to generate useful applications such as in biomedicine (i.e. drug delivery),[97] 

blend compatibilizers,[91] or the preparation of membranes.[98] 

 

2.4.2. Stimuli-Responsive Materials 

The type of stimuli-response of polymeric materials usually is directly dependent on the 

applied monomers. Polymers can be responsive i.e. to temperature, pH, or light not 

necessarily involving the respective monomer to show the same behavior.[84] Especially 

thermoresponsive behavior is often exceptionally observed for the polymeric species. Apart 

from that, further possible stimuli can be reductive and oxidizing conditions or 

electromagnetic fields but these are mainly observed for metal@polymer hybrid systems 

rather than polymers.[99] 

Regarding the thermoresponsive behavior of polymers, one can distinguish between two 

phenomena: a) the upper critical solution temperature (UCST) and b) the lower critical 

solution temperature (LCST). While UCST is an enthalpy-driven process causing precipitation 

of a dissolved polymer when the temperature drops below the so-called cloud point 

temperature (Tcp), LCST is entropy-driven and leads to precipitation once the temperature 

exceeds a critical value (also termed Tcp). In contrast to UCST, LCST behavior can be observed 

for several different polymers including poly(N-isopropyl acrylamide) (PNIPAM), poly(2-

oxazolines) (POx), poly(ethylene oxide) (PEO), or poly(N,N-dimethylaminoethyl methacrylate) 

(PDMAEMA).[100] Even though each polymer shows individual temperature characteristics, the 

cloud point temperature can be (fine-) tuned due to its dependence on the molar mass, the 

polymer architecture, the hydrophobic content (i.e. in a copolymer), and the pH (in a polymer 

with pH-responsive groups).[101-104]  

Regarding the latter, polymers solely showing pH-dependent behavior in the observed 

temperature range are termed pH-responsive. Therefore, their aggregation and precipitation 
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behavior is mainly dependent on the (de-) protonation of most likely brønstedt type moieties 

in the polymer chain determined by the environmental pH. The pH response is mainly 

observed for polymers carrying weak acids or bases such as carboxylic acids (PAA) or amines 

(PDMAEMA) since strong acids or bases (i.e. poly(styrene sulfonate) (PSS) or quaternized 

poly(vinyl pyridine) (qPVP)) remain charged over the whole (aqueous) pH range. pH-

Responsive materials are suitable for various applications including pH-dependent swelling 

and/or precipitation and reversible ionic interactions as observed in interpolyelectrolyte 

complexes (IPECs).[6] 

Apart from temperature and pH, also light can be used as an external stimulus to affect the 

properties of a polymeric material. Similar to pH-responsive polymers, a light-responsive 

group has to be introduced via the monomer to observe this kind of behavior. Depending on 

the type of light-responsive group, irradiation can have different effects on the polymer 

chains.[105] Incident light of a distinct wavelength will force a trans-cis transition in azobenzene 

moieties. Therefore, the polymer chain might undergo a conformational change due to the 

varying space requirement of the light-responsive group.[106] Even though the change in the 

dipole moment is remarkable, too, the varying bulkiness is usually the main driving force. 

Regarding polymers containing triphenylmethane groups, the mechanism is vice versa.[107] 

Indeed, the structural change from a tetrahedral quaternary carbon to a trigonal planar 

conjugated system under irradiation should not be neglected, but the main effect is 

represented by the transition from an uncharged to an ionic system, strongly affecting the 

solubility and swelling properties of the respective polymer. Similar behavior can be observed 

for spiropyran-based photoswitchable materials.[108] Again, a distinct change in the space 

requirements can be detected, but the transition towards an ionic structure mostly outweighs 

the effect of the structural expansion. 

Apart from polymers responding to a single stimulus, these properties can further occur in a 

combination of different effects. Therefore, current research is already partially focusing on 

multi-responsive polymers being triggered by more than one external stimulus in order to 

prepare stimuli-responsive materials.[109] 
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2.4.3. Membranes 

One important field of applications regarding polymers and block copolymers is the 

manufacturing of membranes. In general, a membrane is considered as a selective barrier 

permeable for some substances while impermeable for others. 

Apart from the ubiquitous biologic membranes most often formed by lipid bilayers, synthetic 

membranes can be made from a variety of materials including inorganics like zeolites, 

alumina, titania, or zirconia, biopolymers like cellulose or cellulose esters, but also synthetic 

polymers such as polypropylene (PP), poly(vinylidene difluoride) (PVDF), 

polytetrafluoroethylene (PTFE), polyamide (PA), poly(ether sulfone)s, polycarbonates, or 

polyesters.[110-115] The great variety of suitable materials is accompanied by tunable product 

properties allowing the application of synthetic membranes in several filtration technologies. 

Depending on the size of the filtered substance, one can distinguish between microfiltration 

(i.e. sterile filtration to remove cells, pollen, or colloids), ultrafiltration (removal of bacteria 

and viruses from wastewater), and nanofiltration or reverse osmosis useful to remove small 

organic molecules or even inorganic ions from water. Apart from filtration, membranes are 

also essential in fuel cells and batteries and can further be applied for gas separation 

purposes.[116-120] 

Since membranes for micro- and ultrafiltration show pore sizes of a few nanometers up to a 

few microns, these are considered as “porous membranes” discriminating filtrate and 

permeate mainly by size and shape differences. In contrast, membranes for nanofiltration and 

reverse osmosis reveal pores on a sub nanometer scale and therefore are considered as 

“dense membranes” where separation can be mainly described via the solution-diffusion 

model.[121] The structure of the obtained membrane is strongly dependent on the technique 

used for processing. While extrusion, injection molding, interfacial polymerization, or casting 

from solution (+ drying) favor dense membranes, porous membranes can usually be obtained 

using spinning, film expansion, or phase- or thermal inversion processes. However, not only 

the pore size but also the arrangement of the pores in the membrane cross section determines 

the filtration properties. In this regard, one can distinguish between isotropic (symmetric) and 

anisotropic (integral asymmetric) membranes (Figure 5).[122] Isotropic membranes exhibit 

good separation properties but due to mechanical strength purposes, the minimum thickness 

is limited requiring high pressure for filtration. Membranes with an anisotropic structure are 
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supposed to overcome this by a pore size gradient throughout the membrane or even 

combining a thin fine-porous filtration layer with a large, and thus, mechanical robust 

macroporous layer enabling a high water flux. In some cases, this concept is extended to thin 

film composite (TFC) membranes combining individual polymer-, ceramic-, or metallic layers 

of various pore size to one anisotropic membrane. 

Based on the work of Breton and Reid in the US, Loeb and Sourirajan extended the principle 

of integral asymmetric membranes for industrial application, particularly regarding reverse 

osmosis for water desalination in the early 1960s.[123, 124] Since then, the application of phase 

inversion processes became more and more popular. Starting from cellulose or cellulose 

acetate, a variety of synthetic polymers was used to prepare anisotropic membranes yielding 

most of todays established membrane materials. Further, the mechanism of the formation of 

anisotropic structures via the non-solvent induced phase separation (NIPS) process was 

investigated yielding several publications, finally resulting in the perception that the formation 

of asymmetric structures is determined either by a nucleation process or by spinodal 

decomposition depending mainly on the diffusion coefficients of the solvent/non-

solvent/polymer mixtures.[125] 

 

Figure 5   Overview of various membrane morphologies. 
Reprinted with permission from [R. W. Baker, "Overview 
of Membrane Science and Technology", in Membrane 
Technology and Applications, John Wiley & Sons, Ltd, 
2012]. 
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In order to obtain versatile membranes, researchers not only focused on homo- and 

copolymers but also aimed on (mostly amphiphilic) block copolymers allowing variable 

functionalization if compared to the known membrane materials. A numerous number of 

block copolymer membranes were published mainly having polystyrene (PS) as a hydrophobic 

block. The corresponding hydrophilic segments were made of several different monomers 

including poly(acrylic acid) (PAA), poly(4-vinyl pyridine) (P4VP), poly(N,N-dimethylaminoethyl 

methacrylate) (PDMAEMA), polylactide (PLA), poly(2-vinyl pyridine) (P2VP), poly(ethylene 

oxide) (PEO), or poly(hydroxyethyl methacrylate) (PHEMA).[126-132] Most of these hydrophilic 

polymer segments show a response to external stimuli like pH or temperature but some 

additional attempts further aimed on light-responsive membranes. In order to improve the 

mechanical properties of the, due to the high PS content usually brittle membranes, 

comonomers like isoprene were introduced to the hydrophobic segment reducing the glass 

transition temperature of the resulting block copolymers and allowing the crosslinking of the 

obtained membranes after preparation via the NIPS process to further increase the stability 

against organic solvents.[98, 129] Apart from that, several types of additives were applied during 

the phase inversion processes with intent to affect the final membrane structure, in particular 

the average pore size or the affinity to distinct pollutants.[133-135] 

Recent research yielded porous membranes from polystyrene-block-poly(acrylic acid) 

(PS-b-PAA) by simple evaporation of the solvent without immersion into a coagulation bath 

helping to reduce the amount of wastewater produced during a “common” NIPs process.[136] 

Parts of this work focus on a quite exceptional approach to prepare versatile block copolymer 

membranes with different functionalities. Therefore, hetero Diels-Alder (HDA, Scheme 8) 

chemistry is applied to synthesize a diblock terpolymer, which is used to form membranes via 

a common NIPS process but can subsequently be cleaved via a retro-HDA reaction and finally, 

regrafted with another small molecule or polymer of arbitrary functionality. 

 

Scheme 8   Reversible hetero Diels-Alder reaction of a cyclopentadiene and a dithioester. 
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2.4.4. Graft Copolymers 

As described earlier in the chapter “Polymer Architectures”, graft copolymers represent a class 

of polymeric materials that can be synthesized in three different ways including the “grafting-

to”, the “grafting-from”, as well as the “grafting-through” technique (Figure 6).[54, 55] Even 

though they can be assigned to the group of branched polymers, they show several unique 

properties. Graft copolymers bear a main chain made of a distinct homo-, co-, or block 

copolymer carrying polymeric side chains usually made from another polymer with different 

properties. This allows the combination of the properties of several different monomers in 

one polymer chain. Depending on the grafting density of the polymeric side chains, the 

hydrodynamic volume of one macromolecule can be very low if compared to a linear polymer 

of the same molar mass. At high grafting densities, the graft copolymer undergoes an 

entropically unfavorable extension of backbone and side chains due to the strong steric 

repulsion.[137, 138] This often leads to phase segregation of the side chains if they consist of at 

least two different monomers.[139] In extreme cases, the force on the backbone can get high 

enough to break C-C bonds causing a scission of the main chain[140, 141] but usually, the 

repulsion just leads to an extension of the backbone forcing the polymer into a wormlike 

conformation, also known as “bottlebrush” structure.[142] As a side effect of the extended 

conformation, the entanglement of different graft copolymer chains is almost suppressed 

affecting the bulk properties and the solution behavior of the corresponding material. Finally, 

polymers of this architecture exhibit a relatively strong influence of the end groups due to 

their increased number as well as the steric effect forcing the end groups of the side chains 

away from the central anchor points towards the “surface” of the wormlike structure. 

 

Figure 6   Overview of possible synthetic approaches towards graft copolymers. 
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Depending on the ratio of the chain length of main and side chains, graft copolymers can be 

considered as two different structures. As already discussed, a wormlike conformation is 

expected if the chain length of the backbone is much longer than the side arms but if both 

lengths are in the same range, the macromolecules usually exhibit a spherical shape rendering 

those rather similar to star like (co-) polymers. However, in all cases, graft copolymers can be 

considered as spherical or cylindrical unimolecular micelles. 

Since 1998, when the first approach synthesizing graft copolymers via controlled radical 

instead of ionic polymerization techniques was developed in the group of Matyjaszewski, the 

interest of scientists in these spatially confined macromolecules increased distinctly.[55] Not 

only was their structural similarity to natural proteoglycans a topic of interest concerning 

biomedicine.[143, 144] Several studies also aimed on the preparation of hybrid materials 

combining graft copolymers and metal nanostructures.[145, 146] Further studies exhibited the 

application as super soft elastomers[147] as well as interesting photonic materials due to the 

suppressed entanglement of the chains and the formation of extraordinarily large domains 

during phase-segregation.[148] 

Graft copolymers synthesized within this work were equipped with poly(2-oxazoline) (POx) 

side chains rendering them useful for biomedical applications since polyoxazolines are known 

protein mimics. They show potential to replace poly(ethylene oxide) (PEO) as a carrier polymer 

in biomedicine since this was found to accumulate in the human body under certain 

conditions. Further, polyoxazolines can be hydrolyzed revealing poly(ethylene imine) (PEI), a 

promising auxiliary tool in non-viral gene transfection.[149] 

 

2.4.5. Metal@Polymer Hybrid Nanoparticles 

Even though dispersed gold was already used long before the directed preparation of gold 

nanoparticles (AuNPs) (i.e. for coloration of glass), the discovery of Turkevich and Hillier in 

1951 synthesizing almost monodisperse nanoparticles via the reduction of aqueous 

chloroauric acid (HAuCl4) using sodium citrate represented a pioneering work in the field of 

metal nanoparticles.[150] Not only their versatility but also their characteristic localized surface 

plasmon resonance (LSPR) caused an enormous growth of this field of research. The LSPR 

describes the characteristic interaction of colloidal metals with light represented by the 
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oscillation of the “electron gas” forced by an incident oscillating electric field. The wavelengths 

of the incident light causing a resonant oscillation are absorbed resulting in a coloration of the 

macroscopic colloidal dispersion, given that the absorbed wavelengths are in the visible range. 

Since the LSPR is dependent on the NP shape as well as the chemical environment, this 

represents the main principles for a large amount of research dealing with metal NPs for 

sensing applications.[151-153] Another field of application is the use of colloidal metals as 

substrates for surface enhanced Raman scattering (SERS).[154] 

In purpose of meeting the increasing requirements to metal NP dispersions, Brust and Schiffrin 

developed the synthesis of AuNPs in organic solvents such as toluene in a two-phase liquid-

liquid procedure using phase transfer agents to achieve the transfer of gold to the organic 

phase.[155] Later, one-phase procedures were developed often using alternative Au precursors 

soluble in organic solvents.[156, 157] Apart from the solvent, the shape of the NPs, and especially 

the ligands stabilizing the colloidal dispersions were varied. The initially used sodium citrate 

was replaced by ligands containing nitrogen, or sulfur as bridging atoms.[158, 159] The latter 

turned out to form the most stable dispersions due to the favored binding of sulfur to gold.[160] 

Within further research, polymeric ligands were used instead of small molecules allowing the 

introduction of new properties such as thermoresponsive behavior.[161] 

However, independently of the chosen stabilizing ligand, a main drawback of metal NP 

dispersions can be the dynamic equilibrium of the metal-ligand interaction. Since the ligands 

are usually not covalently attached, the ligand molecules can exchange their positions as well 

as detach from the surface. Once introduced to an environment containing competing ligands, 

they will start to exchange and thus, lose the desired functionality or, in a worse case 

agglomerate and precipitate. Again, crosslinking of the ligand shell represents a suitable 

technique to overcome this problem. Therefore, different approaches were applied including 

the introduction of polymerizable groups like alkenes, or alkynes, as well as the application of 

already polymeric ligands and their crosslinking in a post treatment as it was shown for 

PDMAEMA or PAA.[79, 162-164] 

This work will advertise another approach using polyether ligands containing functional 

glycidyl ethers that can be crosslinked either via Diels-Alder chemistry (furfuryl glycidyl ether) 

or hydrosilylation (allyl glycidyl ether). 
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2.5. Motivation 

Within the scope of this work, the synthesis of, mostly amphiphilic, block copolymers and their 

application for the preparation of self-assembled and/or nanostructured materials will be 

shown and discussed in detail. The focus will be on the improvement of the properties of 

established systems by introducing crosslinkable moieties, but also on the use of yet unique 

methods and techniques to obtain novel materials. The second part of this thesis will focus on 

the preparation of these nanostructured materials, but previously, the synthesis of the 

respective polymeric materials will be discussed. 

Even though free radical polymerization (FRP) is the most straightforward way to synthesize 

polymers, the relative high amount of transfer- and termination reactions occurring renders 

FRP useless if (block co-) polymers with a defined structure, molar mass, and monomer 

sequence are required. For this reason, several controlled/living polymerization techniques 

were used. Controlled radical polymerizations such as NMP or RAFT were applied giving good 

control of molar mass and dispersity but also living ionic techniques were used yielding 

exceptionally well-defined (block co-) polymers even though, therefore, more sophisticated 

setups are required. 

In addition to the common divergent strategy, synthesizing block copolymers via sequential 

polymerization of different monomers, an alternative approach was applied using a hetero 

Diels-Alder conjugation reaction to synthesize amphiphilic block copolymers via a convergent 

method. This not only allows the preparation of a variety of different combinations of 

monomers but further, the eventual cleavage after the processing step including the 

possibility to finally introduce another polymer or functional molecule bearing a suitable 

coupling moiety. This method represents a powerful tool for post-processing functionalization 

in various fields of application. 

Apart from the synthetic techniques, a central aspect of all attempts shown in this work was 

the incorporation of crosslinkable monomers/moieties to the desired block copolymers. 

Crosslinking represents a universal method to improve the mechanical properties of materials 

as well as to increase their durability regarding environmental influences such as organic 

solvent or stress-induced abrasion. Therefore, several crosslinkable monomers were 

implemented according to the requirements of the respective polymeric material as well as 

the chosen polymerization technique. A summary of all monomers applied in this work, not 
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only bearing crosslinkable moieties but also pH- or thermoresponsive properties, is depicted 

in Figure 7. 

 

Figure 7   Overview of all applied monomers including their relevant properties (colored terms). 

 

The second part of this work focused on the preparation and the improvement of various 

nanostructured materials mostly prepared via the self-assembly of the as synthesized 

amphiphilic block copolymers. Even though several top-down approaches such as 

photolithography, electron beam lithography, or track-etching are well established, self-

assembly represents a promising bottom-up approach tailoring nanostructured surfaces or 

interfaces over a large lateral or spatial scale. Using this approach, several functional materials 

with crosslinkable moieties were prepared including block copolymer membranes, solution 

self-assembled micelles, metal@block copolymer hybrid nanoparticles as well as graft 

copolymers. Finally, the crosslinking of the materials was investigated mainly regarding their 

stability in different chemical environments. 
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The most prestigious example for self-assembled materials might be the industrial production 

of synthetic membranes via phase inversion processes. A large variety of polymers including 

synthetic polymers such as polyethylene or polypropylene as well as biopolymers like cellulose 

are used in non-solvent induced phase separation or similar processes to produce membranes 

for many applications. However, since the polymers, used for industrial production are in 

general chemically inert, the final products adopt these properties and thus, can hardly be 

tailored regarding special purposes. Therefore, research focuses on block copolymers as 

suitable and variable starting materials. A number of different block copolymers has been 

proven to form highly functional membranes but most of them remain very brittle due to a 

high polystyrene content, therefore negatively affecting the durability of these materials. In 

the context of this work, isoprene was introduced as a monomer to replace a distinct amount 

of styrene. Not only should that reduce the brittleness by lowering the glass transition 

temperature of the block copolymer, but further, the final membranes can be crosslinked 

increasing durability and resistance against organic solvents. 

Apart from that, block copolymers synthesized via the hetero Diels-Alder (HDA) approach 

described above could be used to prepare novel membranes with unique properties. The HDA 

linkage can be cleaved after processing the membranes, subsequently attaching another 

functional molecule bearing a suitable coupling moiety. In this matter, membranes with a 

unique combination of functionalities could be obtained that cannot be prepared via a 

common phase inversion process of the respective block copolymer. 

Compared to polymeric membranes, the self-assembly of amphiphilic block copolymers into 

nanostructures in solution is an even bigger field of research. Many scientists either try to 

obtain more sophisticated or more regular structures and indeed, crosslinking is commonly 

used to fix structures that are otherwise determined by thermodynamic equilibria. In our 

approach, triblock terpolymers originating from membrane preparation were investigated 

regarding their solution self-assembly. The aim was to consider the question, whether regular 

nanostructures can be formed and if it remains possible to address the restructuring of the 

micellar aggregates after the crosslinking of the approachable block. 

During these studies, the experiments were not limited to pure block copolymer self-assembly 

but metal@block copolymer hybrid materials were investigated, too. Therefore, gold 

nanoparticles were combined with tailored ligands bearing a terminal thiol moiety to ensure 
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the adequate binding of nanoparticle and polymer. Since an enormous effort is spent on 

similar systems, often disregarding the dynamic character of the metal-ligand interactions, 

our approach aimed on the crosslinking of one part of the ligand shell to protect the hybrid 

nanoparticles from aggregation and precipitation caused by forced ligand exchange or 

ripening processes. This could help distinctly increasing the overall stability of these kind of 

particles i.e. when introduced to biologic systems containing a numerous amount of 

coordinating proteins and alike. 
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3. Results & Discussion 

3.1. Block Copolymer Synthesis via Anionic Polymerization 

Since ionic polymerization techniques are well known to be capable to yield polymers as well 

as block copolymers in a wide range of molar mass and, at the same time, with narrow 

dispersities, anionic polymerization was chosen as a suitable technique to synthesize 

(block co-) polymers via both oxyanionic as well as carbanionic polymerization. The results of 

the polymer synthesis are presented in the following subchapters while all approaches 

concerning the application of these polymers can be found in the chapter “Block Copolymer-

Based Nanostructured Materials”. 

 

3.1.1. Oxyanionic Polymerization 

Although cyclic ethers can be polymerized utilizing cationic ring-opening polymerization 

(CROP), most published research, at least regarding ethylene oxide (EO) or propylene oxide 

(PO) offers the use of its anionic analogue called anionic ring-opening polymerization (AROP). 

The main reason is that the cationic polymerization of three- and four-membered rings yields 

a relatively high amount of side products such as 1,4-dioxane due to backbiting reactions.[40] 

In this approach, oxyanionic polymerization was chosen on the one hand since the reaction 

tolerates the intended crosslinkable side chain moieties, such as furan groups, allyl groups, or 

dienes and on the other due to the capability of yielding remarkably narrow dispersities. 

Especially for low degrees of polymerization, anionic polymerization (providing sufficiently 

fast initiation at slower propagation) renders advantageous if compared to controlled radical 

polymerization techniques. 

Regarding the variety of possible monomers that can be polymerized via anionic 

polymerization, glycidyl ethers were chosen due to the variety of possible side chains, the 

facile one-step monomer synthesis, commercially available macroinitiators (poly(ethylene 

oxide) (PEO)) and, additionally, a lot of experience due to the excellent work of associated 

PhD-students in our research group. 
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In order to synthesize block copolymers suitable of stabilizing gold nanoparticle (AuNP) 

dispersions, a thiol containing termination agent was prepared in a three-step procedure 

(Figure 8 A). Starting from thioacetic acid and allyl chloride, S-acetyl-3-chloropropyl thiol was 

synthesized via a thiol-ene click reaction. Due to better chemical stability under basic 

conditions, the acetyl group was then cleaved off and, in a further step, substituted by a tert-

butyl dimethylsilyl group to give the final termination agent.[165, 166] All products were analyzed 

via 1H-NMR spectroscopy. The respective spectra are shown in Figure 8 B+C. 

 

Figure 8   Scheme of the synthesis of the thiol-protected termination agent (A) and the respective 1H-NMR spectra 
(300 MHz, CDCl3) of S-acetyl-3-chloropropyl thiol (B), 3-chloropropyl thiol (C) and tert-butyl-dimethylsilyl-3-
chloropropyl thiol (D). Reproduced from [Polym. Chem. 2015, 6, 5633] with permission from The Royal Society 
of Chemistry. 

 

3.1.1.1. Synthesis of PEO-b-PFGE-SH and PEO-b-PAGE-SH Block Copolymers 

In order to yield a crosslinkable block copolymer, the choice of glycidyl ether monomers was 

severely limited. Allyl glycidyl ether (AGE) was chosen since the allylic double bond in the side 

chain can be crosslinked e. g. via hydrosilylation. In a second approach, furfuryl glycidyl ether 

(FGE) was used as a monomer providing a furan group that can be crosslinked via a Diels-Alder 
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reaction. Apart from the different approaches regarding the type of chemical reaction 

(hydrosilylation, cycloaddition), the main difference is the reversibility of the crosslinking. 

While the hydrosilylation is a non-reversible chemical reaction, the [4+2]-cycloaddition can 

potentially be reversed in a retro-Diels-Alder reaction triggered by elevated temperatures. 

With respect to the intended field of application, which will be discussed in the chapter “Block 

Copolymer-Based Nanostructured Materials”, the synthesis of the AGE- and FGE-containing 

materials aimed at block copolymer structures instead of homopolymers or random 

copolymers. The synthetic strategy (Figure 9) was similar for both monomers. 

 

Figure 9   Scheme of the anionic block extension polymerization of glycidyl ethers using a PEO macroinitiator. 
Reproduced from [Polym. Chem. 2015, 6, 5633] with permission from The Royal Society of Chemistry. 

 

Since the technique of anionic polymerization is known to be susceptible to impurities 

including contaminations of the solvent, the initiator, the monomer and/or traces of oxygen 

and water, all reactions were carried out under an inert argon atmosphere in a glove box using 

properly dried and distilled solvents and monomers. The polymerization was initiated using 

diphenyl methyl potassium (DPMK)[167] to deprotonate the OH-group of the commercially 

available monomethoxy poly(ethylene oxide) (m-PEO) macroinitiator dissolved in THF. The 

advantage of this method is the indication of the complete deprotonation by the emerging 

red color of the excess DPMK limiting the formation of homopolymer to a minimum amount. 

Subsequently after the deprotonation, the monomer (AGE or FGE) was added rapidly and 

polymerized for typically 24 h at 45 °C before the reaction was terminated using tert-butyl 

dimethylsilyl (TBDMS) protected 3-chloropropylthiol undergoing an SN2-reaction with the 

oxyanion. Finally, the protective TBDMS-group was cleaved using hydrochloric acid in 

methanol giving the desired thiol-terminated block copolymers. 
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Figure 10   SEC measurements of the anionic polymerization of FGE (A) and AGE (B) showing the macroinitiator 
(dotted lines), the TBDMS-protected block copolymers (dashed lines) and the thiol-functionalized block 
copolymers (solid lines). SEC solvent: CHCl3/TEA/IPA = 94/4/2. Reproduced from [Polym. Chem. 2015, 6, 5633] 
with permission from The Royal Society of Chemistry. 

 

The anionic polymerization of the glycidyl ethers was monitored via size-exclusion 

chromatography (SEC). The SEC traces of the respective macroinitiators, protected and 

deprotected block copolymers are shown in Figure 10. A clear shift to a lower elution volume 

can be observed after the block extension, and further, there is a hint for the deprotection of 

the thiol group since the elution volume increases slightly after the cleavage of the TBDMS 

group from both block copolymers. Apparently, the slight decrease of the molar mass 

influences the elution volume but also the change in the polarity of the end-group affects the 

hydrodynamic radius, and thus, the elution behavior of the block copolymers. The small 

additional distribution observed in Figure 10 A can be assigned to the commercial m-PEO 

macroinitiator revealing a small amount of PEO with double molar mass. 
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Figure 11  1H-NMR measurements (300 MHz, CDCl3) of PEO54-b-PAGE7 
before (A) and after (B) deprotection of the thiol moiety. Inserts show the 
structure of the block copolymers including the assigned proton signals. 
Reproduced from [Polym. Chem. 2015, 6, 5633] with permission from The 
Royal Society of Chemistry.

The final composition of the purified block copolymers including the verification of the thiol 

end group was proven via 1H-NMR spectroscopy (Figure 11, Figure 12). After termination of 

the polymerization, the signals of the TBDMS group (0.07 ppm, 0.9 ppm) can be observed in 

NMR with integrals of 6 and 9 respectively, if compared to the integral of the block copolymer 

backbone revealing (considering the error of NMR) 100% end group fidelity. After 

deprotection, unfortunately, the SH-group cannot be directly observed in NMR but the 

presence of the thiol moiety can be derived from the vanished signals of the TBDMS group. 

The final data of both block copolymers including molar mass and dispersities is summarized 

in Table 1. 
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Figure 12  1H-NMR measurements (300 MHz, CDCl3) of PEO45-b-PFGE7 
before (A) and after (B) deprotection of the thiol moiety. Inserts show the 
structure of the block copolymers including the assigned proton signals. 
Reproduced from [Polym. Chem. 2015, 6, 5633] with permission from The 
Royal Society of Chemistry. 

Table 1   Analytical data of the SEC and NMR measurements of the synthesized 
PEO-b-PFGE and PEO-b-PAGE block copolymers. Reproduced from [Polym. 
Chem. 2015, 6, 5633] with permission from The Royal Society of Chemistry. 

 Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

PEO45-OH 1 800 2 000 1.03 

PEO45-b-PFGE7-S-TBDMS 2 400 3 300 1.02 

PEO45-b-PFGE7-SH 2 300 3 200 1.02 

PEO54-OH 2 700 2 500 1.04 

PEO54-b-PAGE7-S-TBDMS 3 400 3 500 1.07 

PEO54-b-PAGE7-SH 3 100 3 400 1.07 

a: Obtained from Chloroform SEC (CHCl3/TEA/IPA = 94/4/2), PEO calibration. 

b: 1H-NMR, 300 MHz, CDCl3. 
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3.1.1.2. Synthesis of PHDGE Homo- and Block Copolymers 

The synthesis of PFGE polymers and block copolymers has been studied extensively during the 

last years and, thus, can be found frequently in literature. Most often, the material is used due 

to the capability of being (reversibly) crosslinked via a Diels-Alder reaction aiming at 

potentially self-healing materials. Regarding evaluation of the crosslinking as well as the de-

crosslinking process it could be interesting to have a similar material for comparison since the 

temperatures required for de-crosslinking often exceed 140 °C. One suitable approach seems 

to be the replacement of the cyclic furan side chain by an acyclic hexadiene moiety, which can 

also undergo a [4+2] cycloaddition reaction. 

 

Figure 13   Scheme of the synthesis of the HDGE monomer. 

 

Since this kind of glycidyl ether monomer is not commercially available, it had to be 

synthesized in a one-step reaction (Figure 13) of epichlorohydrin with the respective 

unsaturated alcohol.[168] With intent to use the monomer in anionic polymerization, the crude 

product was distilled under vacuum to give the pure hexa-2,4-dienyl glycidyl ether (HDGE). 

The 1H-NMR spectrum of the final product is shown in Figure 14. All NMR signals could be 

assigned to the respective protons. The pure monomer was stored under argon in the 

refrigerator. 
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Figure 14   1H-NMR measurement (300 MHz, CDCl3) of the synthesized HDGE 
monomer. 

 

The first attempts polymerizing HDGE aimed on a PHDGE homopolymer (Figure 15). The 

polymerization conditions were chosen similar to earlier studies on PAGE and PFGE 

homopolymers. When testing several attempts, it became apparent that the polymerization 

of HDGE proves more difficult if compared to AGE or FGE. Up to now, it remains challenging 

to achieve higher degrees of polymerization. 

 

Figure 15   Scheme of the anionic polymerization of HDGE. 

 

Up to now, the best results could be obtained when initiating the reaction with DPMK and 

polymerizing HDGE in the bulk for two days at 50 °C. Polymerization attempts in THF solution 

gave only oligomers of two or three repeating units but even the bulk reaction did not yield 

polymers with an average of more than eight repeating units. Apparently, the steric hindrance 

of the hexadiene side chain is quite strong, retarding the polymerization. The analytical results 

of an exemplary PHDGE are shown in Figure 16. The SEC measurement (Figure 16 A) shows 

an almost monomodal distribution with moderate dispersity (see data in Table 2) while the 
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low molecular weight shoulder could correspond to an oligomer. The absolute number 

average molar mass can be calculated from the 1H-NMR (Figure 16 B) since the polymer signals 

can be related to the integral of the diphenylmethyl group when using deuterated 

dichloromethane as NMR solvent. 

 
Figure 16   SEC (A) and 1H-NMR (B, 300 MHz, CD2Cl2) measurement of the synthesized PHDGE homopolymer. SEC 
solvent: CHCl3/TEA/IPA = 94/4/2.  

 

In a further approach, HDGE was polymerized starting from a PEO macroinitiator (Figure 17) 

to obtain PEO-b-PHDGE block copolymers similar to the abovementioned PEO-b-PAGE and 

PEO-b-PFGE block copolymers. Thus, the experiments, again, were designed similarly to the 

AGE and FGE block extension polymerizations. 

 

Figure 17   Scheme of the anionic block extension polymerization of HDGE using a PEO macroinitiator 

 

When polymerizing in THF solution, the same problem occurred as observed for the 

homopolymerization. The degree of polymerization was limited to a very low amount, and in 

this particular case, referring to NMR measurements, it was not possible to add more than 

two monomer units to the macroinitiator. For this reason, the reaction conditions were 

switched from solution to bulk polymerization. Hence, the DPMK solution was added to the 

melt of the PEO macroinitiator to initiate the reaction. Addition of the monomer, 

polymerization, and termination of the reaction remained the same. However, the best result 
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of all block extension attempts was the addition of five HDGE units confirming the results 

obtained during the synthesis of the homopolymer. For some, probably steric reasons, we 

were not yet able to extend the polymerization of HDGE to a higher degree of polymerization. 

 
Figure 18   SEC (A) and 1H-NMR (B, 300 MHz, CDCl3) measurements of the PEO macroinitiator (dotted line), 
the PEO45-b-PHDGE2 block copolymer polymerized in solution (dashed line) and the PEO45-b-PHDGE5 
polymerized in the bulk (solid lines). SEC solvent: CHCl3/TEA/IPA = 94/4/2. 

 

The results of the analysis of the block copolymers obtained from solution and bulk 

polymerization are shown in Figure 18. The SEC traces in Figure 18 A reveal a rather strong 

shift in the elution volume if compared to the PEO macroinitiator indicating a growth of the 

polymer chains. When polymerizing in the bulk, always a small amount of homooligomer is 

formed noticed by the small second distribution that can be observed for the respective SEC 

trace. The molar mass and thus, the composition of the block copolymers was calculated from 

1H-NMR measurements (exemplarily shown in Figure 18 B). The data concerning molar mass 

and dispersities of the obtained block copolymers are summarized in Table 2. 
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Table 2   Analytical data of the SEC and NMR measurements of the 
PHDGE homo- and PEO-b-PHDGE block copolymers. 

 Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

PHDGE8 2 000 1 400c 1.36 

PEO45-OH 1 800 2 000 1.03 

PEO45-b-PHDGE2 2 000 2 300 1.03 

PEO45-b-PHDGE5 2 700 2 800 1.08 

a: Obtained from Chloroform SEC (CHCl3/TEA/IPA = 94/4/2), PEO 
calibration. b: Calculated from 1H-NMR (300 MHz, CDCl3). c: 
Calculated from 1H-NMR (300 MHz, CD2Cl2). 

 

3.1.2. Carbanionic Polymerization 

Apart from oxyanionic polymerization, carbanionic polymerization is another powerful tool 

regarding control over molar mass, dispersity, and polymer composition. It is often used when 

high molecular weight and a narrow dispersity are required at the same time. The best results 

can be obtained using highly purified monomers and solvents since carbanionic 

polymerization is known to be prone to termination reactions caused by impurities. Since the 

terminated chains cannot be reinitiated, as it is possible in oxyanionic polymerization, the 

termination is highly unfavorable. 

 

3.1.2.1. Synthesis of P(S-co-I)-b-PDMAEMA 

In this approach, anionic polymerization was utilized to synthesize diblock terpolymers from 

three different types of monomers (styrene, diene, methacrylate). Since the attempts using 

controlled radical polymerization techniques did not yield a molar mass as high as required 

for the intended application as a starting material for the preparation of self-supported 

membranes (see chapter “Functional Membranes from Amphiphilic Block Copolymers”), 

carbanionic polymerization was found to be a suitable method to overcome this problem.[98] 

In order to synthesize an amphiphilic block copolymer bearing a flexible hydrophobic segment 

in combination with a pH- and thermoresponsive hydrophilic block, styrene, and regarding 

flexibility as well as crosslinkability, isoprene were chosen as monomers to obtain the 

hydrophobic block. N,N-dimethylaminoethyl methacrylate (DMAEMA) was chosen as 
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hydrophilic monomer due to the pH-dependent swelling and, additionally, the 

thermoresponsive behavior of the respective polymer. Similar block copolymers were already 

synthesized in earlier studies.[31] 

 

Figure 19   Scheme of the anionic polymerization of styrene and isoprene in cyclohexane and the subsequent 
block extension polymerization of DMAEMA. [Adv. Mater. Interfaces 2015, 2, 1500042] Reprinted with 
permission from John Wiley & Sons. 

 

The synthetic strategy to obtain the amphiphilic diblock terpolymer is shown in Figure 19. In 

a first reaction, styrene and isoprene were copolymerized at 40 °C in cyclohexane using sec-

butyl lithium as initiator. The polymerization was carried out in a sealed reactor to avoid traces 

of water and oxygen. The solvent and monomers were freshly distilled prior to the reaction to 

remove impurities resulting in a P(S-co-I) copolymer with a molar mass of 57 kg·mol-1 and a 

dispersity of Ɖ = 1.11. To retain the possibility of reinitiation, the reaction was quenched with 

a slight excess of ethylene oxide (EO). It is known, that chain growth of oxyanionic species is 

not propagating in the presence of lithium counterions, as it is the case when initiating with 

butyl lithium. For this reason, the copolymer can be supposed to be terminated with a single 

EO unit bearing an OH group after quenching with methanol. 

The 1H-NMR spectrum of the purified copolymer is shown in Figure 20. Unfortunately, apart 

from the styrene-isoprene ratio, no further information can be obtained from this spectrum 

since no signal of one of the end-groups can be observed due to the high molar mass of about 

50 kg·mol-1. Moreover, it was not possible to determine the ratio of the isoprene isomers since 
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the spectrum of the copolymer shows only one broad signal at about 5 ppm. From studies on 

isoprene homopolymers it is known that the anionic polymerization of isoprene with butyl 

lithium in cyclohexane yields approximately 95 % of the 1-4 isomer and 5 % of the 3-4 isomer 

while the formation of the 1-2 isomer cannot be observed.[29] The analytical data of the 

synthesized polymers are summarized in Table 3. 

 
Figure 20   1H-NMR measurement (300 MHz, THF-d8) of P(S-co-I)-OH. [Adv. 
Mater. Interfaces 2015, 2, 1500042] Reprinted with permission from John 
Wiley & Sons. 

To obtain an amphiphilic diblock terpolymer, in a further step, the P(S-co-I) copolymer was 

reinitiated using DPMK in THF. Subsequently, DMAEMA was added rapidly and polymerized 

for 24 h at 45 °C before it was terminated by the addition of methanol. 

 
Figure 21   SEC (A) and 1H-NMR (B, 300 MHz, C2D2Cl4) measurements of the P(S79-co-I21) copolymer (dotted 
line) and the P(S66-co-I17)-b-PDMAEMA17 (solid lines). SEC solvent: DMAc + 0.21% LiCl. [Adv. Mater. Interfaces 
2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 
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The SEC measurements of the final diblock terpolymer are shown in Figure 21 A. They reveal 

only a slight shift of the elution volume if compared to the P(S-co-I) macroinitiator but the 

distribution remains mainly monomodal. The small high molecular shoulder could be assigned 

to a small amount of coupled chains with double molar mass. The final composition of the 

diblock terpolymer was calculated from the 1H-NMR spectrum (Figure 21 B) by comparing the 

integrals of signals at about 7 ppm (styrene), 5 ppm (isoprene), and 4.1 ppm (DMAEMA) giving 

a polymer composition of S66I17DMAEMA17 (subscripts denoting the volume fraction of the 

respective monomer). 

Table 3   Analytical data of the SEC and NMR measurements of the P(S-co-I)-OH 
copolymer and the P(S-co-I)-b-PDMAEMA diblock terpolymer. [Adv. Mater. 
Interfaces 2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

P(S79-co-I21)-OH67 67 000 --- 1.11 

P(S66-co-I17)-b-PDMAEMA17
81 59 000 81 000c 1.20 

a: Obtained from DMAc SEC (DMAc + 0.21 % LiCl), PS calibration. b: Calculated 
from 1H-NMR, 300 MHz, THF-d8. c: Calculated from 1H-NMR (300 MHz, C2D2Cl4). 
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3.2. Block Copolymer Synthesis via Controlled Radical Polymerization 

Apart from ionic polymerization techniques, controlled radical polymerization (CRP) is a 

powerful tool to synthesize polymers and block copolymers of various architecture. Despite 

possible side reactions such as recombination, disproportionation, or chain transfer, modern 

controlled radical polymerization techniques are well engineered regarding a large number of 

monomers, initiators, and solvents to yield polymers, block copolymers, and even more 

sophisticated polymer architectures with narrow dispersity and satisfying end-group fidelity. 

Indeed, regarding the control over molar mass and dispersity, ionic polymerization is still 

outstanding but controlled radical polymerization techniques can be favorable due to a certain 

tolerance concerning the contamination of monomers, initiators, or solvents with impurities 

such as oxygen, water, or protic substances. Further, some monomers do not allow an ionic 

polymerization due to the interaction of the propagating ionic species with the functional 

group of the monomer. 

 

3.2.1. Nitroxide Mediated Polymerization 

Since nitroxide mediated polymerization (NMP) was proven to be suitable both for the 

polymerization of styrene as well as isoprene, this technique was chosen to synthesize diblock 

as well as triblock terpolymers described in the following subchapters. NMP is based on a 

persistent R2N-O· (nitroxide) radical being able to recombine reversibly with the propagating 

radical carbon species. Since the reactivity towards different monomers is mainly determined 

by the chemical structure of the organic rest bound to the nitrogen atom, a tailored nitroxide 

was synthesized according to literature procedures to overcome the challenge of polymerizing 

three different types of monomers (styrene, diene, methacrylate). These are required in order 

to tailor the properties for the intended application as membrane materials. The synthetic 

route towards the favored initiator similar to the literature is shown in Figure 22.[169] 
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Figure 22   Scheme of the synthetic route towards the NMP initiator 1-tert-butyl-3,3-dipropyl-5,5-diethyl-4-1(1-
phenylethoxy)-piperazin-2-one. 

 

Starting from 3-bromopentane, 3-nitropentane was synthesized via a nucleophilic 

substitution with sodium nitrite. In the following step, tert-butyl amine was added in a 

Mannich-type reaction. After reduction of the nitro-group to the corresponding amine, a six-

membered ring was formed. To obtain the persistent radical, the remaining amino group was 

oxidized to the corresponding nitroxide using m-chloroperbenzoic acid (mCPBA). In 

combination with a radical initiator such as benzoyl peroxide, this nitroxide could be used in a 

common NMP. However, to ensure an equal molar ratio of formed radicals to the trapping 

nitroxide, 1-bromoethyl benzene was coupled to the nitroxide in a copper catalyzed reaction 

giving initiator 15. The corresponding 1H-NMR spectra of all products are shown in Figure 23. 
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Figure 23   1H-NMR spectra (300 MHz, CDCl3) of all intermediate products in the synthesis of the NMP initiator. 

 

3.2.1.1. Synthesis of P(S-co-I)-b-P(DMAEMA-co-S) Diblock Terpolymers 

In order to synthesize an amphiphilic diblock terpolymer similar to the results obtained from 

anionic polymerization, the previously synthesized initiator was used for the controlled radical 

polymerization of styrene, isoprene and DMAEMA (Figure 24). Since the NMP of styrene as 

well as isoprene are well known in literature, the first attempts aimed at the hydrophobic 

copolymer. 
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Figure 24   Scheme of the synthesis of the amphiphilic P(S-co-I)-b-P(DMAEMA-co-S) diblock terpolymers via NMP. 

 

The polymerization of styrene and isoprene was carried out in the bulk at common NMP 

temperatures of above 100 °C and yielded the corresponding copolymer as a white, sticky 

solid but SEC measurements revealed that with advanced reaction time, and thus, increasing 

molar mass the dispersity of the copolymers broadened to undesirable values of 1.4 and 

above. Kinetic observations confirmed this behavior. The SEC data of the reaction kinetics of 

a monomer to initiator ratio of 500:1 is shown in Figure 25. The plot of the molar mass and 

the dispersity as a function of the reaction time (Figure 25 B) indeed shows good dispersities 

but the molar mass does not exceed 10 kg·mol-1 within the examined time range. Having a 

more detailed look at the evolution of the molar mass, the plot reveals that the initial linear 

slope suddenly decreases at a reaction time of about 16 h, which to this point, could not be 

explained with certainty. The analytical data of the kinetic measurements are summarized in 

Table 4. 
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Figure 25   (A) Time-dependent SEC traces of the reaction kinetics of the copolymerization of styrene and 
isoprene at [M]:[I] of 500:1. (B) The corresponding molar mass and dispersity data obtained from the SEC 
measurements. SEC solvent: CHCl3/TEA/IPA = 94/4/2. Calibration: Polystyrene. [Adv. Mater. Interfaces 2015, 2, 
1500042] Reprinted with permission from John Wiley & Sons. 

 

Table 4   Average molar masses and dispersities 
of styrene-isoprene copolymers after different 
reaction times ([M]:[I] = 500:1). [Adv. Mater. 
Interfaces 2015, 2, 1500042] Reprinted with 
permission from John Wiley & Sons. 

Time [h] Mn [g·mol-1]a Ða 

2 2 500 1.28 

6 3 900 1.21 

10 5 100 1.18 

14 6 900 1.17 

18 7 700 1.18 

22 8 100 1.19 

30 9 000 1.21 

a: Determined by SEC (CHCl3/TEA/IPA = 94/4/2; 
PS calibration) 

 

Subsequently, the kinetic measurements were repeated with a monomer to initiator ratio of 

1000:1 to study the polymerization behavior in a higher molar mass range. The SEC traces in 

Figure 26 A show the evolving elution volumes of the copolymers but they also reveal a slight 

tailing of the traces at elevated reaction times hinting towards unwanted side-reactions 

causing the termination of a distinct amount of the copolymer chains. Again, the molar mass 

plot as a function of time (Figure 26 B) initially shows a linear slope, which is suddenly 

decreasing after roughly 16 h being in coincidence with the earlier kinetic measurements of 

the 500:1 monomer to initiator ratio. As expected, the higher amount of monomer is 
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accompanied with higher dispersities for the corresponding copolymers exceeding 1.3 after 

20 h of reaction time. The analytical data of the kinetic measurements are summarized in 

Table 5. 

 

Figure 26   (A) Time-dependent SEC traces of the reaction kinetics of the copolymerization of styrene and 
isoprene at [M]:[I] of 1000:1. (B) The corresponding molar mass and dispersity data obtained from the SEC 
measurements. SEC solvent: CHCl3/TEA/IPA = 94/4/2. Calibration: Polystyrene. [Adv. Mater. Interfaces 2015, 2, 
1500042] Reprinted with permission from John Wiley & Sons. 

 

Table 5   Average molar masses, dispersities and monomer conversions of 
styrene-isoprene copolymers after different reaction times ([M]:[I] = 1000:1). 
[Adv. Mater. Interfaces 2015, 2, 1500042] Reprinted with permission from John 
Wiley & Sons. 

Time [h] Mn [g·mol-1]a Ða Conversion (S)b Conversion (I)b 

2 6 000 1.22 6% 25% 

4 9 300 1.22 9% 26% 

8 11 900 1.23 13% 34% 

10 16 900 1.25 21% 51% 

14 22 100 1.28 29% 56% 

18 24 500 1.29 37% 69% 

a: Determined by SEC (CHCl3/TEA/IPA = 94/4/2; PS calibration) 
b: Determined by 1H-NMR spectroscopy (300 MHz, CDCl3) 

 

The monomer conversion for [M]:[I] = 1000:1 as a function of time is shown in Figure 27. At 

first appearance, this plot shows that the polymerization rate of isoprene is higher during the 

copolymerization if compared to the styrene resulting in an isoprene content of the resulting 

copolymers higher than the monomer feed ratio, which can be confirmed via 1H-NMR 

measurements of the purified copolymers. Since the reactivity rate of both monomers are 

constant during the examined time range, the synthesis of a gradient copolymer can be 
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excluded referring to the formation of statistical copolymers. Apart from the monomer 

sequence, the time-conversion plot also reveals the absence of noticeable amounts of 

recombination or disproportionation reactions since the monomer conversion remains linear 

over the whole time range even above 16 h. Due to this, it can be assumed that mainly transfer 

reactions occur at higher conversion. 

 
Figure 27   Time-dependent monomer conversion ([M]:[I] = 1000:1) of the 
copolymerization of styrene (triangles) and isoprene (circles). The straight line 
represents the linear fit of the obtained data points. [Adv. Mater. Interfaces 2015, 
2, 1500042] Reprinted with permission from John Wiley & Sons. 

 

In order to synthesize amphiphilic diblock terpolymers, two poly(styrene-co-isoprene) 

copolymers were synthesized, using a monomer feed ratio of 30 mol-% (22 wt.-%) isoprene 

and a monomer to initiator ratio of 1000:1 and 2000:1, respectively. The results are shown in 

Figure 28. The SEC measurements yield a molar mass of 14 kg·mol-1 and 30 kg·mol-1. Similar 

to the anionic polymerization approach, the 1H-NMR shows only one broad signal of the 

isoprene double bond. Again, as mentioned earlier, the ratio of the different isoprene isomers 

was derived from the literature known synthesis of isoprene homopolymers in nonpolar 

solvents via CRP finding a distribution of 82 % of the 1,4-isomer, 12 % of the 3,4-isomer and 

6 % of the 1,2-isomer.[170] Both copolymers revealed an overall composition of 68 wt.-% of 

styrene and 32 wt.-% of isoprene according to NMR measurements. The detailed analytical 

data can be found in Table 7. 
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Figure 28   (A) SEC measurements of the synthesized P(S-co-I) copolymers. SEC solvent: CHCl3/TEA/IPA = 94/4/2. 
(B) Exemplary 1H-NMR spectrum (300 MHz, C2Cl4D2) of a P(S-co-I) copolymer. [Adv. Mater. Interfaces 2015, 2, 
1500042] Reprinted with permission from John Wiley & Sons. 

 

In a second step, both of the P(S-co-I) copolymers were used as macroinitiators for the NMP 

of PDMAEMA. It is known from literature, that there is only poor control over the reaction 

when polymerizing methacrylate-type monomers via NMP due to the rather high equilibrium 

constant of the methacrylates, and thus, the slow recombination of the nitroxides leading to 

a rather high concentration of propagating radicals.[171] Exemplary time-dependent SEC 

measurements of the nitroxide mediated block extension polymerization of DMAEMA starting 

from a P(S-co-I) macroinitiator are shown in Figure 29 and the related data are summarized in 

Table 6. They reveal only a negligible controlled growth of the macroinitiator but a large 

amount of rapid polymerization up to a very high molar mass leading to a bimodal distribution. 
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Figure 29   SEC measurements of the block extension polymerization of DMAEMA 
starting from a P(S-co-I) macroinitiator at different reaction times. SEC solvent: 
CHCl3/TEA/IPA = 94/4/2. 

 

Table 6   SEC data of the block extension polymerization of 
DMAEMA starting from a P(S-co-I) macroinitiator. 

Time [min] Mn [g·mol-1]a Ða 

0 38 000 1.25 

5 39 400 1.30 

10 47 400 1.33 

15 57 700 1.35 

a: Determined by SEC (CHCl3/TEA/IPA = 94/4/2; PS 
calibration) 

 

An established technique to overcome the lack of control during the polymerization of 

methacrylates is the addition of a small amount of styrene as comonomer. Since the block 

extension polymerization with pure DMAEMA was not satisfying, the addition of 12 mol-% 

styrene finally yielded amphiphilic diblock terpolymers with monomodal size distributions 

shown in Figure 30 as it was shown in literature.[172] 
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Figure 30   (A) SEC measurements of the synthesized P(S-co-I)-b-P(DMAEMA-co-S) diblock terpolymers. SEC 
solvent: CHCl3/TEA/IPA = 94/4/2. (B) Exemplary 1H-NMR spectrum (300 MHz, C2Cl4D2) of the amphiphilic diblock 
terpolymer. [Adv. Mater. Interfaces 2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 

Based on the two P(S-co-I) copolymers, four P(S-co-I)-b-P(DMAEMA-co-S) diblock terpolymers 

were synthesized with different molar masses and varying amounts of DMAEMA. All analytical 

data of the final materials is given in Table 7. 

Table 7   Analytical data of the SEC and NMR measurements of the synthesized P(S-co-I) 
copolymers and P(S-co-I)-b-P(DMAEMA-co-S) diblock terpolymers. [Adv. Mater. Interfaces 
2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

P(S68-co-I32)14 14 200 --- 1.21 

P(S57-co-I27)-b-P(DMAEMA13-co-S3)17 17 900 16 700 1.27 

P(S51-co-I24)-b-P(DMAEMA20-co-S5)19 19 600 18 800 1.32 

P(S68-co-I32)30 30 400 --- 1.27 

P(S54-co-I26)-b-P(DMAEMA14-co-S6)38 36 300 38 000 1.32 

P(S53-co-I25)-b-P(DMAEMA20-co-S2)39 42 500 39 000 1.30 

a: Obtained from Chloroform-SEC (CHCl3/TEA/IPA = 94/4/2), PS-calibration. b: Calculated 
from 1H-NMR measurements (300 MHz, C2Cl4D2) 

 

3.2.1.2. Synthesis of PS-b-PI-b-P(DMAEMA-co-S) Triblock Terpolymers 

To avoid an unwanted broadening of the dispersity of the P(S-co-I) copolymers at higher Mn, 

the reaction time and thus, the molar mass of the macroinitiators was limited and therefore, 

the molar mass of the final diblock terpolymers was not comparable to the diblock 

terpolymers obtained via anionic polymerization. Due to this reason, an alternative approach 
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was tested substituting the hydrophobic P(S-co-I) copolymers by PS-b-PI diblock copolymers. 

This method was expected to yield higher molar masses and, simultaneously, narrower 

dispersities. Figure 31 elucidates the synthetic route towards the amphiphilic triblock 

terpolymers. 

 

Figure 31   Scheme of the synthesis of PS-b-PI-b-P(DMAEMA-co-S) triblock terpolymers via NMP. 

 

In a first step, styrene was polymerized in the bulk at 105 °C using the same nitroxide initiator 

as it was used for the copolymerization of styrene and isoprene. The molar mass of the 

obtained homopolymers was already equal to or higher than the overall molar mass of the 

final diblock terpolymers justifying the triblock terpolymer approach. Two different 

polystyrene macroinitiators were synthesized with a molar mass of about 32 kg·mol-1 and 

52 kg·mol-1, respectively. The SEC measurements are shown in Figure 32 A revealing 

monomodal size distributions and narrow dispersities. The 1H-NMR spectrum in Figure 32 B 

shows only signals of polystyrene as expected. 
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Figure 32   (A) SEC measurements of the synthesized PS macroinitiators. SEC solvent: THF. (B) Exemplary 1H-NMR 
spectrum (300 MHz, C2Cl4D2) of a polystyrene homopolymer. 

 

In a further step, the synthesized PS homopolymers were used in a block extension 

polymerization of isoprene to obtain PS-b-PI diblock copolymers. The polymerization was 

carried out in the bulk but reaction times up to 72 h were required to polymerize sufficient 

amounts of isoprene. Apparently, the polymerization rate strongly depends on the molar mass 

of the macroinitiator since the block extension polymerization of the 32 kg·mol-1 polystyrene 

yielded a molar mass of 61 kg·mol-1 within the same time as the 52 kg·mol-1 polystyrene 

64 kg·mol-1 representing polyisoprene segments of 29 kg·mol-1 and 12 kg·mol-1, respectively. 

The SEC traces of the block copolymers and the corresponding macroinitiators are depicted in 

Figure 33 A. The measurements reveal a nearly monomodal distribution of the block 

copolymers. The shoulder of the curves hints to a small amount of recombination reactions 

that might occur during the polymerization but this amount of recombination is not 

significantly affecting further polymerization. The 1H-NMR spectrum in Figure 33 B shows the 

separated signals of styrene and isoprene and thus, allows the detailed calculation of the block 

copolymer composition, which is given in Table 8. In contrast to the single broad signal of the 

statistical copolymers, the NMR-signal of the isoprene double bond is split to four signals 

(4.5 ppm to 6 ppm) representing the protons of the different isomers that can be 

implemented in the polymer chain. By comparing the integrals of the single signals in 

particular, the distribution of the three possible isoprene isomers can be calculated. In this 

case, the values are similar to the values found in the literature, since the calculation reveals 

90 % of the 1,4-isomer, 6 % of the 3,4-isomer, and 4 % of the 1,2-isomer.[170] 



Results & Discussion 

 

64 

 

 
Figure 33   (A) SEC measurements of the synthesized PS-b-PI diblock copolymers (solid lines) and the 
corresponding PS macroinitiators (dotted lines). SEC solvent: THF. (B) Exemplary 1H-NMR spectrum (300 MHz, 
CDCl3) of a PS-b-PI diblock copolymer. 

 

In order to obtain amphiphilic triblock terpolymers, DMAEMA was polymerized in a block 

extension polymerization using the synthesized PS-b-PI diblock copolymers as macroinitiators. 

Similar to the diblock terpolymer approach, styrene had to be added to the polymerization to 

obtain a controlled reaction. Using this approach, three different triblock terpolymers were 

synthesized. The SEC and NMR measurements are shown in Figure 34. Due to the separated 

NMR signals of styrene (7 ppm), isoprene (5 ppm), and DMAEMA (4 ppm), the final 

composition of the triblock terpolymers could be calculated precisely. The composition of the 

PS64-b-PI16-b-P(DMAEMA15-co-S5)80 is similar to the diblock terpolymer synthesized via anionic 

polymerization and, thus, can be used for comparison of the material properties. The 

remaining triblock terpolymers both have an increased isoprene content allowing 

investigating the capability of crosslinking the materials. A larger amount of isoprene might 

be accompanied with a higher chance of crosslinking. Further, every single triblock terpolymer 

reveals a different amount of hydrophilic DMAEMA, which might be interesting to investigate 

regarding the application as membrane materials. 
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Figure 34   (A) SEC measurements of all synthesized PS-b-PI-b-P(DMAEMA-co-S) triblock terpolymers. SEC solvent: 
THF. (B) Exemplary 1H-NMR spectrum (300 MHz, CDCl3) of a PS-b-PI-b-P(DMAEMA-co-S) triblock terpolymer. 

 

Table 8   Analytical data of the synthesized PS homopolymers, the PS-b-PI block copolymers 
and the PS-b-PI-b-P(DMAEMA-co-S) triblock terpolymers. 

 Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

PS52 52 000 --- 1.13 

PS80-b-PI20
64 63 000 64 000 1.11 

PS64-b-PI16-b-P(DMAEMA15-co-S5)80 58 000 80 000 1.25 

PS32 32 000 --- 1.15 

PS52-b-PI48
61 72 000 61 000 1.07 

PS29-b-PI26-b-P(DMAEMA38-co-S7)111 59 000 111 000 1.16 

PS22-b-PI20-b-P(DMAEMA50-co-S8)145 64 000 145 000 1.13 

a: Obtained from THF-SEC, PS-calibration. b: Calculated from 1H-NMR measurements 

(300 MHz, CDCl3) 

 

3.2.1.3. Synthesis of PS-b-PI-b-PVBDMA Triblock Terpolymers 

Since the block extension polymerization of DMAEMA required styrene as comonomer to yield 

a controlled polymerization, another type of hydrophilic monomer was tested to avoid the 

addition of a comonomer. Therefore, vinylbenzyl dimethylamine (VBDMA) was chosen due to 

its pH-responsive amino group. Further, the NMP of the styrene derivative monomer should 

enable a controlled polymerization. 

The monomer was synthesized (Figure 35) according to literature procedures.[173] 
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Figure 35   Scheme of the synthesis of the VBDMA 
monomer. 

 

After purification via distillation, the monomer was used for polymerization. In order to 

investigate for pH-responsive properties, a PVBDMA homopolymer was synthesized via NMP 

first (Figure 36). The reaction was carried out in dioxane at elevated temperatures yielding a 

solid white polymer after purification. The SEC measurement (Figure 37 A) proved a 

monomodal size distribution giving a molar mass of Mn = 2 200 g·mol-1 and a dispersity of 

Ɖ = 1.2 (PS calibration). The 1H-NMR spectrum (Figure 37 B) revealed all expected proton 

signals. 

 

Figure 36   Scheme of the NMP homopolymerization of VBDMA. 
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Figure 37   (A) SEC measurements (solvent: CHCl3/TEA/IPA = 94/4/2) and (B) 1H-NMR spectrum (300 MHz, CDCl3) 
of the synthesized PVBDMA homopolymer. 

After the successful SEC and NMR analysis, the PVBDMA homopolymer was dissolved in an 

acidic aqueous solution and titrated with diluted sodium hydroxide solution to investigate the 

pH-responsive behavior. The titration curve is shown in Figure 38 A. The two inflection points 

obtained correspond to the titration of the HClaq (1 ml NaOH) as well as the PVBDMA (1.93 ml 

NaOH). The pH corresponding to the data point in the middle in between the first and the 

second inflection point equals the pKA of the PVBDMA. The resulting pKA of 7.25 is similar to 

the pKA of PDMAEMA (7.5). It has to be mentioned that the PVBDMA slowly starts to 

precipitate from about pH 10 and above. Therefore, the second inflection point cannot be 

announced 100 % accurately since a part of the protonated amino groups might not be 

available anymore due to the trapping by precipitation. As a result, the obtained pKA of 7.25 

might be not be quite accurate. 

 
Figure 38   (A) Titration curve of the acid-base titration of a PVBDMA homopolymer including the inflection points 
(black dotted lines) and the pKA of PVBDMA (red dotted line). (B) Turbidity measurement of a 1 % solution of 
PVBDMA at pH 6 yielding a cloud point temperature of Tcp = 56-57 °C. 
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Further, the thermoresponsive behavior of a 1 % aqueous PVDMA solution at different pH was 

investigated. The turbidity measurement at pH 6 is shown in Figure 38 B. A cloud point 

temperature of 56-57 °C was obtained. Measurements at pH 4 or pH 2 did not yield any 

thermoresponsive behavior and at pH 8, the homopolymer was almost insoluble. 

After investigating the pH- and thermoresponsive properties of the PVBDMA homopolymer, 

the monomer was used in a block extension polymerization starting from a PS-b-PI 

macroinitiator (Figure 38 A) similar to the synthesis of the DMAEMA containing triblock 

terpolymers. The reaction was carried out in a dioxane solution and the final triblock 

terpolymer was analyzed via SEC (Figure 40) and NMR (Figure 41) measurements. 

 

Figure 39   Scheme of the synthesis of a PS-b-PI-b-PVBDMA triblock terpolymer via NMP. 

 

Similar to the measurements of the PS-b-PI-b-P(DMAEMA-co-S) triblock terpolymers, the SEC 

traces of the VBDMA containing triblock terpolymers are shifted to higher elution volumes if 

compared to the SEC traces of the PS-b-PI macroinitiator. Probably, this is caused by a distinct 

decrease of the hydrodynamic radius due to the amphiphilic character of the final triblock 

terpolymer. 
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Figure 40   SEC measurements (solvent: THF) of the block extension polymerization 
of VBDMA starting from a PS-b-PI macroinitiator. 

 

The small shoulder at lower elution volumes was already observed in the SEC trace of the 

PS-b-PI macroinitiator and probably corresponds to block copolymer chains coupled during 

the polymerization of isoprene. Due to the coupling, the chains are not available for the 

polymerization anymore, and thus, show a constant elution behavior. 

 
Figure 41   1H-NMR spectrum (300 MHz, CDCl3) of the synthesized PS-b-PI-b-
PVBDMA triblock terpolymer. 
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The final composition of the PS-b-PI-b-PVBDMA triblock terpolymer was calculated from the 

NMR spectrum giving the formula S66I13VBDMA21
65. Unfortunately, the block extension 

polymerization of VBDMA was not reproducible since the SEC measurements of several 

attempts gave different results but revealed unwanted observations like an increased 

shoulder or the drastic broadening of the SEC trace. Nevertheless, the obtained batch of 

triblock terpolymer was suitable of being used as material for the preparation of membranes. 

Table 9   Analytical data of the SEC and NMR measurements of the 
synthesized VBDMA containing (block co-) polymers. 

Polymer Composition Mn [g·mol-1] Mn [g·mol-1]c Ð 

PVBDMA2.2 2 200a --- 1.20a 

PS83-b-PI17
51 59 500b 51 000 1.14b 

PS66-b-PI13-b-PVBDMA21
65 48 500b 65 000 1.27b 

a: Obtained from Chloroform-SEC (CHCl3/TEA/IPA = 94/4/2, PS calibration). b: 
Obtained from THF-SEC. c: Calculated from 1H-NMR measurements 
(300 MHz, CDCl3) 

 

3.2.2. Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization 

Since the random copolymerization of styrene and isoprene via nitroxide mediated 

polymerization did not yield hydrophobic copolymers with a molar mass exceeding 

30 kg·mol-1, at least not having an acceptable dispersity of 1.3 or less, another approach was 

to use reversible addition-fragmentation chain transfer (RAFT) polymerization as an 

alternative controlled radical polymerization technique. RAFT polymerization is well known to 

tolerate a large variety of monomers, including styrene, isoprene, acrylates, and 

methacrylates and various solvents depending on the RAFT agent used. In contrast to NMP, 

after initiation, the active chain end of the propagating polymer chain is reversibly trapped by 

a RAFT agent (i.e. a dithioester) ideally rapidly distributing the propagating radicals equally 

between all initiated polymer chains. This mechanism ensures the almost uniform growth of 

all polymer chains resulting in a narrow distribution of the overall molar mass. 
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3.2.2.1. Synthesis of a P(S-co-I)-b-PTEGA Diblock Terpolymer with a Reversible HDA-Linkage 

Marcel Langer, a cooperating researcher in the group of Prof. Barner-Kowollik at the Karlsruhe 

Institute of Technology (KIT) contributed to this work by synthesizing an amphiphilic diblock 

terpolymer containing styrene and isoprene as hydrophobic monomers and poly(triethylene 

glycol methyl ether acrylate) (PTEGA) as a hydrophilic segment.[174] In contrast to the usual 

synthetic route of the sequential polymerization of the first and the second block, this diblock 

terpolymer was synthesized via a coupling reaction subsequent to the synthesis of the 

individual polymer blocks. The synthetic approach is shown in Figure 42. In order to yield two 

polymers capable of undergoing a reversibly cleavable hetero Diels-Alder (HDA) conjugation, 

the hydrophobic copolymer was synthesized via RAFT polymerization and a cyclopentadiene 

moiety was introduced via post polymerization functionalization. As a suitable counterpart, 

TEGA was polymerized using an electron poor, and thus, HDA capable RAFT agent. The 

conjugation reaction was subsequently carried out under HDA conditions requiring a Lewis 

acid catalyst to yield a thermoreversibly cleavable, amphiphilic diblock terpolymer. 

 

Figure 42   Scheme of the synthetic approach to prepare an amphiphilic diblock terpolymer by polymerization of 
the individual polymer segments and subsequent conjunction via a hetero Diels-Alder coupling. 
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Figure 43   1H-NMR spectra (500 MHz, CDCl3) of the hydrophobic P(S-co-I) copolymer (P1b), 
the hydrophilic PTEGA (P2), and the P(S-co-I)-b-PTEGA diblock terpolymer (P3). [Polym. 
Chem. 2014, 5, 5330] Published by The Royal Society of Chemistry. 

 

The successful reaction was proven via 1H-NMR spectroscopy (Figure 43) as well as SEC 

measurements (Figure 44). Comparing the NMR spectra of the individual (co-) polymers with 

the final diblock terpolymer, the respective signals can be found in the spectrum of the 

product after the HDA conjugation. Further, the signals of the free cyclopentadiene moieties 

vanish and signals related to the formed HDA linkage can be found. The SEC measurements 

reveal monomodal distributions and no hint of residual individual polymer blocks. 
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Figure 44   SEC traces (solvent: THF) of the hydrophobic P(S-co-I)-cp copolymer 
(dashed line), the hydrophilic PTEGA (dotted line), and the P(S-co-I)-b-PTEGA 
diblock terpolymer (solid line). [Polym. Chem. 2014, 5, 5330] Published by The 
Royal Society of Chemistry. 

 

In order to investigate the thermoreversibility of the HDA junction, the amphiphilic diblock 

terpolymer was dissolved in deuterated chloroform and several NMR spectra of the solution 

were recorded at various temperatures (Figure 45) ranging from 25 °C to 85 °C. Focusing on 

the signals of the HDA linkage at 5.7 ppm, respectively the signals of the free cyclopentadiene 

moieties at 6.1 ppm, as expected at low temperatures, the equilibrium of the reversible HDA 

reaction is strongly favoring the associated species even though a tiny amount of 

cyclopentadiene signals can be found already at 25 °C. With increasing temperature this 

amount increases up to a temperature of 85 °C resulting in vanished signals at 5.7 ppm 

indicating a complete cleavage of the HDA bond within the accuracy of the NMR 

measurement. Further, alternating measurements at high (90 °C) and low (25 °C) 

temperatures showed that the conjugation reaction is indeed thermoreversible indicated by 

the alternating appearance of the NMR signals of either the open or the closed species. 
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Figure 45   Extracts of the 1H-NMR spectra (500 MHz, CDCl3) of the P(S-co-I)-b-PTEGA 
diblock terpolymer at different temperatures showing the NMR signals of free 
cyclopentadiene moieties on the left and of bound HDA junctions on the right side. 
[Polym. Chem. 2014, 5, 5330] Published by The Royal Society of Chemistry. 

 

The analytical data of the synthesized diblock terpolymers are summarized in Table 10. The 

applications of these thermoreversibly cleavable amphiphilic materials are part of the chapter 

“Block Copolymer-Based Nanostructured Materials” and will be discussed later on. 

Table 10   Analytical data of SEC and NMR measurements of the synthesized 
P(S-co-I)-cp and PTEGA segments, and the conjugated diblock terpolymers. 

Polymer Composition Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

P(S85-co-I15)-cp9.2 9 200 --- 1.22 

PTEGA6.6 6 600 --- 1.12 

P(S67-co-I11)-b-PTEGA22
12 16 000 11 800 1.15 

P(S83-co-I17)-cp50 50 000 --- 1.36 

PTEGA35 35 000 --- 1.30 

P(S70-co-I14)-b-PTEGA16
60 68 000 60 000 1.32 

a: Obtained from THF-SEC, PS calibration. b: Calculated from 1H-NMR 
measurements (300 MHz, CDCl3) 
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3.2.2.2. Synthesis of P(S-co-I)-b-PVBDMA Diblock Terpolymers 

In a general sequential approach, RAFT polymerization was applied to synthesize amphiphilic 

diblock terpolymers containing styrene and isoprene as hydrophobic monomers and 

vinylbenzyl dimethylamine (VBDMA) as a hydrophilic monomer. The synthetic pathway is 

shown in Figure 46. Starting with the polymerization of the hydrophilic copolymer, the 

commercially available RAFT agent 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

(DDMAT) was used since it is known to be capable to polymerize styrene as well as isoprene. 

The reaction was carried out in the bulk using AIBN as radical initiator. After purification of the 

copolymer, SEC measurements gave a number averaged molar mass of Mn ≈ 60 kg·mol-1 and 

a dispersity of Ɖ = 1.2. 1H-NMR measurements confirmed the composition of P(S80-co-I20)60 

which is in good agreement with the monomer feed ratio. The obtained copolymer was 

further used as a macro-RAFT agent to prepare the desired amphiphilic diblock terpolymer. 

 
Figure 46   Scheme of the consecutive RAFT polymerization of the hydrophobic styrene and isoprene and the 
hydrophilic VBDMA to synthesize an amphiphilic P(S-co-I)-b-PVBDMA diblock terpolymer. 

 

Therefore, the hydrophilic monomer was polymerized using the hydrophobic copolymer with 

AIBN as radical initiator. After purification of the final product via precipitation and 

centrifugation, the diblock terpolymer was analyzed via 1H-NMR spectrometry and SEC 

measurements. The composition of the material was calculated from the NMR spectrum 

(Figure 47). Comparing the proton signals of styrene, isoprene, and VBDMA, the overall 

composition was P(S67-co-I17)-b-PVBDMA16
71. 
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The SEC measurements (Figure 48) proved the monomodal distribution of the diblock 

terpolymer. The SEC trace is, contrary to the expectation, shifted to a higher elution volume 

but this was also observed for diblock and triblock terpolymers synthesized via NMP. Even 

though the shift is quite low, the absence of PVBDMA homopolymer can be ensured since the 

SEC and NMR results did not change after a second precipitation. If there was a distinct 

amount of homopolymer, it would be removed, at least partially, during the precipitation 

resulting in a decrease of the VBDMA NMR signal and, probably, a shift of the SEC trace. The 

analytical data are summarized in Table 11. The application of the final diblock terpolymer will 

be discussed in the chapter “Block Copolymer-Based Nanostructured Materials”. 

 
Figure 47   1H-NMR spectrum of the amphiphilic P(S67-co-I17)-b-PVBDMA16

71 
diblock terpolymer. 

 

Table 11   Analytical data of the SEC and NMR measurements of the 
synthesized copolymer and diblock terpolymer. 

Polymer Composition Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

P(S80-co-I20)60 60 200 --- 1.20 

P(S67-co-I17)-b-VBDMA16
71 53 600 71 000 1.25 

a: Obtained from THF-SEC, PS calibration. b: Calculated from 1H-NMR 
measurements (300 MHz, CDCl3) 
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Figure 48   SEC traces (solvent: THF) of the hydrophobic P(S-co-I) macroinitiator 
(dotted line), and the synthesized amphiphilic P(S-co-I)-b-PVBDMA diblock 
terpolymer (solid line). 

 

3.2.2.3. Synthesis of P(MiTos-alt-S)-graft-PEtOx Copolymers 

In a different approach, graft copolymers were synthesized via the “grafting from” method 

starting from a maleimide copolymer backbone synthesized via RAFT polymerization and the 

subsequent grafting of 2-ethyl-2-oxazoline. Apart from their mechanical properties, graft 

copolymers are often used for drug delivery purposes due to their compact molecular 

dimensions and the capability of combining the properties of backbone and side chains. In this 

approach, a tosylated maleimide monomer was copolymerized allowing a subsequent cationic 

graft copolymerization. Therefore, 2-ethyl-2-oxazoline was chosen due to its peptide 

mimicking properties suitable for drug delivery purposes and, additionally, the possible 

hydrolysis to poly(ethylene imine) (PEI). The synthetic pathway is depicted in Figure 49. 

 
Figure 49   Scheme of the RAFT copolymerization of a tosyl-containing maleimide and styrene and the subsequent 
cationic graft copolymerization of 2-ethyl-2-oxazoline. 
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The synthesis of the tosyl functionalized maleimide monomer (MiTos) is summarized in Figure 

50. Starting from maleic anhydride, furan was added to protect the double bond prior to 

further functionalization reactions. In the following, the anhydride was transferred into a 

maleimide using ethanolamine and the resulting hydroxyl group was tosylated using tosyl 

chloride. Finally, the furan was cleaved off again to release the polymerizable maleimide 

double bond. Since most of the products were easily crystallizing from the reaction mixture, 

this four-step procedure was carried out successfully. The characterization of all products was 

done via 1H-NMR spectroscopy. The corresponding spectra are shown in Figure 51 revealing 

pure products and proving the success of the MiTos synthesis. 

 
Figure 50   Synthetic route towards a tosyl functionalized maleimide monomer. 

 

 
Figure 51   1H-NMR spectra (300 MHz) of (A) the furan-maleic acid adduct (DMSO-d6), (B) after conversion to the 
maleimide (DMSO-d6), (C) after tosylation of the hydroxyl group (DMSO-d6), and (D) the final tosyl functionalized 
maleimide monomer (CDCl3). 
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After receiving the pure monomer, it was used in several polymerization reactions. Since it is 

known that maleimides yield alternating copolymers with styrene as comonomer,[48] this 

approach was pursued in order to ensure an increased distance in between two MiTos units 

probably increasing the efficiency of the consecutive graft copolymerization. After successfully 

obtaining a copolymer in a free radical polymerization attempt, the same was done via RAFT 

polymerization using 2-cyano-2-propyl dithiobenzoate (CPDB) as RAFT agent and AIBN as 

radical initiator. One attempt of polymerizing the maleimide without styrene as a comonomer 

did not yield in any polymeric material. 

 

Figure 52   SEC traces (solvent: CHCl3/TEA/IPA = 94/4/2; PS-calibration) of 
three synthesized P(MiTos-alt-S) alternating copolymers with a molar mass of 
Mn = 3 100 g·mol-1 (black line), Mn = 6 500 g·mol-1 (red line), and 
Mn = 7 400 g·mol-1 (blue line). 

 

Altering the [M]:[I] ratio, three different alternating copolymers with styrene could be 

synthesized having molar masses of Mn = 3 100 g·mol-1, Mn = 6 500 g·mol-1, and Mn = 

7 400 g·mol-1 and dispersities of about Ɖ = 1.2. The corresponding SEC measurements are 

depicted in Figure 52. The distribution is monomodal in every case. After purification of the 

copolymers, the composition was determined via 1H-NMR measurements. One exemplary 

spectrum is shown in Figure 53 revealing indeed a 1:1 ratio of maleimide to styrene, which 

should always be the case when investigating an alternating copolymer even though the 

monomer feed ratio was 1:1. The data of all copolymers are summarized in Table 12. 
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Table 12   Analytical data of all P(MiTos-alt-S) copolymers and P(MiTos-alt-S)-graft-
PEtOx graft copolymers obtained from SEC and 1H-NMR measurements. 

Polymer composition Mn [g·mol-1]a Mn [g·mol-1]b Ð a 

P(MiTos-alt-S)7
3.1 3 100 --- 1.2 

P(MiTos-alt-S)16
6.5 6 500 --- 1.22 

P(MiTos-alt-S)18
7.4 7 400 --- 1.16 

P(MiTos-alt-S)18-graft-PEtOx2
11.1 8 800 11 100 1.22 

a: Obtained from Chloroform-SEC (CHCl3/TEA/IPA = 94/4/2), PS-calibration. 
b: Calculated from 1H-NMR measurements (300 MHz, CDCl3) 

 

 
Figure 53   1H-NMR spectrum (300 MHz, CD2Cl2) of an exemplary P(MiTos-alt-S) 
alternating copolymer. 

 

Following the successful synthesis of the alternating copolymers, the resulting materials were 

applied for the graft copolymerization of 2-ethyl-2-oxazoline using the tosyl moiety of the 

maleimide side chain as a CROP macroinitiator. Therefore, the Mn = 7 400 g·mol-1 sample was 

dried properly to enable the living cationic polymerization. After the reaction, the resulting 

graft copolymer again, was analyzed via SEC measurements depicted in Figure 54. As the plot 

shows, the SEC trace of the copolymer is shifted to lower elution volumes indicating an 

increasing molar mass but also a remarkable amount of poly(2-ethyl-2-oxazoline) (PEtOx) 

homopolymer can be observed. Apparently, the cationic charge is partially transferred from 

the initial copolymer chain to impurities during the reaction. In this attempt, fortunately, the 

homopolymer could be removed by precipitation in water. 
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Figure 54   SEC traces (solvent: CHCl3/TEA/IPA = 94/4/2) of the P(MiTos-alt-S) 
macroinitiator (dotted black line), and the PEtOx grafted copolymer before 
(black solid line), and after the precipitation (red line). 

 

Nevertheless, after precipitation and ensuring the absence of homopolymer, the composition 

of the graft copolymer was determined via 1H-NMR spectroscopy. The corresponding 

spectrum including the assignment of the NMR signals to the copolymer structure is shown in 

Figure 55. In addition to the signals of the macroinitiator, the PEtOx signals occur but when 

calculating the amount of PEtOx, it is found that in average not more than two EtOx units 

polymerized per tosyl group. Either most of the initiating charges suffer from transfer 

reactions or only a small amount of the tosyl groups do really initiate a living polymerization 

giving only a few but long PEtOx chains while most of the tosyl groups remain unreacted (The 

integral of the corresponding NMR signals decreased only to 84 % after the reaction). 

Therefore, the reaction was repeated several times but not before drying and purifying 

solvent, monomer, and macroinitiator again. Nevertheless, in all attempts, the formation of 

homopolymer was observed in the SEC traces and could not be prevented. 
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Figure 55   1H-NMR spectrum (300 MHz, CDCl3) of the P(MiTos-alt-S)-graft-
PEtOx graft copolymer. 

 

Apart from that, the amount of EtOx grafted to the alternating copolymer could be increased 

mainly by an increase of the reaction time. The shift of the SEC trace (Figure 56) towards lower 

elution volumes is much more distinct but at the same time, the amount, or at least the molar 

mass of the formed homopolymer is increasing, too. Due to this, it was not possible to remove 

this by precipitation since the desired product did not precipitate in water anymore probably 

due to the increased amount of PEtOx. 

 
Figure 56   SEC traces (solvent: CHCl3/TEA/IPA = 94/4/2) of the P(MiTos-alt-S) 
macroinitiator (dotted line), and the PEtOx grafted copolymer (solid line). 
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Unfortunately, it was not possible to purify the graft copolymer via dialysis since the 

homopolymer was also retained by the dialysis tubing. One possible solution to purify the 

material could be the separation i.e. via a preparative SEC setup or a manual size exclusion 

chromatography using a usual chromatography column packed with a size-separating gel. 

 

3.2.2.4. Synthesis of P(MiTos-alt-S)-co-P(MiTla-alt-S)-graft-PEtOx Terpolymers 

In an approach similar to the previous one, the copolymerization of MiTos and styrene was 

extended by another maleimide monomer containing an easily functionalizable thiolactone 

moiety. In order to implement various molecules like dyes, drugs, or stimuli-responsive 

entities, the maleimide thiolactone (MiTla) was added to the reaction mixture of the RAFT 

polymerization. Earlier studies of the polymerization and subsequent modification of MiTla 

were published recently.[175] The intended pathway of proving the concept of 

copolymerization, double modification, and subsequent graft copolymerization of EtOx is 

shown in Figure 57. 

 

Figure 57   Scheme of the RAFT copolymerization of a tosyl-containing maleimide, a thiolactone containing 
maleimide and styrene, the subsequent double modification of the thiolactone, and the final cationic graft 
copolymerization of 2-ethyl-2-oxazoline. 

 

In a first step, terpolymers of MiTla, MiTos, and styrene were synthesized via RAFT 

polymerization similar to the previous approach. Determined by SEC measurements (Figure 



Results & Discussion 

 

84 

58), terpolymers with a molar mass in the range of Mn = 3 700 g·mol-1 to Mn = 7 900 g·mol-1 

and dispersities of Ɖ = 1.16 to Ɖ = 1.27 were synthesized. An exemplary 1H-NMR spectrum of 

one terpolymer including the assigned protons is shown in Figure 59. 

 
Figure 58   SEC traces (solvent: CHCl3/TEA/IPA = 94/4/2; PS-calibration) of 
three synthesized P(MiTos-alt-S)-co-P(MiTla-alt-S) terpolymers with a molar 
mass of Mn = 3 700 g·mol-1 (black line), Mn = 5 200 g·mol-1 (red line), and 
Mn = 7 900 g·mol-1 (blue line). 

 

 
Figure 59   1H-NMR spectrum (300 MHz, CD2Cl2) of an exemplary P(MiTos-alt-
S)-co-P(MiTla-alt-S) terpolymers. 
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The composition of the terpolymers was determined from the integrals of the corresponding 

proton signals giving a 1:1 ratio of MiTla to MiTos as predetermined by the monomer feed 

ratio. Due to the characteristic alternating polymerization of maleimides and styrene, the ratio 

of maleimide to styrene is also 1:1 resulting in an overall ratio of S:MiTla:MiTos = 2:1:1. The 

data of all corresponding polymers are summarized in Table 13. 

The next step was the double modification of the MiTla moieties as reported earlier. The 

cationic ring opening polymerization of oxazolines requires temperatures above 100 °C, which 

might have an effect on the relatively labile thiolactone moiety. Additionally, the steric 

hindrance of the grafted polymer chains could inhibit or retard the modification. For these 

reasons, the double modification was realized prior to the polymerization. 

 
Figure 60   SEC traces (solvent: CHCl3/TEA/IPA = 94/4/2) of the unfunctionalized 
P(MiTos-alt-S)-co-P(MiTla-alt-S) (dotted line), and the corresponding double 
modified terpolymer (solid line). 

 

To obtain double modified MiTla units, the labile character of the (cyclic) thioester is of 

advantage. The thiolactone is attacked and ring-opened by an amine forming the 

corresponding amide and, subsequently, the free thiolate can undergo a Michael-addition i.e. 

with methyl acrylate forming a thioether (Figure 57). One exemplary SEC measurement of a 

double modification reaction is depicted in Figure 60. After the reaction, the SEC trace is 

shifted to lower elution volumes indicating an increased molar mass but unfortunately, a small 
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shoulder appears probably caused by a small amount of chain coupling due to the additional 

cleavage of the RAFT agent during the double modification. This releases an easily accessible 

thiol moiety at the chain end being able to couple with other chains resulting in a doubled 

molar mass. 

The purified product was investigated via 1H-NMR spectroscopy. The spectrum is shown in 

Figure 61. As expected, the NMR signals of the methyl ester (3.6 ppm) as well as the alkyl chain 

of the formed amide (0.9 ppm, 1.3 ppm, 1.6 ppm) can be observed but if comparing the 

integrals, only about 35 % of the MiTla units are functionalized after the double modification. 

This problem could be overcome increasing the reaction time and especially the reaction 

temperature but unfortunately, these measures amplified the extent of the coupling reactions 

resulting in an enlarged shoulder of the corresponding SEC trace. 

 
Figure 61   1H-NMR spectrum (300 MHz, CD2Cl2) of the double modified 
P(MiTos-alt-S)-co-P(MiTla[DM]-alt-S). 

 

It was reported recently, that the lack of double modification efficiency could be overcome by 

using a different comonomer instead of styrene.[175] Following this, several attempts of 

copolymerizing MiTla and MiTos with N-isopropyl acrylamide (NIPAM), methyl acrylate (MA), 

or methyl methacrylate (MMA) were carried out approving that the resulting materials will be 

statistical terpolymers instead of alternating terpolymers. Surprisingly, none of the 

polymerization approaches gave polymeric material at all. Only the copolymerization with 
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methyl acrylate yielded at least oligomeric products but unfortunately, it was not possible to 

increase the molar mass of the obtained terpolymer sufficiently by varying the reaction 

conditions. For this reason, the alternating terpolymer with a double modification efficiency 

of 35 % was used for further experiments. After drying the terpolymer, it was applied for a 

cationic polymerization of EtOx in acetonitrile but, similar as observed before, a distinct 

amount of homopolymer can be found after the reaction with respect to the SEC traces (Figure 

62). 

 

Figure 62   SEC traces (solvent: CHCl3/TEA/IPA = 94/4/2) of the P(MiTos-alt-
S)-co-P(MiTla[DM]-alt-S) macroinitiator (dotted line), and the corresponding 
PEtOx grafted product (solid line). 

 

Therefore, the conclusion is similar to the alternating copolymers without MiTla. Either, the 

polymerization of EtOx is retained at very low conversions resulting in small amounts of 

grafted PEtOx that can be separated from the formed homopolymer by precipitation or, if 

higher contents of grafted PEtOx are required, the larger amount of homopolymer has to be 

separated via a preparative size-exclusion chromatography setup. 

 

 

 

 



Results & Discussion 

 

88 

 

Table 13   Analytical data of all P(MiTos-alt-S)-co-P(MiTla-alt-S) terpolymers 
including the double modified and PEtOx grafted samples obtained from SEC 
and 1H-NMR measurements. 

Polymer composition Mn [g·mol-1]a Ð a 

P(MiTos-alt-S)5-co-P(MiTla-alt-S)5
3.7 3 700 1.22 

P(MiTos-alt-S)7-co-P(MiTla-alt-S)7
5.2 5 200 1.16 

P(MiTos-alt-S)11-co-P(MiTla-alt-S)11
7.9 7 900 1.27 

P(MiTos-alt-S)7-co-P(MiTla[DM]-alt-S)7
6.6 6 600 1.20 

After graft copolymerization of EtOx 7 600 1.24 

a: Obtained from Chloroform-SEC (CHCl3/TEA/IPA = 94/4/2), PS-calibration. 

 

3.3. Block Copolymer-Based Nanostructured Materials 

When searching for literature regarding polymeric materials, the number of publications 

concerning block copolymers is enormous. Their self-assembly caused by the more or less 

distinct phase separation of the block copolymer segments attracts a large number of 

scientists using block copolymers in a large variety of architectures and applications. 

Depending on the techniques used, the processing of particularly amphiphilic block 

copolymers can yield micellar structures of various shapes, vesicles, nanowires, fibers, dense 

films, porous substrates, and more. Some applications, including block copolymer 

membranes, solution self-assembly, as well as metal@block copolymer hybrid nanoparticles 

will be discussed in the following chapters. 

 

3.3.1. Functional Membranes from Amphiphilic Block Copolymers 

One common application of dense or porous films, also known as membranes, is the filtration 

of substances and mixtures of substances in order to separate and, thus, purify them. Most 

commercial membranes are made from homopolymers like cellulose acetate (CA), 

polypropylene (PP) or poly (ether sulfones) (PES), but also block copolymers can be applied as 

membrane materials due to their huge potential regarding the structural versatility and the 

incorporation of functional groups. In this work, amphiphilic diblock terpolymers consisting of 

hydrophobic styrene and isoprene and hydrophilic DMAEMA, VBDMA or TEGA were used to 

prepare stimuli-responsive and crosslinkable membranes. 
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3.3.1.1. Non-Solvent Induced Phase Separation (NIPS) 

Among others, non-solvent induced phase separation (NIPS) is one commonly used technique 

to prepare primarily integral asymmetric membranes. This type of membranes combines the 

stability of a relatively thick membrane, the high flux of a macroporous substrate, and the 

filtration efficiency of a microporous membrane. In a typical NIPS process shown in Figure 63, 

the block copolymer is dissolved to give a 10-20 % solution which is cast onto a glass substrate 

at room temperature using a doctor blade. After a variable “open time” (time between film 

casting and immersion into the non-solvent), the glass substrate carrying the film is immersed 

into a water bath causing a phase inversion and the precipitation of the membrane. After 

roughly one hour, the water bath is removed and the final membranes are stored in deionized 

water. Subsequently, the membranes were characterized via scanning electron microscopy 

(SEM), water flux and filtration measurements. 

 
Figure 63   Scheme of the preparation of integral asymmetric membranes from block copolymers via the non-
solvent induced phase separation (NIPS) process. 
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3.3.1.2. Membranes from P(S-co-I)-b-PDMAEMA[98] 

The synthesis of several amphiphilic diblock terpolymers was described in the chapter “Block 

Copolymer Synthesis via Anionic Polymerization” as well as “Block Copolymer Synthesis via 

Controlled Radical Polymerization”. In the following, the preparation of membranes via the 

NIPS process is described. Using the as-synthesized diblock terpolymers, the membrane 

preparation conditions were altered consecutively in order to find the best conditions to 

prepare integral asymmetric membranes. Starting with the P(S66-co-I17)-b-PDMAEMA17
81 

diblock terpolymer synthesized via anionic polymerization, the conditions were altered 

beginning with the influence of the relative humidity. Membranes were cast from polymer 

solutions containing 15 % of diblock terpolymer. The solutions were cast at room temperature 

using a doctor blade with a gap of 200 µm. The solvent was a mixture of 50 % THF and 50 % 

DMF and the open time was set to 60 s. To investigate the influence of the relative humidity, 

three membranes were prepared at a relative humidity of 30 %, 50 %, and 70 %, respectively. 

The SEM micrographs of the corresponding membranes are shown in Figure 64 and the data 

of all depicted membranes are summarized in Table 14. Regarding the top-view of the 

membranes, the SEM measurements reveal that the three membranes are almost identical. 

In contrast, the cross-sections show a difference in thickness on the one and in the membrane 

structure on the other side. At 30 % relative humidity, the film remains quite dense becoming 

apparent in the relatively low thickness of 22 µm. The cross-sections of the 50 % and 70 % 

membranes have a diameter of roughly 55 – 60 µm showing a microporous top layer and a 

macroporous volume phase where the latter has unwanted big cavities when looking at the 

70 % sample impairing the mechanical stability of the membrane. For this reason, 50 % was 

chosen for further experiments. 
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Figure 64   SEM micrographs of membranes made from P(S66-co-I17)-b-PDMAEMA17

81 at a relative humidity of 
30 % (A,B), 50 % (C,D), and 70 % (E,F) in cross-sectional (A,C,E), and top-view (B,D,F). [Adv. Mater. Interfaces 
2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 

Subsequent to the relative humidity, the influence of the solvent evaporation time (open time) 

was investigated. For this purpose, membranes were cast at a constant humidity of 50 % but 

with a varying open time of 15 s, 30 s, 45 s, and 60 s, where the latter represents the same 

membrane as shown in Figure 64 C+D. The time-dependent results of the SEM measurements 

are depicted in Figure 65. Regarding the top-views, except for the 60 s sample, the porosity of 

the top-layer seems to increase with the open time. 
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Figure 65   SEM micrographs of membranes made from P(S66-co-I17)-b-PDMAEMA17

81 at an open time of 15 s 
(A,B), 30 s (C,D), 45 s (E,F), and 60 s (G,H) in cross-sectional (A,C,E,G), and top-view (B,D,F,H). [Adv. Mater. 
Interfaces 2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 

Apparently, in the short time ranges, too little of the THF can evaporate resulting in nearly 

homogeneous diblock terpolymer solutions forming less porous surfaces if compared to the 
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samples with longer open times. Simultaneously, the cross-sectional structure evolves 

towards integral asymmetric fingerlike structures (30 s, Figure 65 C) and turns back to 

isotropic sponge-like structures with progressing time which is coincident with the membrane 

thickness having a maximum value of 120 µm (30 s). After this, the diameter decreases again, 

indicating the evaporation of too much solvent. 

It was found that an open time of 30 s gave the best results regarding integral asymmetric 

cross section and surface layer porosity. The following step was spotting the most suitable 

solvent ratio of THF to DMF. Therefore, four membranes were made from diblock terpolymer 

solutions with THF:DMF ratios of 50:50, 60:40, 70:30, and 80:20. The SEM micrographs of the 

corresponding membranes are shown in Figure 66. With respect to the cross-sectional 

micrographs, a clear tendency can be observed concerning the thickness of the membranes, 

which increases from 24 µm (80:20) up to 120 µm (50:50). There is also a large variety of the 

volume phase porosity. While the THF-rich samples reveal sponge-like structures, the samples 

with a similar amount of DMF give finger-like integral asymmetric structures. The surface layer 

of the THF-rich membranes shows a common impact, causing micrometer sized pores due to 

the fast evaporation of solvent, which is accompanied by the cooling of the surface, and thus, 

the condensation of water droplets. The porosity of the surface decreases with increasing 

amount of DMF. In summary, the best conditions found for the preparation of integral 

asymmetric membranes with this type of diblock terpolymer were casting a 200 µm film of a 

15 % diblock terpolymer solution at room temperature and a relative humidity of 50 %, and 

immersing the membrane after an evaporation time of 30 s. 
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Figure 66   SEM micrographs of membranes made from P(S66-co-I17)-b-PDMAEMA17

81 with a solvent composition 
(THF/DMF) of 80/20 (A,B), 70/30 (C,D), 60/40 (E,F), and 50/50 (G,H) in cross-sectional (A,C,E,G), and top-view 
(B,D,F,H). [Adv. Mater. Interfaces 2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 

To prove the crosslinkability of the diblock terpolymer membranes, a small amount of a UV-

initiator was added to the casting solution in order to form a UV-crosslinkable membrane. 
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After the preparation via the NIPS process, the resulting membrane was irradiated using a UV 

conveyer belt to force the radical crosslinking of the isoprene units. Figure 67 shows the SEM 

micrographs of the respective membranes before and after the crosslinking. The cross 

sections show that the anisotropic structure is still intact after the crosslinking. The top view 

reveals that the pores are partially clogged probably due to the high energy of the UV lamp 

causing a distinct heating of the membrane surface.  

 
Figure 67   SEM micrographs of a membrane made from P(S66-co-I17)-b-PDMAEMA17

81 before (A,B), and after UV-
crosslinking (C,D) in cross-sectional (A,C), and top-view (B,D). [Adv. Mater. Interfaces 2015, 2, 1500042] Reprinted 
with permission from John Wiley & Sons. 

 

The crosslinking of the membrane was proven via infrared (IR) spectroscopy shown in Figure 

68 B. As marked in the spectra, the signal of the isoprene double bond at 1650 cm-1 decreases 

during the crosslinking reaction. A higher degree of crosslinking is prevented by the 

microstructure of the polymer chains since the double bond of the predominant 1,4-isomer 

of the isoprene is sterically hindered if compared to the 3,4-, and the 1,2-isomers. It was not 

possible to measure a 1H-NMR spectrum since the membrane was not soluble to a sufficient 

amount, which is in fact another proof of the successful crosslinking. 
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To prove further the general integrity of the membrane, the water flux was measured before 

and after the crosslinking. Figure 68 A shows the water flux of the initial membrane linearly 

increasing with increasing transmembrane pressure. The water flux of the crosslinked 

membrane in shown in Figure 68 C revealing a much lower but still linearly increasing water 

flux if compared to the initial membrane, which is in coincidence with the results of the SEM 

measurements meaning the flux is reduced but the membrane framework is still intact. 

 
Figure 68   Pressure-dependent water flux measurements of a membrane (M5) made from (S66I17)D17

81 (A). IR-
spectra of a membrane M5 before (black line) and after (red line) the UV-crosslinking (B), and water flux 
measurement of the latter (C). pH-Dependent water flux measurements of the membrane M5 (D). [Adv. Mater. 
Interfaces 2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 

Further, the pH-dependent water flux of the membranes was determined. Thus, the water 

flux was tested at various pH-values but a set transmembrane pressure of 0.5 bar. As shown 

in Figure 68 D, the water flux changes as expected. When measuring at pH 2, the flux is very 

low since the PDMAEMA block is protonated, and thus, swollen reducing the effective pore 

diameter. The same behavior can be observed at pH 6 but at pH 10 the flux increases due to 

the deprotonation of the PDMAEMA segment. This leads to an increased hydrophobicity 
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causing the collapse of the former hydrophilic polymer chains. As a result, the effective pore 

diameter increases which allows an increased water flux. 

To evaluate the filtration properties, dispersions of SiO2 particles synthesized via the Stöber 

process with hydrodynamic radii of 12 nm, 20 nm, and 152 nm respectively (determined via 

dynamic light scattering, Figure 69 A) were filtrated through the membranes. The filtration of 

the smaller particle dispersions (12 nm, 20 nm) resulting in a rapid decrease of the water flux 

through the membrane probably caused by clogged pores. In these experiments, the water 

flux reached almost zero after roughly 10 to 20 min. Nevertheless, within the accuracy of the 

DLS measurements, no SiO2 particles could be detected. The filtration of the 152 nm SiO2 

particles worked much better since the water flux stayed constant after only a little decrease 

in the beginning of the filtration. Apparently, the bigger particles form some kind of filter cake 

on the membrane surface that is still permeable and not inhibiting the filtration. An exemplary 

SEM micrograph of the SiO2 particles arranging on the membrane surface is shown in Figure 

69 B. 

 
Figure 69   Dynamic light scattering plots of SiO2 nanoparticles of three different radii (A), and the SEM 
micrograph of a membrane surface after the filtration of an Rh = 152 nm SiO2 nanoparticle dispersion (B). 
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Table 14   Summary of the film casting conditions for the preparation of (di-/) triblock terpolymer membranes. 

Entry Polymer Relative 
Humidity 

Open 
Time 

Solvent  
(THF:DMF) 

Polymer 
Conc. 

Thickness/ 
Annotations 

M1 (S66I17)D17
81 30 % 60 s 50:50 15 % 22 µm 

M2  50 % 60 s 50:50 15 % 57 µm 
M3  70 % 60 s 50:50 15 % 55 µm 
M4  50 % 15 s 50:50 15 % 98 µm 
M5  50 % 30 s 50:50 15 % 120 µm 
M6  50 % 45 s 50:50 15 % 78 µm 
M7  50 % 30 s 80:20 15 % 24 µm 
M8  50 % 30 s 70:30 15 % 38 µm 
M9  50 % 30 s 60:40 15 % 47 µm 

M10  50 % 30 s 50:50 15 % M5 crosslinked 

M11 (S54I26)(D14S6)38 50 % 30 s 50:50 15 % 30 µm 

M12  50 % 45 s 50:50 15 % 33 µm 

M13 (S53I25)(D20S2)39 50 % 30 s 50:50 15 % 7 µm 
M14  50 % 60 s 50:50 15 % 15 µm 

M15  50 % 90 s 50:50 15 % 28 µm 

M16 (S57I27)(D13S3)17 50 % 60 s 50:50 15 % 11 µm 

M17 (S51I24)(D20S5)19 50 % 60 s 50:50 15 % 34 µm 

M18 S64I16(D15S5)80 50 % 30 s 50:50 15 % 61 µm 
M19  50 % 45 s 50:50 15 % 70 µm 

M20  50 % 60 s 50:50 15 % 40 µm 

M21 S66I13V21
65 50 % 20 s 50:50 15 % 57 µm 

M22  50 % 30 s 50:50 15 % 78 µm 
M23  50 % 40 s 50:50 15 % 52 µm 
M24  50 % 50 s 50:50 15 % 62 µm 
M25  50 % 60 s 50:50 15 % 66 µm 
M26  50 % 80 s 50:50 15 % 58 µm 
M27  50 % 50 s 75:25 15 % 35 µm 
M28  50 % 50 s 60:40 15 % 68 µm 
M29  50 % 50 s 40:60 15 % 65 µm 

M30  50 % 50 s 25:75 15 % 69 µm 

M31 (S67I17)V16
71 50 % 40 s 50:50 15 % 72 µm 

M32  50 % 40 s 60:40 15 % 45 µm 

M33  50 % 40 s 70:30 15 % 23 µm 
M34  50 % 30 s 60:40 15 % 24 µm 

M35  50 % 50 s 60:40 15 % 116 µm 
M36  50 % 60 s 60:40 15 % 77 µm 

M37  30 % 50 s 60:40 15 % 71 µm 
M38  30 % 50 s 60:40 12 % 49 µm 

M39 (S67I11)T22
64 50 % 120 s 50:50 15 % 21 µm/THF:Dox 

M40  50 % 360 s 50:50 15 % 16 µm/THF:Dox 

M41 (S70I14)T16
60 50 % 30 s 70:30 15 % 12 µm/THF:Dox 

M42  50 % 50 s 70:30 20 % 28 µm/THF:Dox 
M43  50 % 50 s 70:30 20 % M42 cleaved@50°C 
M44  50 % 50 s 70:30 20 % M42 cleaved@70°C 
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3.3.1.3. Membranes from P(S-co-I)-b-P(DMAEMA-co-S) 

Similar to the polymers synthesized via anionic polymerization, the corresponding polymers 

prepared via nitroxide mediated polymerization were used to form membranes via the phase 

inversion process. The parameters were optimized to obtain integral asymmetric membranes. 

The best results using P(S54-co-I26)-b-P(DMAEMA14-co-S6)38 are shown in Figure 70. The 

membranes were made from a 15 % diblock terpolymer solution cast with a 200 µm doctor 

blade at room temperature and a relative humidity of 50 % and were immersed into a water 

bath after 30 s, respectively 45 s open time. The SEM micrographs reveal integral asymmetric 

cross-sections in general but fingerlike structures cannot be observed. Unfortunately, the final 

membranes remain relatively thin (≈ 30 µm) making it more difficult to handle them for, i.e. 

filtration studies. Regarding the top-views, the pore sizes are relatively large also becoming 

apparent in the water flux measurements (Figure 71). The flux of both membranes shows a 

linear increase with the transmembrane pressure but the overall values are, due to the 

increased pore size, much higher than observed for the membranes made from the P(S66-co-

I17)-b-PDMAEMA17
81 diblock terpolymer from anionic polymerization. 

 
Figure 70   SEM micrographs of membranes made from P(S54-co-I26)-b-P(DMAEMA14-co-S6)38 with open times of 
30 s (A,B) and 45 s (C,D) from a cross-sectional (A,C) and top-view (B,D). [Adv. Mater. Interfaces 2015, 2, 1500042] 
Reprinted with permission from John Wiley & Sons. 
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Figure 71   Pressure-dependent water flux measurements of the diblock 
terpolymer membranes M11 (red dots) and M12 (black dots). [Adv. Mater. 
Interfaces 2015, 2, 1500042] Reprinted with permission from John Wiley & 
Sons. 

 

When trying to make membranes using the diblock terpolymer P(S53-co-I25)-b-P(DMAEMA20-

co-S2)39 with a larger amount of PDMAEMA, it was found for several combinations of casting 

conditions that no stable membranes with a defined porosity could be obtained. The SEM 

micrographs (Figure 72) confirm that micellar films were obtained for short open times while 

a longer open time led indeed to an asymmetric structure but without a defined porosity. 

Additionally, the thickness of the membranes did not exceed 30 µm causing a lack of 

mechanical stability. Due to this, it was not possible to obtain reasonable filtration 

measurements with this kind of membranes. 
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Figure 72   SEM micrographs of membranes made from P(S53-co-I25)-b-P(DMAEMA20-co-S2)39 with open times of 
30 s (A,B), 60 s (C,D) and 90 s (E,F) from a cross-sectional (A,C,E) and top-view (B,D,F). [Adv. Mater. Interfaces 
2015, 2, 1500042] Reprinted with permission from John Wiley & Sons. 

 

The properties of the membranes made from the lower molar mass diblock terpolymers 

P(S57-co-I27)-b-P(DMAEMA13-co-S3)17 and P(S51-co-I24)-b-P(D20-co-S5)19, respectively were even 

worse. Figure 73 shows the SEM micrographs of the best results but in this case, it was even 

challenging to transfer an intact piece of the membrane to an SEM sample holder due to the 

poor stability. The SEM cross-section reveals the absence of a well-defined integral 

asymmetric structure from which, in combination with the poor stability, can be inferred that 

the membrane material requires a minimum molar mass to form stable films. Apparently, a 

molar mass of roughly 20 kg·mol-1 is too low, while the 40 kg·mol-1 diblock terpolymers formed 
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at least partially stable membranes and the diblock terpolymer from anionic polymerization 

with a molar mass of 80 kg·mol-1 showed good membrane-forming properties. From these 

observations, it can be stated that the molar mass of polymers used for membrane 

preparation should exceed 40 kg·mol-1. Anticipating the following studies, a molar mass of 

roughly 60 kg·mol-1 seems to be sufficient to form well-defined integral asymmetric structured 

membranes. 

 
Figure 73   SEM micrographs of membranes made from P(S57-co-I27)-b-P(DMAEMA13-co-S3)17 (A,B) and P(S51-co-
I24)-b-P(DMAEMA20-co-S5)19 (C,D) from a cross-sectional (A,C) and top-view (B,D). 

 

3.3.1.4. Membranes from PS-b-PI-b-P(DMAEMA-co-S) 

As presented recently, a molar mass of 40 kg·mol-1 achieved for the P(S-co-I)-b-P(DMAEMA-

co-S) diblock terpolymers is rarely sufficient to prepare well-defined integral asymmetric 

membranes. For this reason, the structure of the hydrophobic block was changed from a 

styrene-isoprene copolymer to a styrene-isoprene block copolymer. This method allowed a 

much higher degree of polymerization accompanied with narrower size distributions resulting 

in a higher final molar mass. The resulting triblock terpolymer with an overall molar mass of 

about 80 kg·mol-1 and a composition of PS64-b-PI16-b-P(DMAEMA15-co-S5)80 was used for 

membrane preparation using the same film casting conditions as before. Only the open time 
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was varied, and indeed, it was possible to obtain mechanically stable integral asymmetric 

membranes (Figure 74). At least the 30 s and 45 s samples reveal a fingerlike structure of the 

cross-section and homogeneous sub µm sized pores while a longer open time resulted in a 

dense film having an inhomogeneous surface. 

 
Figure 74   SEM micrographs of membranes made from PS64-b-PI16-b-P(DMAEMA15-co-S5)80 with open times of 
30 s (A,B), 45 s (C,D) and 60 s (E,F) from a cross-sectional (A,C,E) and top-view (B,D,F). 

 

3.3.1.5. Membranes from PS-b-PI-b-PVBDMA 

Since it was not possible to obtain a diblock terpolymer with a hydrophilic DMAEMA segment 

without copolymerizing styrene, another attempt was using VBDMA as an alternative, amine-

containing monomer. Even if the polymerization was not sufficiently reproducible, a triblock 

terpolymer of the composition S66I13V21
65 could be obtained and used for membrane 
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preparation. As a first attempt, the film casting conditions were set as usual. A 15 % triblock 

terpolymer solution was cast at room temperature and a relative humidity of 50 % on a glass 

substrate and immersed into a water bath after varying open times. SEM micrographs of the 

corresponding cross-sections of the prepared membranes (Figure 75) offer integral 

asymmetric profiles for every open time except 80 s where evaporation seems to be too long 

resulting in a more sponge-like structure. When comparing the other cross-sections, it 

becomes apparent that the structure transforms from “branched” fingerlike structures to 

“tubular” fingerlike structures with increasing open time. However, all of the membranes had 

a thickness of at least 50 µm resulting in a good mechanical stability of the films. 

 
Figure 75   SEM micrographs of membranes made from PS66-b-I13-b-PVBDMA21

65 with open times of 20 s (A), 30 s 
(B), 40 s (C), 50 s (D), 60 s (E) and 80 s (F) from a cross-sectional view. 
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Figure 76   SEM micrographs of membranes made from PS66-b-I13-b-PVBDMA21

65 with open times of 20 s (A), 30 s 
(B), 40 s (C), 50 s (D), 60 s (E) and 80 s (F) from a top view. 

 

The respective SEM top-views of the membrane surfaces are shown in Figure 76. Again, the 

80 s sample shows a large discrepancy in the structure since the long evaporation time leads 

to condensation of water droplets resulting in micrometer-sized pores. All other membranes 

offer nanometer sized pores, and further, with increasing open time, the porosity increases. 

When plotting the open time dependent pore size, an unexpected nearly linear slope can be 

observed (Figure 77). 
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Figure 77   “Open time”-dependent plot of the average pore size of triblock 
terpolymer membranes made via phase inversion processes. The pore sizes 
were determined from SEM micrographs by measuring at least 40 pores. 

 

To investigate further the influence of the solvent mixture, four additional membranes were 

prepared varying the solvent composition (THF/DMF) from 75/25 to 25/75 (Figure 78). The 

SEM micrographs reveal nearly no differences in the structure of the membrane surface. The 

porosity and the pore size are approximately identical for every solvent composition and the 

cross-sections show almost no variation. The 60/40, 40/60, and 25/75 samples look quite 

similar even though the 60/40 mixture shows a more “branched” structure while the cross-

sections of the 40/60 as well as the 25/75 sample have a little more tubular fingerlike 

structure. Only the 75/25 sample shows a difference since the cross-sectional structure is less 

well defined if compared to the others. Further, the thickness of this sample membrane is only 

35 µm while the thicknesses of the other samples are nearly identical in the range of 65 µm 

to 69 µm. 
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Figure 78   SEM micrographs of membranes made from PS66-b-I13-b-PVBDMA21

65 in solvent mixtures (THF/DMF) 
of 75/25 (A,B), 60/40 (C,D), 40/60 (E,F) and 25/75 (G,H) from a cross-sectional (A,C,E,G) and top-view (B,D,F,H). 

 

Finally, after screening the open time and the solvent composition, 50 s and a ratio of THF to 

DMF of 1/1 were found the most suitable conditions to obtain well-defined integral 

asymmetric triblock terpolymer membranes. Therefore, membranes made from these 
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conditions were used for water flux measurements. Before testing the water flux at various 

pH-values, the flow of deionized water was recorded. The plotted diagram is shown in Figure 

79. In the beginning of the measurement, the water flux was in the range of 

4 500 L·m-2·h-1·bar-1 which is in agreement with earlier measurements but afterwards, an 

unexpected time-dependent drop of the water flux can be observed. After seven minutes of 

measurement, the flow already dropped to 50 % and was further decreasing. After 14 

minutes, the measurement was stopped and repeated after one day using the identical piece 

of membrane. It was found, that for some reason, not yet ascertained, the flow recovers not 

entirely but to a distinct amount followed by an again decreasing water flux ending up in a 

similar decay as observed for the initial measurement. As a reason, clogged pores can be 

excluded since the recovery of the flux after one day cannot be explained, and especially, 

because of the use of deionized water filtered in advance. In theory, the membrane could be 

compressed during the measurement potentially blocking the pores at least in parts what 

would explain the recovery of the water flux but a compression of the membrane could not 

be ascertained by SEM measurements after the filtration since the thickness of the membrane 

remained constant. This problem is not finally solved yet. Since a constant water flux is 

beneficial for advanced water flux measurements regarding pH and temperature dependence, 

these membranes were not used for further experiments. 

 
Figure 79   Time-dependent water flux measurements of a triblock terpolymer 
memrane made from PS66-b-I13-b-PVBDMA21

65 (black dots) and one day after 
the first measurement (red dots). 
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3.3.1.6. Membranes from P(S-co-I)-b-PVBDMA 

Another VBDMA-containing diblock terpolymer was synthesized via RAFT polymerization. 

Instead of a block copolymer, the hydrophobic segment was again polymerized as a statistical 

copolymer leading to a final diblock terpolymer composition of P(S67-co-I17)-b-PVBDMA16
71. 

Membranes were prepared applying similar conditions as used before. A solution of 15 % in a 

mixture of THF and DMF was cast at room temperature and a relative humidity of 50 %. The 

cast films were immersed into the water bath after an open time of 40 s. In a first attempt, 

the ratio of the solvents was varied from equal amounts to 70/30 (THF majority). The SEM 

micrographs are shown in Figure 80. The cross-sections reveal that the THF content should 

not exceed 60 % to obtain integral asymmetric membranes since the membrane with the 

highest amount of THF shows an indeed porous but isotropic structure. With an amount of 

60 % and 50 % of THF, integral asymmetric structures can be obtained but the latter offers 

macroscopic micrometer-sized pores when having a look at the micrograph of the membrane 

surface. Due to this, the ratio of 60/40 (THF/DMF) was chosen for further experiments. 
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Figure 80   SEM micrographs of membranes made from P(S67-co-I17)-b-PVBDMA16

71 in solvent mixtures (THF/DMF) 
of 50/50 (A,B), 60/40 (C,D) and 70/30 (E,F) from a cross-sectional (A,C,E) and top-view (B,D,F). 

 

Following the evaluation of the solvent composition, the influence of the open time was 

investigated. Therefore, three additional membranes were prepared with evaporation times 

of 30 s, 50 s, and 60 s. The corresponding SEM micrographs are shown in Figure 81. The 60 s 

sample offers indeed an anisotropic cross-section but no well-defined fingerlike structures. 

Further, the surface shows micrometer sized pores, which are not useful for the intended 

filtration applications. A similar behavior can be observed for the 50 s sample even if, in this 

case, the cross-section shows a well-defined integral asymmetric structure. In contrast to the 

longer open time samples, the 30 s and the 40 s samples have a nanoporous surface but the 

integral asymmetric structure is less pronounced when reducing the open time. For this 
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reason, the cross-section of the 30 s sample shows a nearly isotropic sponge-like structure and 

the 40 s sample shows a mixed isotropic and anisotropic cross-section. Due to the better-

defined fingerlike structure, 50 s were chosen for further experiments. 

 
Figure 81   SEM micrographs of membranes made from P(S67-co-I17)-b-PVBDMA16

71 with open times of 30 s (A,B), 
40 s (C,D), 50 s (E,F) and 60 s (G,H) from a cross-sectional (A,C,E,G) and top-view (B,D,F,H). 
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In order to improve the surface homogeneity, the relative humidity during the film casting was 

reduced to 30 % to avoid the condensation of water droplets and force the formation of a 

nanoporous structure. The SEM micrographs of the membrane prepared at 30 % humidity are 

shown in Figure 82 A+B. The integral asymmetric cross-section can be retained in large parts 

and, as the top-view shows, the micrometer sized pores vanished yielding pores on a 

nanometer scale even though the porosity remains relatively low. To overcome this problem, 

the last attempt was to reduce the concentration of the polymer solution to increase the 

overall porosity of the film. Due to this, the concentration of the film casting solution was 

reduced to 12 % and the membrane was prepared using the same conditions as before. The 

SEM micrographs of the resulting membrane are shown in Figure 82 C+D. As can be seen in 

the top-view image, the surface of the membrane is almost unaltered. The porosity is still 

similar to the membrane cast from a 15 % solution and does not increase. Further, the cross-

sectional SEM micrograph reveals the loss of the defined integral asymmetric structure 

elucidating that the reduction of the polymer concentration seems not to be an expedient way 

to obtain an integral asymmetric membrane with a highly porous surface. In order to improve 

that, more condition combinations could be tested but maybe the composition of the diblock 

terpolymer has to be varied to a higher or lower amount of hydrophilic block. 

 
Figure 82   SEM micrographs of membranes made from P(S67-co-I17)-b-PVBDMA16

71 at a rel. humidity of 30 % and 
a diblock terpolymer concentration of 15 % (A,B) and 12 % (C,D) from a cross-sectional (A,C) and top view (B,D). 
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3.3.1.7. Membranes from P(S-co-I)-b-PTEGA 

Previous approaches dealt with di- or triblock terpolymers synthesized via controlled radical 

or living anionic polymerization in a common synthetic route preparing the hydrophobic 

segment first, and subsequently using it as macroinitiator to polymerize the hydrophilic 

monomer. In this approach, the P(S-co-I)-b-PTEGA diblock terpolymers synthesized via the 

combination of hydrophilic and hydrophobic segment in a hetero Diels-Alder reaction (see 

chapter “Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization”) were 

applied in a common non-solvent induced phase inversion process to obtain porous films 

(Figure 83). The synthesis and the thermoreversible behavior was already shown in the group 

of Barner-Kowollik. The obtained membranes are treated at elevated temperatures to trigger 

the retro hetero Diels-Alder reaction cleaving the covalent bond between the hydrophilic and 

hydrophobic segment but at the same time, retaining the porous structure of the as-formed 

membranes mainly consisting of the hydrophobic copolymer. In the final step, the membrane 

framework is regrafted with another hydrophilic polymer bearing a Diels-Alder or hetero Diels-

Alder capable functional group. Yet, it remained challenging to obtain integral asymmetric 

membranes via the NIPS process from block copolymers containing for example styrene and 

acrylic acid due to issues finding a suitable solvent mixture. 

Membrane Cross-Section (SEM)

 
Figure 83   Scheme of the preparation of polymeric membranes starting from an amphiphilic diblock terpolymer 
with a thermically cleavable block junction, including the subsequent thermal cleavage and final regrafting step. 
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The presented approach can be used to, regardless of the solubility prepare membranes of 

the composition given above. In order to prepare integral asymmetric membranes, two 

different diblock terpolymers were synthesized having different ratios of hydrophobic to 

hydrophilic block. The exact compositions were P(S67-co-I11)-b-PTEGA22
64 as well as P(S70-co-

I14)-b-PTEGA16
60. After screening several condition combinations varying mainly the solvents, 

the solvent ratio, the humidity and the open time, it was found that especially the diblock 

terpolymer bearing the higher amount of hydrophilic PTEGA does not yield suitably porous 

films and no integral asymmetric membranes at all. The best results were obtained using a 

mixture or THF and 1,4-dioxane instead of DMF as a solvent. The films shown in Figure 84 

were cast at room temperature and at a relative humidity of 50 % from a 15 % solution of 

P(S67-co-I11)-b-PTEGA22
64 in a 1:1 mixture of THF and dioxane. To obtain reasonably 

mechanically stable membranes, the open time had to be chosen remarkably long. The SEM 

cross-section of the 120 s sample shows mainly a micellar film revealing almost no associated 

structures, which simultaneously explains the poor mechanical stability. Further, the top-view 

image shows a more or less dense membrane surface bearing only a very few nanostructured 

pores. The cross-section of the 360 s sample shows indeed associated structures but the 

overall thickness of the film does not exceed 16 µm leading to a lack of mechanical stability of 

the macroscopic film. Again, the top-view of the membrane does not exhibit a nanostructured 

surface but randomly distributed slits in a micrometer scale. Due to the stability issues, the 

films made from the P(S67-co-I11)-b-PTEGA22
64 diblock terpolymer were not useful for further 

experiments. Repeating the screening of the NIPS conditions with the diblock terpolymer 

having a lower amount of hydrophilic segment yielded in better results shown in Figure 85. 

The membranes were prepared at room temperature and a relative humidity of 50 % from a 

THF:dioxane (70:30) mixture and an open time of 50 s. The cross-section of the film cast from 

a 15 % diblock terpolymer solution Figure 85 A+B shows a much higher porosity than the films 

made of the diblock terpolymer with a higher amount of hydrophilic block. Unfortunately, the 

diameter of the film remains below 20 µm and the SEM micrograph of the membrane surface 

shows still no pores but only random slits. Both properties could be improved by casting a 

membrane from a 20 % diblock terpolymer solution resulting in a highly porous film with a 

thickness of about 30 µm and a surface offering spherical pores in a nanometer scale (Figure 

85 C+D). 
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Figure 84   SEM micrographs of membranes made from P(S67-co-I11)-b-PTEGA22

64 with an open time of 120 s (A,B) 
and 360 s (C,D) from a cross-sectional (A,C) and top view (B,D). 

 

 
Figure 85   SEM micrographs of membranes made from P(S70-co-I14)-b-PTEGA16

60 solutions with diblock 
terpolymer concentrations of 15 % (A,B) and 20 % (C,D) from a cross-sectional (A,C) and top view (B,D). 
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The porosity and further the good mechanical stability of these films allowed using them for 

further experiments. First, the membranes were tested regarding their permeability. 

Therefore, the water flux through the membrane was measured in dependence of the 

transmembrane pressure. Figure 86 shows the plotted obtained data. As the graph reveals, 

the water flux increases nearly linearly with the transmembrane pressure with absolute values 

being comparable to membranes of other diblock terpolymers tested earlier. 

 
Figure 86   Transmembrane pressure-dependent water flux of a diblock 
terpolymer membrane made from P(S70-co-I14)-b-PTEGA16

60. 

 

Subsequent to the successful water flux measurements, the next step was the cleavage of the 

hydrophilic segment while retaining the porous structure of the membrane framework (Figure 

87). In literature, it was shown that the cleavage of the HDA junction could be obtained at 

elevated temperatures culminating in a complete cleavage at 90 °C after one hour. Starting 

from this, the best method to an effective cleavage was found to be storing the membranes 

in a water reservoir at 50 °C. The SEM measurements of the cleaved membrane are shown in 

Figure 89 C+D. The cross-section as well as the top-view reveal that the general porous 

structure of the membrane could be preserved. The cleavage was also tried at 70 °C as well as 

90 °C but in these attempts, the investigated membrane pieces were strongly deformed 

excluding the subsequent use for filtration. Figure 89 E+F further shows the destruction of the 

membrane microstructure becoming apparent in the loss of the porous structure and the 

fusing of the pores on the surface. 
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Figure 87   Scheme of the cleavage of the hydrophilic PTEGA segment from the pore surface of a diblock 
terpolymer membrane via a retro hetero Diels-Alder reaction at elevated temperatures. 

 

Due to this, all further cleavage experiments were carried out at 50 °C. In order to investigate 

the kinetics of the cleavage, membranes of the synthesized diblock terpolymers were 

deposited in water at 50 °C and samples were taken after several time intervals. These were 

dried, dissolved in deuterated chloroform, and investigated via proton NMR measurements. 

A complete NMR spectrum of P(S70-co-I14)-b-PTEGA16
60 is depicted in Figure 88. Figure 89 A 

reveals the respective section of the NMR spectrum showing the decrease of the PTEGA signal 

after normalizing the spectra to the styrene signal at 7 ppm. Comparing the integrals of PTEGA 

finally yielded the amount of cleaved hydrophilic segment. The respective plot is given in 

Figure 89 B. As expected, an exponential decay of the PTEGA signal can be observed. 

 
Figure 88   1H-NMR spectrum (300 MHz, CDCl3) of P(S70-co-I14)-b-PTEGA16

60. 
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Figure 89   Sections of the time-dependent 1H-NMR spectra of P(S70-co-I14)-b-PTEGA16

60 (A) and the respective 
time-dependent plot of the residual amount of PTEGA (B). SEM micrographs of a diblock terpolymer membrane 
treated at 50 °C (C,D) or at 70 °C (E,F) from a cross-sectional (C,E) and top view (D,F). 

 

Further, the plot shows that the cleavage seems to be diffusion controlled and does not 

depend on the reaction speed since the two membranes made from diblock terpolymers with 

a different amount of PTEGA show a distinct difference in the cleavage kinetics probably due 

to the varying porosity of the films. Apparently, the cleavage itself is faster but the diffusion 

of the cleaved polymer chains out of the membrane limits the reaction to a time range of 

several days. In order to reduce the cleavage time, another attempt aimed at the cleavage by 

percolating warm water through the membrane in a filtration cell to avoid the diffusion 

control and instantaneously flush away the cleaved polymer chains but all of these attempts 
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resulted in broken membranes after only a few hours having at least one macroscopic crack. 

With respect to the membranes cleaved in the water reservoir, it was noticeable that the 

former relatively flexible membranes became quite brittle after the cleavage of the PTEGA, 

which probably causes the broken membranes during the percolation. For this reason, the 

cleavage in the water reservoir remained the method of choice to remove the hydrophilic 

polymer from the membrane scaffold. Surprisingly, one membrane that was stored in a water 

bath over roughly 150 days at room temperature also showed a considerable amount of 

cleavage but it was also shown in literature that a small amount of the HDA-bond is cleaved 

even at room temperature since the equilibrium of the HDA reaction is controlled by the 

reaction temperature. 

Finally, the best results obtained were relatively brittle diblock terpolymer membranes with a 

minimum amount of about 20 % residual PTEGA. The decrease of the 1H-NMR integral of the 

PTEGA levels off to about this amount after more than one week of cleavage. Probably, the 

residual amount of hydrophilic polymer chains is entrapped by the hydrophobic copolymer 

forming the membrane matrix and might also be cleaved but cannot diffuse out of the 

membrane since the way to the pores and, thus, the aqueous phase is blocked. Therefore, the 

residual amount of about 20 % is not supposed to be removed by increasing the time of 

cleavage. Unfortunately, the brittleness of the cleaved membranes did not allow suitable 

water flux measurements since the membrane pieces used for filtration easily broke when 

preparing them for filtration or during the filtration process. In the confidence that their 

flexibility will regain with an again increasing amount of hydrophilic polymer, these 

membranes were used for regrafting experiments. 

 
Figure 90   Scheme of the grafting of a Diels-Alder capable molecule onto the pore surface of a diblock terpolymer 
membrane bearing reactive cyclopentadiene moieties from the previous cleaving reaction. 

 

Starting from the premise that the cleaved diblock terpolymer membranes bear freely 

accessible cyclopentadiene moieties at their pore surface, three different approaches were 
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tested to regraft the surface, all aiming on the Diels-Alder reaction of the reactive cp-units 

with molecules bearing a maleimide moiety (Figure 90). For the proof of concept, mainly easily 

(commercially) available substances shown in Figure 91 were chosen for the regrafting 

reactions allowing the use of a diversity of detection methods. 

 

Figure 91   Molecular formulas of the three different maleimides used for the regrafting approaches. 

 

In a first regrafting approach, a small molecule maleimide bearing a bromine atom 

(bromophenyl maleimide) was used which can be detected via EDX or XPS measurements. 

Therefore, the membranes were deposited in a solution of the maleimide in a mixture of water 

and methanol for one day at room temperature and afterwards for one day in a pure 

water/methanol mixture to remove the excess of unreacted bromophenyl maleimide, which 

would falsify the following measurements. To ensure further the validity of the 

measurements, the same procedure was repeated with a bromophenyl succinimide, which 

has a very similar structure but cannot undergo a DA reaction. This experiment was chosen to 

show whether there are unreacted small molecules still present in the membrane affecting 

the detection. 

After the reaction, small membrane samples were prepared for the detection via SEM coupled 

to an EDX detector being able to determine the amount of bromine in the sample in relation 

to the carbon and hydrogen. The results of the measurement are shown in Table 15. On the 

one hand, the Br-content of the top-view samples is much higher for the maleimide sample, 

which would have been expected for this reaction, but having a look at the values measured 

in the cross-sectional samples, the Br-content is contrary to the top-view. So not only that the 

results are contradictory, the overall measured Br-content is excessively high since the 

calculated Br-content is only 0.2-0.3 % at a DA conversion of 100 %. This leads to the 
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assumption that SEM-EDX is not a suitable method to judge about success or failure of the 

regrafting reaction. 

Table 15   Br-content of the grafted diblock terpolymer 
membranes obtained from SEM-EDX measurements. 

 Maleimide Succinimide 

Top-view 6.52 % 1.06 % 

Cross-section 0.3 % 2.13 % 

 

 

Figure 92   Confocal laser scanning fluorescence micrographs of P(S70-co-I14)-b-PTEGA16
60 diblock terpolymer 

membranes before the regrafting (A: intermediate layer; B: top layer) and after treatment with fluorescein 
maleimide (C) and unfunctionalized fluorescein (D). 
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For this reason, another approach was applied using a maleimide-functionalized fluorescein 

dye. The setup of the experiment was very similar to the former one but the bromophenyl 

maleimide was substituted by fluorescein maleimide. To ensure the removal of the excess dye 

after the DA reaction, a control experiment was conducted using unfunctionalized fluorescein. 

After the functionalization reaction and removal of the excess fluorescein, the membranes 

were transferred to a glass slide and investigated via a laser-scanning microscope. The 

corresponding fluorescence images are shown in Figure 92. The images show that already the 

pristine membrane containing no fluorescein at all shows a distinct fluorescence signal, which 

probably can be ascribed to the auto fluorescence of the diblock terpolymer. The fluorescence 

increases with respect to the membranes treated with fluorescein but unfortunately, no 

difference can be observed between the sample treated with fluorescein maleimide and 

unfunctionalized fluorescein. Using the same LSM setup, the fluorescence intensity and 

distribution is almost the same. Therefore, it cannot be proven that the fluorescein maleimide 

is covalently attached to the membrane surface. Either it is covalently attached or it is just 

adsorbed by the surface as the unfunctionalized fluorescein is supposed to be. 

Since this approach was still not giving certainty about the regrafting, in a third approach a 

maleimide-functionalized poly(ethylene oxide) was used for the regrafting process. The 

hydrophobic character of the cyclopentadiene moieties and the long cleavage time allow a 

distinct mobility of the copolymer chains. Therefore, it was supposed that the generated cp 

units might diffuse into the copolymer matrix. The procedure was similar to the former ones 

but this time, the solvent was varied from water over methanol, ethanol to 2-propanol in 

different attempts in order to force a swelling of the membrane matrix using more unpolar 

solvents resulting in a better availability of the reactive cp moieties. Further, the concentration 

of the maleimide was increased up to 40 g·L-1. After the DA reaction, the membrane pieces 

were dried and investigated via 1H-NMR spectroscopy. For comparison, a P(S-co-I)-b-PEO 

diblock terpolymer was synthesized in solution and purified to get a reference point of the 

NMR signals of the final regrafted diblock terpolymer membrane (Figure 93 and Figure 94). 

Unfortunately, the relevant signal of the synthesized P(S-co-I)-b-PEO is in the region of the 

signal of the residual PTEGA at 3.66 ppm. The signal at 3.72 ppm probably originates from 

residual dioxane from freeze-drying the diblock terpolymer, and thus, cannot be used for 

comparison. The only way of determining whether the regrafting was successful is comparing 

the ratio of the integrals at 3.66 ppm (residual PTEGA + regrafted PEO) and one of the other 
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PTEGA signals, e. g. at 3.39 ppm (residual PTEGA) which should not be affected by the addition 

of PEO via the DA reaction. 

Several 1H-NMR spectra of the regrafting reactions in different solvents were evaluated 

towards these criteria but no reliable hint of an increased integral due to successful regrafting 

was found. The small deviations found between the integrals could always be assigned to the 

error of the NMR measurement and have not been reproducible. 

 
Figure 93   1H-NMR spectra (300 MHz, CDCl3) of a diblock terpolymer 
membrane after the cleavage (black line), after the regrafting experiment (red 
line) and, for comparison, a synthesized P(S-co-I)-b-PEO (blue line). 

 
Figure 94   Magnified sections of the 1H-NMR spectra (300 MHz, CDCl3) of diblock 
terpolymer membranes after the cleavage (black line), after the regrafting with 
PEO-MI (red line), after the regrafting with unfunctionalized PEO (grey line), and, 
for comparison, of a synthesized P(S-co-I)-b-PEO (blue line). 
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For this reason, the crosslinking of the diblock terpolymer membranes prior to the cleavage 

was taken into account to inhibit the mobility of the polymer chains during the cleavage. 

Therefore, membranes (with and without the UV-initiator TPO) were irradiated several times 

with focused UV light using a UV conveyer belt. To avoid the heat generation during the 

irradiation, the membranes were stored in iced water and a sample of the membranes was 

taken after several cycles under the conveyer belt to determine the amount of crosslinking, 

again via 1H-NMR spectroscopy. The NMR spectra of the initial membrane compared to a 

membrane after 80 UV cycles are shown in Figure 95. Surprisingly, the amount of the signal 

of the isoprene double bond does not decrease if compared to the integral of the styrene 

signal. Probably, the soluble part of the membranes consists mainly of single polymer chains 

since the overall solubility of the membrane samples decreases rapidly after only a few UV 

cycles. 

 
Figure 95   1H-NMR spectra of a diblock terpolymer membrane before (black 
line) and after the UV crosslinking (red line). Highlighted signals correspond 
to the PI segment (blue box) and the PTEGA segment (orange box). 

 

Instead of a decreasing isoprene signal, a distinct decrease of the amount of PTEGA could be 

observed. With respect to Figure 96, the decrease of the signal was found to be strongly 

dependent on the number of UV cycles, which cannot originate from the thermal cleavage 

since the membrane samples were cooled even below room temperature during the 

crosslinking. Therefore, it seems that the HDA bond can also be cleaved by UV light. It is not 
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clarified yet why the cleavage is slower when the UV initiator TPO is present but without TPO, 

the cleavage reached an amount of roughly 35 % of residual PTEGA, which is at least in the 

range of what could be achieved thermally. Unfortunately, it is further not clarified exactly 

which bond is cleaved by the UV light. Potentially, one of the carbon-sulfur bonds might be 

cleaved, probably resulting in some unwanted consecutive reactions. Therefore, it cannot be 

assured yet that the free cyclopentadiene moieties are accessible after the UV cleavage. 

Maybe this can be investigated by the UV cleavage of small molecules bearing a HDA bond 

and subsequent NMR measurements. 

 
Figure 96   (A) Magnified sections of 1H-NMR spectra (300 MHz, CDCl3) of the PTEGA signals of diblock terpolymer 
membranes after several UV crosslinking cycles, and (B) the plot of the amount of the residual amount of PTEGA. 

 

Nevertheless, the UV cleaved membranes were used for regrafting experiments using again 

PEO maleimide as a grafting agent. The experiments were carried out similar to the 

experiments applying the uncrosslinked membranes. After the DA reaction, the excess of 

hydrophilic polymer was removed, the membranes were dried and investigated via NMR 

spectroscopy but, unfortunately, the results did not vary from the former ones. No hint of 

additional PEO could be found in the NMR spectra. 

Since none of the approaches aiming at the regrafting of the diblock terpolymer membranes 

worked as expected or at least were not able to be proven successful, different approaches 

have to be found. A different type of monomer used for the hydrophilic segment could help 

to improve the structure of the membranes, which could allow a faster cleavage and, thus, 

lead to a better availability of the cyclopentadiene moieties. Further aiming on this, another 

approach could be the incorporation of a hydrophilic spacer between the cyclopentadiene and 

the hydrophobic copolymer in order to prevent the entrapment of the reactive moieties. 
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3.3.2. Shell-Crosslinkable Micelles from Amphiphilic Triblock Terpolymers[78] 

Apart from applications regarding integral asymmetric or isotropic membranes, amphiphilic 

block copolymers are often used, among others, for drug delivery purposes. Their amphiphilic 

character results in an interesting solution behavior including the formation of micellar or 

more sophisticated structures in a suitable (non-) solvent. Certainly, amphiphilic triblock 

terpolymers can be used for these purposes, too. It further allows the extension of the core-

corona type micelles formed by block copolymers to a core-shell-corona type or other 

structures depending on the chosen monomer combination and the solvent. In order to 

investigate the solution behavior of the triblock terpolymers synthesized via nitroxide 

mediated polymerization, three different materials with the compositions PS64-b-PI16-b-

P(DMAEMA15-co-S5)80, PS22-b-PI20-b-P(DMAEMA50-co-S8)124, as well as PS29-b-PI26-b-

P(DMAEMA38-co-S7)111 were tested concerning their self-assembly in aqueous solutions 

(Figure 97) and different pH values. Therefore, the triblock terpolymers were dissolved in a 

nonselective solvent (THF) and the selective solvent (water) was added until the solution 

became turbid. After evaporation of the THF, the aqueous dispersions were filled with 

aqueous buffer solutions of the desired pH. Since the hydrophilic PDMAEMA segment is 

solvated in water while the hydrophobic segment is collapsed, the hydrodynamic radius and 

the solution stability of micellar structures should be dependent on the amount of protonation 

of the amino groups and, thus, the pH. The samples were analyzed via dynamic light scattering 

(DLS) as well as electron microscopy (TEM or cryo-TEM). The respective data of all investigated 

samples are summarized in Table 16. 
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Figure 97   Scheme of the micelle preparation starting from a diblock terpolymer solution in THF (I). After the 
addition of water (II), the block copolymer is allowed to self-assemble and subsequently, the THF is removed via 
slow evaporation (III) resulting in the final micellar solution (IV). 

 
Figure 98   DLS-CONTIN plot (intensity weighted) of triblock terpolymer micelles 
prepared from PS64-b-PI16-b-P(DMAEMA15-co-S5)80 at pH 6. 

 

After preparing micelles using PS64-b-PI16-b-P(DMAEMA15-co-S5)80, the triblock terpolymer 

with the lowest amount of PDMAEMA (15 %) and, at the same time, a large extent of PS (64 %), 

the DLS measurement at pH 6 (Figure 98) gave a hydrodynamic radius of <Rh>z,app = 121 nm. 

The subsequent TEM measurements of the dry, drop-cast samples (Figure 99) proved the 

presence of spherical particles with an average radius of R = 57 ± 13 nm revealing ring-like 
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substructures. In aqueous systems, the hydrophobic PS and PI segments will form the micellar 

core to reduce the unfavorable polymer-water-interface while the hydrophilic PDMAEMA 

constitutes the swollen corona stabilizing the micellar structure. Since the corona, due to the 

swollen character, and thus, a low electron density, might not be observable in TEM, the 

spherical structures probably represent only the core of the micelles. The substructures 

indicated by the different grey values caused by different electron densities, accordingly are 

most likely a result of the phase segregation of the PS and the PI resulting in micelles of a core-

shell-corona type (Figure 100). The large PS segment seems to form the micelle core 

represented by the dark grey regions while the PI segment forms a shell around the core 

becoming apparent by the lighter grey circles due to the lower electron density related to the 

aromatic character of the PS. 

 
Figure 99   TEM micrographs of triblock terpolymer micelles prepared from PS64-b-PI16-b-P(DMAEMA15-co-S5)80 
at pH 6. 

 

  
Figure 100 Scheme of the arrangement of PS-b-PI-b-
P(DMAEMA-co-S) triblock terpolymer chains in a core-shell-
corona micelle. 
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Since TEM of dried, drop-cast samples does not necessarily depict the behavior of polymeric 

assemblies in solution, the same samples were investigated via cryo-TEM, freezing the 

micelles from the liquid dispersion. Comparing the TEM (Figure 99) and the cryo-TEM 

micrographs (Figure 101 C+D), the structure of the micelles is similar regarding the dark core 

and the lighter shell even though the average radius increased to R = 64 ± 14 nm most likely 

due to the reduced shrinkage if compared to the dried TEM samples. With respect to the 

magnified micrograph (Figure 101 D), an additional patchy structure can be observed around 

the micellar core. Most likely, this is caused by the PDMAEMA chains forming the corona. This 

could be probably amplified by staining using i.e. hydrobromic acid. Regarding the particles at 

pH 4 and pH 8, the average radii remain almost constant and the structure observed in cryo-

TEM at pH 8 (Figure 101 E+F) is very similar to the pH 6 sample. 

At pH 4, the substructure of the core is not that pronounced but in this particular case, the 

particles arrange in an almost hexagonal order (Figure 101 A). This is probably due to the, at 

this pH, highly charged PDMAEMA corona resulting in the electrostatic repulsion of adjacent 

particles. Following this, the distance between these particles is always about the summed up 

thickness of the coronas of both particles and therefore, the average thickness can be 

estimated by measuring the particle-particle distance divided by two. Applying this 

calculation, the corona thickness of the sample can be approximated to dcorona ≈ 58 ± 9 nm 

being roughly in the range of the respective core sizes. The sample prepared at pH 10 

precipitated as expected. At this pH, the PDMAEMA segments are mostly deprotonated, and 

thus, less soluble in water. Additionally, the thermoresponsive behavior of PDMAEMA strongly 

depends on the pH. The cloud point temperature decreases drastically with increasing pH, and 

thus, might come below room temperature at pH 10. Caused by the collapsing corona, the 

micelles are not stabilized anymore, aggregate and precipitate from the solution. 
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Figure 101   Cryo-TEM micrographs of triblock terpolymer micelles prepared from PS64-b-PI16-b-
P(DMAEMA15-co-S5)80 at pH 4 (A+B), pH 6 (C+D), and pH 8 (E+F). 

 

In order to investigate the possibility to crosslink the PI segment of the final micelles, one 

exemplary sample of triblock terpolymer micelles was prepared adding 10 % of the 

photoinitiator TPO to the triblock terpolymer solution prior to the micellization. The following 

micellization and evaporation of the nonselective solvent was carried out in the dark to avoid 

the decomposition of the TPO. Due to its hydrophobicity, the photoinitiator should be mostly 
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located in the hydrophobic core/shell of the micelles. Afterwards, the crosslinking was done 

via UV irradiation, generating radicals that can initiate the crosslinking of the remaining double 

bonds of the PI segment. Finally, the crosslinked micelles were freeze-dried to remove any 

water. The resulting powder could not be dissolved in nonselective solvents like THF or 

chloroform by ultrasound treatment being an indication for a successful crosslinking. 

Following the idea of generating inverse micelles (Figure 102), apart from the insolubility, the 

micellar powder was tried to be redispersed in toluene, hexane, and cyclohexane. Especially 

in hexane, being a selective solvent for the PS core, the shell-crosslinked micelles might be 

forced to invert, if this is not prevented by the steric hindrance. Unfortunately, in all cases the 

samples precipitated again within a few minutes after the ultrasound treatment. Apparently, 

the micelles aggregate strongly during the freeze-drying process making it impossible to 

redisperse the nanoparticles afterwards. 

 
Figure 102 Scheme of the supposed arrangement of the 
triblock terpolymer chains in inversed micelles. 

 

In order to investigate whether a variation of the composition of the triblock terpolymer can 

improve the ability to redisperse the shell-crosslinked micelles, the solution behavior of two 

triblock terpolymers of different compositions was examined. Starting from 

PS22-b-PI20-b-P(DMAEMA50-co-S8)124, a triblock terpolymer with a severely increased 

PDMAEMA content and, in relation to the PS segment increased amount of PI, a micellar 

dispersion was prepared as described above. Subsequent to the micellization, samples were 

buffered to pH 4, 6, 8, and 10. The corresponding DLS measurements are shown in Figure 103. 

Surprisingly, this time the sample at pH 10 did not precipitate and remained stable over 

months. Apparently, the exceedingly large amount of PDMAEMA is able to stabilize the 
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micellar structure even if most of the amine moieties are deprotonated. According to the 

Henderson-Hasselbalch equation, the degree of protonation is 0.32 % (pKA = 7.5; pH = 10) 

referring to only one or two protonated amines per polymer chain. Apart from that, it is 

further remarkable that the hydrodynamic radius of all the samples is more or less constant, 

ranging from <Rh>z,app = 85 nm to 92 nm, apparently independent of the respective pH. The 

samples at pH 8 and pH 10, respectively, exhibit a second distribution at <Rh>z,app = 34 nm 

(pH 8) and <Rh>z,app = 40 nm (pH 10). A decrease of the hydrodynamic radii at low pH was 

indeed expected, but a decrease of almost 50 nm in radius is remarkable and improbable even 

though the PDMAEMA segment, relevant for the pH responsiveness represents 50 % of the 

overall triblock terpolymer. 

 
Figure 103   DLS-CONTIN plot (intensity weighted) of triblock terpolymer 
micelles prepared from PS22-b-PI20-b-P(DMAEMA50-co-S8)124. 

 

The TEM micrographs (Figure 104) reveal that not only spherical objects are present in the 

samples. It is rather a mixture of spherical but also “sandwich” or “dumbbell” like (Figure 

104 C) and otherwise shaped nanoobjects. Probably, these objects result from the 

compartmentalization of the micellar cores driven by the decrease of the surface tension. 

Again, the appearance of these nanoobjects can be observed over the whole range of pH 

investigated. 
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Figure 104   TEM micrographs of triblock terpolymer micelles prepared from PS22-b-PI20-b-P(DMAEMA50-co-S8)124 

at pH 4 (A+B), pH 6 (C+D), and pH 10 (E+F). 

 

Since common TEM measurements bear the risk of observing artifacts from the dried samples, 

cryo-TEM measurements (Figure 105) were carried out better capable of depicting the 

solution behavior. Indeed, differences in the morphologies of the observed nanoobjects could 

be found. The sample at pH 4 exhibits almost only spherical micelles. Due to the protonated 

character of the PDMAEMA segment providing a good stability, this represents the intended 
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behavior at low pH values and is in good agreement with the hydrodynamic radius of 85 nm 

obtained from the DLS measurements. Contrary to that, almost no nanostructures 

corresponding to this size could be found in the pH 6 or pH 10 samples. 

 
Figure 105   Cryo-TEM micrographs of triblock terpolymer micelles prepared from PS22-b-PI20-b-
P(DMAEMA50-co-S8)124 at pH 4 (A,B), pH 6 (C,D), and pH 10 (E,F). 

 

These mainly show smaller micellar structures, preferentially corresponding to the smaller size 

distribution of the DLS measurements even though this was not observed for the pH 6 sample. 
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Further, most of the micelles are not spherical but rather exhibit more sophisticated 

structures quite similar to the TEM measurements. The samples again exhibit sandwich like 

structures bearing a central light grey segment (PI) and two surrounding dark grey segments 

(PS). These structures probably originate from micellar cores undergoing 

compartmentalization during the micellization. Apparently, at higher pH values, the dumbbell 

or sandwich shaped nanoobjects are thermodynamically preferred also in the solvated state. 

To further investigate the influence of the PDMAEMA content, the micellization experiments 

were repeated using the PS29-b-PI26-b-P(DMAEMA38-co-S7)111 triblock terpolymer revealing an 

identical ratio of PS to PI but a decreased amount of PDMAEMA of 38 %. After obtaining 

micellar solutions, the samples at different pH values were investigated via DLS measurements 

(Figure 106) and indeed, the results are as expected. An equal hydrodynamic radius of 

<Rh>z,app = 76 nm was obtained from the pH 4 and pH 6 samples while the samples at higher 

pH shows a slightly decreased radius of about 60 nm which could be in good agreement with 

a collapsing PDMAEMA corona. Nevertheless, all samples remained stable over months and 

did not precipitate. 

 
Figure 106   DLS-CONTIN plot (intensity weighted) of triblock terpolymer 
micelles prepared from PS29-b-PI26-b-P(DMAEMA38-co-S7)111. 

 

The following TEM measurements (Figure 107) revealed nanoobjects throughout the whole 

pH range bearing various shapes. Apart from the already known sandwiches and dumbbells, 
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structures that are even more sophisticated can be observed including stars, donuts as well as 

snail shell shaped objects. Again, the structures are probably caused by compartmentalization 

of the micellar cores as depicted in Figure 108. The relatively large variety of shapes might be 

a result of insufficient assembling time during the micellization. Before attending this, cryo-

TEM measurements of the latest micellar solutions were conducted (Figure 109) revealing 

results similar to the micelles made from PS22-b-PI20-b-P(DMAEMA50-co-S8)124. 

 
Figure 107   TEM micrographs of triblock terpolymer micelles prepared from PS29-b-PI26-b-P(DMAEMA38-co-S7)111 

at pH 4 (A+B), pH 6 (C+D), and pH 10 (E+F). 
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Figure 108   Scheme of the supposed arrangement of 
triblock terpolymer chains in compartmentalized micelles. 

 
Figure 109   Cryo-TEM micrographs of triblock terpolymer micelles prepared from PS29-b-PI26-b-
P(DMAEMA38-co-S7)111 at pH = 4 (A,B), pH = 6 (C,D), and pH = 10 (E,F). 
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The pH 4 sample offers only spherical objects bearing a core size of about 40 nm being in good 

agreement to the hydrodynamic radius measured via DLS. With respect to Figure 109 B, some 

of the particles show a darker spot which could be an indication of a PS-PI phase segregation 

but since there are only very few particles it might also be one micelle on top of a second one. 

Similar to the previous triblock terpolymer micelles, the samples at pH 6 and pH 10 show 

slightly smaller mostly spherical and sandwich like as well as dumbbell shaped objects with 

radii of about 23 nm (pH 6) and 30 nm (pH 10) but also a few donut shaped micelles (Figure 

109 F, lower left corner) can be found. In order to obtain particles with more homogeneous 

shapes, in the following, the micellization was repeated with the same triblock terpolymer 

increasing the time from addition of the water to evaporation of the THF from two to 24 h to 

enable a more distinct self-assembly of the triblock terpolymer chains. The DLS measurements 

of the resulting micellar solutions at several pH values are depicted in Figure 110. Again, 

independently from the pH, all samples show a similar behavior revealing in a bimodal 

distribution. The smaller distribution is roughly identical for all pH values at about 60 nm and 

the second distribution ranges from 163 nm (pH 8) to 242 nm (pH 10) which does not correlate 

with increasing pH. 

 
Figure 110   DLS-CONTIN plot (intensity weighted) of triblock terpolymer 
micelles prepared from PS29-b-PI26-b-P(DMAEMA38-co-S7)111. 
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Similar to the DLS measurements, the associated TEM micrographs (Figure 111) show a 

relatively uniform appearance. Apart from simple spherical micelles, one predominant species 

can be observed having almost cubic shapes. 

 
Figure 111   TEM micrographs of triblock terpolymer micelles prepared from PS29-b-PI26-b-P(DMAEMA38-co-S7)111 

at pH = 4 (A+B), pH = 8 (C+D), and pH = 10 (E+F). 
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Figure 112 Scheme of the supposed arrangement of 
triblock terpolymer chains in micelles with a cubic shape. 

 

Most likely, these are formed by the segregation of PS and PI in the micellar core as supposed 

in Figure 112. The only exception from these structures can be observed at pH 10 finding 

larger, possibly vesicular structures (Figure 111 F) which can be correlated to the larger size 

distribution obtained by DLS measurements. Cryo-TEM measurements of these samples 

remain to be done. Staining the samples with HBraq yielded the TEM micrographs shown in 

Figure 113. Surprisingly, the PDMAEMA corona that should be stained by the acid-base 

interaction of the amines with the HBr can hardly be seen. Instead, distinct dark spots were 

observed on the surface of the micellar cores. Most probably, these represent the collapsed 

PI segments that were stained as well by chemical addition of the HBr to the double bonds of 

the isoprene units. Apparently, these are not distributed equally over the core since some less 

covered regions can be observed at higher magnifications (Figure 113 B). This is probably due 

to the compartmentalization of the micellar core as observed in Figure 111. To verify this 

thesis, some additional experiments have to be done. 

 
Figure 113   TEM micrographs of triblock terpolymer micelles prepared from PS29-b-PI26-b-P(DMAEMA38-co-S7)111 

at different magnifications after staining with HBraq. Dotted lines indicate the compartmentalized core as 
observed before staining (compare Figure 111 B). 
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Table 16   Analytical data of micelle solutions from different triblock terpolymers at various pH values obtained 
from light scattering and (cryo-) transmission electron microscopy. 

Polymer Composition pH 
<Rh>z,app 

[nm]a 
Rcore [nm]b Morphologyb 

 4 --- 63 ± 13 CSC 

PS64-b-PI16-b-P(DMAEMA15-co-S5)80 6 121 64 ± 14 CSC 

 8 --- 67 ± 23 CSC 

PS22-b-PI20-b-P(DMAEMA50-co-S8)124 

4 85 17 ± 6 CSC 

6 89 26 ± 6 CSC/comp 

8 34; 85 --- --- 

10 40; 92 18 ± 5 comp 

PS29-b-PI26-b-P(DMAEMA38-co-S7)111 

(2 h assembling time) 

4 76 39 ± 10 CSC 

6 76 23 ± 6 comp 

8 59 --- --- 

10 60 30 ± 4 comp 

PS29-b-PI26-b-P(DMAEMA38-co-S7)111 

(24 h assembling time) 

4 56; 165 29 ± 4c compc 

6 57; 184 25 ± 6c --- 

8 56; 163 24 ± 3c compc 

10 61; 242 25 ± 4c comp/Vc 

 a: obtained from DLS measurements (T = 25 °C, angle = 90 °); b: obtained from cryo-TEM measurements; 
 c: obtained from TEM measurements; CSC: core-shell-corona; comp: compartmentalized; V: vesicles 

 

3.3.3. Shell-Crosslinkable Au@Block Copolymer Nanoparticles 

Metal@polymer hybrid nanoparticles are a great subject of current research. Often, the metal 

nanoparticle core carries a functional material, which is adequate for i.e. drug delivery 

experiments but once exposed to body fluids like blood, the surface chemistry changes 

immediately due to the presence of coordinating molecules like proteins or other contents. 

This most likely has a negative influence on the colloidal stability of the nanoparticles, in the 

worst case leading to immediate agglomeration. In order to overcome this problem, in this 

chapter thiol-functionalized polyether block copolymers were used as ligands to stabilize gold 

nanoparticles (AuNPs) capable of being shell-crosslinked to prevent ligand exchange 

reactions. A scheme of the scientific approach is given in Figure 114. Starting from chloroauric 

acid (I), AuNPs with a stabilizing block copolymer shell are synthesized (II). In the following, 

ligand exchange reactions could result in a loss of the block copolymer ligands (IV) which 

should be inhibited by crosslinking of the block copolymer shell (III) prior to the exchange. 
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Figure 114   Schematic representation of the synthesis, shell crosslinking, and ligand exchange behavior of 
Au@block copolymer hybrid nanoparticles. Reproduced from [Polym. Chem. 2015, 6, 5633] with permission from 
The Royal Society of Chemistry. 

 

In a first step, block copolymer stabilized Au-NPs were prepared via the direct reduction of 

chloroauric acid (HAuCl4) in N,N-dimethylacetamide (DMAc) in the presence of the 

synthesized polyether ligands. Even though the reduction was mediated by sodium 

borohydride, the reaction did not take place instantaneously. After a few minutes, the 

coloration to a red suspension was complete being uncommon for sodium borohydride 

reductions, which are usually finished after a few seconds. Therefore, it was possible to obtain 

nanoparticles of various size depending on the amount of block copolymer ligand present. 

Following this, Au-NP dispersions were prepared using both PEO54-b-PAGE7-SH and PEO45-b-

PFGE7-SH ligands in several Au:ligand ratios ranging from 8:1 up to 1:16. A photograph of the 

Au@PEO45-b-PFGE7-SH nanoparticle dispersions is depicted in Figure 117 B. Apart from the 
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coloration, the nanoparticle formation was further proven by UV/Vis, DLS, as well as TEM. The 

exemplary measurements of the Au:ligand = 1:8 samples are shown in Figure 115. 

 
Figure 115   (A) UV/Vis absorption spectra and (B) DLS-CONTIN plots of Au@PEO45-b-PFGE7-SH (black line, 
<Rh>n,app = 11 nm) and Au@PEO54-b-PAGE7-SH (red line, <Rh>n,app = 2 nm) hybrid nanoparticles, (C) TEM 
micrograph of Au@PEO45-b-PFGE7-SH (radius = 4.6 nm), (D) TEM micrograph of Au@PEO54-b-PAGE7-SH (radius = 
3.1 nm, scale bars = 80 nm, Au:Lig = 1:8). Reproduced from [Polym. Chem. 2015, 6, 5633] with permission from 
The Royal Society of Chemistry. 

 

The UV/Vis spectra exhibit the typical absorption of the localized surface plasmon resonance 

(LSPR) of AuNPs at about 550 nm and additionally, the absorption band of the double bond in 

the PAGE segment can be observed at about 380 nm. The DLS measurements offered quite 

different hydrodynamic radii of <Rh>n,app = 2 nm (Au@PEO54-b-PAGE7-SH) and 

<Rh>n,app = 11 nm (Au@PEO45-b-PFGE7-SH) but the TEM measurements confirmed more 

similar values of R = 3.1 nm (Au@PEO54-b-PAGE7-SH) and R = 4.6 nm (Au@PEO45-b-PFGE7-SH) 

even though only the metallic core of the hybrid nanoparticles can be observed by this 
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method. Therefore, the overall hydrodynamic radii are probably larger than the observed 

values but the difference of the DLS measurements of both NP dispersions is not meaningful. 

The TEM micrographs further reveal that the nanoparticle cores are not perfectly 

monodisperse in size. They rather vary from smaller to larger radii within one sample, which 

is probably due to the sodium borohydride reduction, which is known to yield polydisperse 

size distributions. More monodisperse particles could be obtained by other methods 

combining AuNP preparation and subsequent ligand exchange but the direct reduction by 

sodium borohydride in the presence of the desired ligands was chosen in order to have a high 

grafting density of the block copolymer ligands, which cannot be guaranteed by ligand 

exchange methods. 

After receiving suitable Au@block copolymer dispersions, the next step was the crosslinking 

of the block copolymer shell. Therefore, two different approaches were applied depending on 

the side chain moiety of the functional polyether segment. While the furan group of the FGE 

units was crosslinked via Diels-Alder chemistry using a bifunctional maleimide, the allyl moiety 

of the AGE units was reacted with a disiloxane in a hydrosilylation reaction in the presence of 

Karstedt’s catalyst, a common platinum catalyst. Both methods of the shell-crosslinking 

reaction at the NP surface are depicted in Figure 116. 

If comparing the NP dispersions before and after the crosslinking, especially for the 

Au@PEO45-b-PFGE7-SH sample, a variation of the color can be observed. The respective 

comparing photograph is shown in Figure 117 B. Due to this, the crosslinking reaction was 

followed via UV/Vis spectroscopy adding the bifunctional maleimide to the Au@PEO45-b-

PFGE7-SH dispersion, heating the spectrometer to 60 °C and recording a UV/Vis spectrum 

every hour. The resulting spectra are shown in Figure 117 A. It can be easily observed that, 

apart from the increasing absorption, the absorption maximum is shifted from 533 nm to 

518 nm.  
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Figure 116   Scheme of the ligand shell-crosslinking reactions in Au-NP dispersions using either a disiloxane and 
Karstedt’s catalyst (PEO-b-PAGE-SH) or a bifunctional maleimide crosslinker (PEO-b-PFGE-SH). Reproduced from 
[Polym. Chem. 2015, 6, 5633] with permission from The Royal Society of Chemistry. 

 

It is known that the LSPR of metallic NPs can be influenced by an alteration of the electronic 

structure at the NP surface. Apparently, the incorporation of the crosslinker into the functional 

polyether shell close to the NP surface leads to an overall shift of the LSPR. After about 10 to 

12 h, the crosslinking is finished and no further alteration in the spectra can be observed. 

The UV/Vis spectra of both Au@block copolymer samples with the Au:ligand ratio of 1:8, 

before and after the shell-crosslinking are shown in Figure 117 C. The corresponding DLS 

measurements in Figure 117 D prove constant hydrodynamic radii even though the obtained 

dispersity either narrows Au@PEO54-b-PAGE7-SH or broadens Au@PEO45-b-PFGE7-SH, which 

cannot be explained yet. Further, the TEM micrographs (Figure 117 E+F) do not confirm a 

variation in the dispersity since the size and shape of the NPs looks similar before and after 

the crosslinking. 

All data concerning size and absorption properties of the NP dispersions obtained from 

UV/Vis, DLS and TEM measurements are summarized in Table 17. 
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Figure 117   (A) Time dependent UV/Vis measurements of the shell-crosslinking reaction of Au@PEO45-b-PFGE7-
SH (Au:ligand = 1:8). (B) Photographs of the NP dispersions before and after shell-crosslinking. (C) UV/Vis 
absorption spectra and (D) DLS-CONTIN plots of Au-NP dispersions before and after shell-crosslinking (both 
Au:ligand = 1:8). (E) TEM micrograph of the initial Au@PEO54-b-PAGE7-SH and (F) the shell-crosslinked NP 
dispersions (both Au:ligand = 1:8; scale bars = 50 nm). Reproduced from [Polym. Chem. 2015, 6, 5633] with 
permission from The Royal Society of Chemistry. 
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Table 17   Summarized concentrations, DLS and UV/Vis data of AuNPs with various Au:ligand-ratios of 
Au@PEO45-b-PFGE7-SH and Au@PEO54-b-PAGE7-SH before and after shell-crosslinking. Reproduced from [Polym. 
Chem. 2015, 6, 5633] with permission from The Royal Society of Chemistry. 

     Non-crosslinked NPs Crosslinked NPs 

 HAuCl4 

[g·L-1] 

Ligand 

[g·L-1] 

Ratio 

Au:ligand 

NaBH4 

[g·L-1] 

<Rh>n,app
 

[nm]a 

Radius 

[nm]b 

λmax 

[nm]c 

<Rh>z,app 

[nm]a 

λmax 

[nm]c 

A
u

@
P

EO
45

-b
-P

FG
E 7

-S
H

 0.1 13 1:16 0.1 11 3.9 534 8 516 

0.1 6.5 1:8 0.1 11 4.6 553 10 520 

0.1 3.3 1:4 0.1 10 4.7 563 10 535 

0.1 1.6 1:2 0.1 11 5.2 565 12 544 

0.1 0.8 1:1 0.1 13 5.4 565 15 550 

0.1 0.4 2:1 0.1 18 5.5 568 22 555 

0.1 0.2 4:1 0.1 27 6.2 571 28 560 

0.1 0.1 8:1 0.1 30 6.4 580 33 567 

A
u

@
P

EO
54

-b
-P

A
G

E 7
-S

H
 0.1 13.8 1:16 0.1 1 2.2 523 1 506 

0.1 6.9 1:8 0.1 2 3.1 523 2 509 

0.1 3.5 1:4 0.1 2 2.9 526 4 525 

0.1 1.7 1:2 0.1 16 3.7 531 14 530 

0.1 0.9 1:1 0.1 13 4.2 545 19 544 

0.1 0.4 2:1 0.1 15 4.5 562 22 560 

0.1 0.2 4:1 0.1 16 5.8 566 21 564 

0.1 0.1 8:1 0.1 20 6.4 568 24 566 

a: Obtained from DLS measurements. b: Obtained from transmission electron micrographs. c: Obtained from 
UV/Vis measurements 

 

After investigating the changes in properties during and after the crosslinking reactions, the 

proof of the crosslinking was yet remaining. In order to verify that the block copolymer ligands 

are indeed crosslinked, an easy experiment was carried out. Therefore, an excess of a strongly 

competitive ligand was added and in the following, the stability of the NP dispersion was 

observed. Fortunately, it was found earlier that adding dodecanethiol (DDT) to the Au@block 

copolymer dispersion causes ligand exchange reactions resulting in the precipitation of the 

NPs since Au@DDT seems not to form stable dispersions in DMAc. After finding this, it was 

easy to monitor the exchange reactions via UV/Vis spectroscopy. The time-dependent 

progress of the UV/Vis spectra of the pristine Au@block copolymer dispersions are shown in 

Figure 118 A+D while the corresponding spectra of the crosslinked samples are depicted in 
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Figure 118 B+E. The differences in the decrease of the absorption maxima give some 

indication of the stability of the dispersions. 

 
Figure 118   Time dependent UV/Vis measurements of the initial (A, D) and shell-crosslinked (B, E) Au-NPs and 
the temporal progress of the absorption maxima (C, F) after the addition of an excess DDT (400 equivalents 
related to the number of block copolymer chains) to Au@PEO54-b-PAGE7-SH (A-C), and Au@PEO45-b-PFGE7-SH 
(D-F). Reproduced from [Polym. Chem. 2015, 6, 5633] with permission from The Royal Society of Chemistry. 

 

The overall time-dependent progress of the absorption maxima of the crosslinked and non-

crosslinked samples including Au@PEO54-b-PAGE7-SH as well as Au@PEO45-b-PFGE7-SH is 

depicted in Figure 118 C+F. In case of the non-crosslinked Au@block copolymer NPs, the 

ligand exchange of the block copolymer ligands against the dodecanethiol is preferred due to 
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the large excess of the alkyl thiol leading to precipitation, and thus, a decrease of the 

absorption maximum within hours. As a result, the samples appeared to be colorless after the 

measurements exhibiting a black precipitate that could not be redispersed by ultra sound. In 

contrast, the crosslinked samples remained colored even after the two days of the 

measurement and the UV/Vis spectra remained almost unaffected. Indeed, the absorbance 

decreases during the first hours of the measurement but afterwards, it remains constant. 

Probably, just after adding the dodecanethiol, a distinct amount of the DDT molecules just 

adds even to the crosslinked Au@block copolymer NPs since the grafting density of the block 

copolymer chains on the Au surface is not high enough to prevent this. As a result, the initial 

decrease of the absorption maxima could be either caused by the precipitation of a small 

amount of NPs or by the variation of the electronic structure at the NP surface induced by the 

addition of DDT molecules. Nevertheless, the longtime stability of the shell-crosslinked 

Au@block copolymer dispersions in the presence of an excess of competing DDT ligands could 

be established proving the successful crosslinking of the hybrid NP shell. 

Additionally, the Au@PEO45-b-PFGE7-SH samples were investigated regarding the reversibility 

of the crosslinking reaction. As known from the literature, the Diels-Alder reaction of furan 

and maleimide is an equilibrium reaction depending on the temperature, and thus, should be 

reversible at temperatures above 100 °C. Therefore, another experiment was carried out 

using IR spectroscopy (Figure 119) to observe the reaction. In this experiment, IR spectra of 

the pristine NP dispersion, the NP dispersion including the crosslinker, the crosslinked NP 

dispersion, as well as the crosslinked NP dispersion after 3 h at 160 °C under microwave 

heating were recorded. The reaction was followed by observing the carbonyl signal of the 

bifunctional maleimide crosslinker at 1720 cm-1. Before adding the crosslinker, no signal can 

be observed but after the addition, the signal appears. Further, after the crosslinking for 12 h 

at 60 °C, the initial signal decreases to roughly 50 % intensity but since the carbonyl is not 

vanishing but forming a Diels-Alder connection, a second signal appears at 1712 cm-1 having 

approximately the same intensity. This further confirms the crosslinking of the block 

copolymer shell but unfortunately, after the intended retro Diels-Alder reaction at 160 °C, the 

signal remains unchanged and does not hint towards a decrosslinking. In addition, adding an 

excess of dodecanethiol did not result in the precipitation of the NP dispersion. As a result, no 

appropriate conditions for a successful decrosslinking of the block copolymer shell were found 

yet. Either the Diels-Alder reaction takes place too fast after cooling the sample to room 
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temperature, or the ligand exchange kinetics remain too slow to cause a noticeable 

precipitation of the NPs. This will be part of further research. 

 
Figure 119   FT-IR spectra of the Au@PEO45-b-PFGE7-SH dispersions before the shell crosslinking (black line), 
mixed with the crosslinker (blue line), after the shell crosslinking (green line), and after the decrosslinking 
approach (red line). The inlay shows the magnification of the carbonyl signal of the crosslinker. Reproduced from 
[Polym. Chem. 2015, 6, 5633] with permission from The Royal Society of Chemistry. 
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4. Conclusion 

Within the scope of this work, various controlled/living polymerization techniques were used 

to prepare block copolymers based on functional monomers including styrenes, dienes, 

methacrylates, glycidyl ethers, maleimides, and oxazolines in order to obtain amphiphilic 

block copolymers with crosslinkable moieties. In a second part, these materials were 

examined regarding their versatility as functional building blocks for nanostructured materials 

such as metal@block copolymer hybrid nanoparticles, integral asymmetric block copolymer 

membranes, or self-assembled nanoobjects in solution. The consecutive chemical crosslinking 

of the obtained materials was realized in almost all approaches in order to increase the 

stability and durability regarding their vulnerability to heat, mechanical stress, solvents or 

other chemicals. 

One of the focuses of this work was the preparation of integral asymmetric membranes from 

amphiphilic block copolymers. In this purpose, several different diblock as well as triblock 

terpolymers were synthesized. Regarding diblock terpolymers exhibiting a statistical styrene-

isoprene copolymer as the hydrophobic segment, the best results were obtained using anionic 

polymerization. P(S66-co-I17)-b-PDMAEMA17
81 was synthesized with narrow molar mass 

distribution and successfully used for membrane preparation. The NIPS process yielded 

freestanding, integral asymmetric membranes that could be used for pressure- and pH-

dependent water flux measurements as well as the filtration of silica nanoparticles. Finally, 

crosslinking via UV-irradiation was proven successful using IR spectroscopy. Additional Soxhlet 

extraction experiments revealed the enhanced stability of the prepared membranes against 

organic solvents. Considering all the results, it was shown that the obtained integral 

asymmetric block copolymer membranes combine the chemical resistance of common 

industrial membranes and the functionality and stimuli-response of scientific membranes 

made from amphiphilic block copolymers. 

When aiming at similar materials using nitroxide mediated polymerization, the overall molar 

mass of the final diblock terpolymers was limited due to an unfavorable broadening of the 

dispersity when extending the reaction time. Therefore, several diblock terpolymers with 

different volume fractions of PDMAEMA and overall molar masses of approximately 20 kDa 

and 40 kDa were synthesized, respectively. Unfortunately, the subsequent application in 
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phase inversion processes revealed that a molar mass of 20 kDa remains inadequate and even 

40 kDa is hardly sufficient to form stable, well-defined membranes. 

To overcome this problem, RAFT polymerization was applied, using, in this approach, PVBDMA 

as hydrophilic polymer segment. Indeed, a suitable diblock terpolymer of the composition 

P(S67-co-I17)-b-PVBDMA16
71 could be obtained. In the following, several parameters of the 

membrane casting process, including open time, solvent composition, relative humidity and 

concentration of the casting solution were varied. Unfortunately, the ideal conditions to 

obtain membranes with a regular nanoporous surface layer have not been found yet. 

The focus of this work was the preparation of highly versatile membranes from diblock 

terpolymers exhibiting a styrene-isoprene copolymer as hydrophobic segment via a yet 

unique “modular toolbox” approach.  Two polymers with the compositions P(S67-co-I11)-b-

PTEGA22
64 and P(S70-co-I14)-b-PVBDMA16

60 were synthesized by Marcel Langer in the group of 

Prof. Barner-Kowollik at Karlsruhe-Institute of Technology (KIT) using a convergent approach. 

Hydrophobic and hydrophilic polymer segments were conjugated using a reversible hetero 

Diels-Alder reaction between a terminal cyclopentadiene moiety and an electron poor RAFT 

agent. The final amphiphilic diblock terpolymers were used in NIPS processes with varying 

conditions but unfortunately, only isotropic sponge-like membranes could be obtained. 

However, it was shown that the PTEGA segment can be thermally cleaved (reversing the HDA 

conjugation) after processing the membranes while retaining the porous structure of the 

hydrophobic membrane framework. Unfortunately, several attempts of regrafting the 

membranes with maleimide functionalized molecules applying the relieved cyclopentadiene 

moieties failed to be proven by several analytical techniques. The assumption that the time-

consuming and thermally demanding cleavage process caused a distinct mobility of the 

polymer chains allowing the hydrophobic cp groups to diffuse into the membrane matrix, was 

the motivation to the approach to crosslink the membrane prior to the thermal cleavage. 

Unfortunately, the crosslinking did not improve any of the regrafting processes but 

surprisingly, it was found that the UV-treatment can trigger the cleavage of the PTEGA much 

faster if compared to the thermal cleavage, although the release of the cp moieties in the UV 

approach was not proven yet. Considering all results, unfortunately, the modular toolbox 

approach was not proven entirely successful yet but once established, it can be a powerful 

tool to obtain extremely versatile membranes from only one amphiphilic diblock terpolymer. 
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Apart from statistical styrene-isoprene copolymers, it was found that also styrene-isoprene 

block copolymers could be used as a hydrophobic segment. In this approach, even NMP was 

applicable to obtain well-defined triblock terpolymers with high molar masses and narrow 

dispersities. It was possible to obtain integral asymmetric membranes from a PS64-b-PI16-b-

P(DMAEMA15-co-S5)80 triblock terpolymer. Water flux measurements showed that the 

percolation decreases with time. A similar problem occurred using VBDMA instead of 

DMAEMA but in this case, even the synthesis of the triblock terpolymer was not well 

controlled. Identical attempts gave variable results regarding molar mass and dispersity. 

However, the membrane preparation from a promising synthetic attempt surprisingly gave 

integral asymmetric membranes with pore sizes, apparently directly dependent on the open 

time during the casting process but this can only be verified after improving the polymer 

synthesis. 

Apart from their potential for membrane preparation, three of the PS-b-PI-b-P(DMAEMA-co-

S) triblock terpolymers were further investigated regarding their solution behavior. A common 

micellization approach was applied to force the solution self-assembly of the amphiphilic 

materials and indeed, diverse nanostructures could be observed using DLS, TEM, as well as 

cryo-TEM techniques. Depending on the environmental pH, a transition of core-shell-corona 

to core-compartmentalized micelles was observed but the micellization process still needs to 

be optimized to obtain meaningful results. The first attempts crosslinking the polyisoprene 

shell segment appear successful but an inversion of the micelles by exchange of the solvent 

could not be achieved yet. 

Not only polymer self-assembly was studied within this work but also metal@block copolymer 

hybrid nanoparticles were in focus. Shell-crosslinked Au@polyether hybrid nanoparticles were 

prepared reducing HAuCl4 in the presence of block copolymer ligands containing furfuryl or 

allyl glycidyl ether. The ligands were synthesized via oxyanionic ring opening polymerization 

starting from commercial PEO macroinitiators. After shell-crosslinking via Diels-Alder 

chemistry (FGE) using a bismaleimide or hydrosilylation (AGE) using a disiloxane in 

combination with Karstedt’s catalyst, the superior stability of the resulting nanoparticle 

dispersions was proven by the addition of strongly competitive ligands such as dodecanethiol 

and monitored via UV/Vis spectroscopy. This offers a possible pathway, i.e. towards 

biomedical applications of nanoparticles carrying a specific functional ligands or payload. 
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In order to extend the range of crosslinkable polymeric ligands, hexadienyl glycidyl ether 

(HDGE), a new type of glycidyl ether bearing an acyclic diene moiety in the side chain was 

synthesized and polymerized using anionic ring opening polymerization. The reactions yielded 

homopolymers as well as block copolymers even though the degrees of polymerization 

remained low yet. This might be improved by further experiments varying the solvent and 

initiating systems. 

Finally, RAFT polymerization was applied in combination with cationic ring opening 

polymerization to obtain graft copolymers. The backbone was synthesized by 

copolymerization of either tosyl-functionalized maleimide and styrene or, additionally, 

thiolactone functionalized maleimide, leading to alternating copolymers. The thiolactone 

moiety was proven to be double modified at least to a distinct extent. In the following, the 

tosyl group in the side chain was used as an initiator for the cationic ring opening 

polymerization of 2-ethyl-2-oxazoline. Indeed, graft copolymers could be obtained but the 

purification remained difficult since distinct amounts of PEtOx homopolymer were formed in 

all attempts.  
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5. Zusammenfassung 

Gemäß dem Titel „Amphiphilic (Block-) Copolymers with Crosslinkable Moieties – From 

Functional Building Blocks to Nanostructured Materials” wurden im ersten Teil dieser Arbeit 

verschiedene Polymerisationsmethoden verwendet um amphiphile Blockcopolymere mit 

vernetzbaren funktionellen Gruppen zu synthetisieren.  Zu diesem Zweck wurden diverse 

funktionelle Monomere, wie zum Beispiel Styrol, Isopren, Methacrylate, Glycidylether, 

Maleimide und Oxazoline verwendet. Der zweite Teil behandelt die Untersuchung der 

hergestellten Polymere bezüglich ihrer potenziellen Anwendung zur Herstellung 

nanostrukturierter Materialien, wie zum Beispiel Metall-Blockcopolymer Hybridnanopartikel, 

integral asymmetrischer Blockcopolymermembranen oder auch selbstorganisierter 

Nanostrukturen in Lösung. Um die Eigenschaften dieser Materialien im Hinblick auf 

Haltbarkeit und Widerstandsfähigkeit gegenüber Hitze, mechanischer Belastung, aber auch 

organischen Lösungsmitteln und anderen Chemikalien zu verbessern wurde in nahezu allen 

Ansätzen eine Möglichkeit zur Quervernetzung der Polymere implementiert. 

Der Fokus dieser Arbeit lag auf der Herstellung anisotroper Membranen auf der Basis 

amphiphiler Blockcopolymere. Infolgedessen wurden verschiedene sowohl Diblock- als auch 

Triblockterpolymere synthetisiert. Als vielversprechendste Methode zur Herstellung von 

Diblockterpolymeren mit einem statistischen Copolymer aus Styrol und Isopren als 

hydrophobes Segment stellte sich die anionische Polymerisation heraus. Mithilfe dieser 

Methode wurde ein P(S66-co-I17)-b-PDMAEMA17
81 Diblockterpolymer mit enger 

Molmassenverteilung synthetisiert und für die Membranherstellung verwendet. Mithilfe des 

NIPS-Prozesses wurden stabile, freistehende, integral asymmetrische Membranen hergestellt, 

die mittels druck- so wie pH-abhängiger Durchflussmessungen charakterisiert werden 

konnten. Darüber hinaus wurden Membranen mit Dispersionen von Silikananopartikeln 

verschiedener Größen hinsichtlich ihrer Filtrationsfähigkeit getestet. Letztendlich konnte auch 

die UV-induzierte Vernetzung der Membranen gezeigt und mittels Infrarotspektroskopie 

nachgewiesen werden. Zusätzlich wurde per Soxhlet-Extraktion die deutlich verbesserte 

Stabilität gegen organische Lösungsmittel veranschaulicht. In der Summe der Ergebnisse 

konnte gezeigt werden, dass die hergestellten integral asymmetrischen 

Blockcopolymermembranen sowohl die chemische Widerstandsfähigkeit kommerzieller 
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Membranen, als auch die Funktionalität von experimentellen Membranen aus 

Blockcopolymeren in sich vereinen. 

Zum Vergleich der Methoden und der Vereinfachung der polymersynthetischen Abläufe 

sollten weitere, ähnliche Diblockterpolymere mittels kontrolliert radikalischer 

Polymerisationsmethoden, wie zum Beispiel N-Oxid-vermittelter Polymerisation (NMP) 

hergestellt werden. Unglücklicherweise konnten auf diesem Weg nur Polymere mit 

begrenzter Molmasse synthetisiert werden, da eine längere Reaktionszeit bei der 

Polymerisation des hydrophoben Segments eine unerwünschte Verbreiterung der 

Molmassenverteilung zur Folge hatte. So wurden verschiedene P(S-co-I)-b-P(DMAEMA-co-S) 

Diblockterpolymere mit unterschiedlichen Anteilen PDMAEMA und Gesamtmolmassen von 

etwa 20 kDa, bzw. 40 kDa hergestellt. Während des anschließenden Einsatzes zur 

Membranherstellung stellte sich allerdings heraus, dass die Molmassen unzureichend sind um 

stabile, wohldefinierte Membranen zu erhalten. 

Um das Problem der begrenzten Molmasse während der Polymersynthese zu umgehen wurde 

zur RAFT-Polymerisation gewechselt. Mithilfe dieser Methode konnte ein Diblockterpolymer 

der Zusammensetzung P(S67-co-I17)-b-PVBDMA16
71 hergestellt und in 

Phaseninversionsprozessen zur Membranherstellung getestet werden. Während des 

Filmziehprozesses wurden verschiedene Parameter, wie zum Beispiel Offenzeit, relative 

Luftfeuchte, Lösungsmittelzusammensetzung und Polymerkonzentration variiert. Jedoch 

konnten die optimalen Bedingungen zur Herstellung von Membranen mit einer gleichmäßig 

nanoporösen Oberfläche bisher nicht gefunden werden. 

Der zentrale Ansatz dieser Arbeit war die Herstellung außergewöhnlich vielseitiger 

Blockcopolymermembranen mittels eines neuartigen „modularen Toolbox“ Systems. Für die 

Synthese der dafür benötigten Polymermaterialien wurde erneut die Methode der RAFT-

Polymerisation verwendet. In einem konvergenten Polymerisationsansatz wurden von Marcel 

Langer, im Arbeitskreis Barner-Kowollik am Karlsruher Institut für Technologie (KIT), 

Diblockterpolymere der Zusammensetzungen P(S67-co-I11)-b-PTEGA22
64 und P(S70-co-I14)-b-

PVBDMA16
60 hergestellt. Dabei wurden die Polymersegmente in einer reversiblen Hetero-

Diels-Alder-Reaktion der endständigen Cyclopentadien-Einheit des hydrophoben Blocks mit 

der elektronenarmen RAFT-Gruppe des hydrophilen Segments verknüpft. Die so erhaltenen 

amphiphilen Diblockterpolymere wurden unter variierenden Bedingungen in NIPS-Prozessen 



Zusammenfassung 

 

157 

zur Membranherstellung verwendet. Auch wenn die Herstellung integral asymmetrischer 

Membranen bisher nicht erfolgreich war, so konnten doch stabile Membranen mit isotropen 

porösen Querschnitten hergestellt werden. Weiterhin war es möglich, unter Erhaltung des 

Membrangerüsts das hydrophile PTEGA-Segment in einer Retro-hetero-Diels-Alder-Reaktion 

thermisch abzuspalten. 

Ein anschließendes Bepfropfen der freiwerdenden cp-Funktionalitäten mit verschiedenen 

Maleimid-funktionalisierten Molekülen konnte nicht erfolgreich nachgewiesen werden. In der 

Vermutung, dass die freien cp-Einheiten während der langen Abspaltungszeit bei erhöhter 

Temperatur möglicherweise durch eine gewisse Kettenmobilität in das hydrophobe 

Membrangerüst diffundieren, wurde die UV-Quervernetzung der Membranen vor der 

Abspaltung in Betracht gezogen. Es zeigte sich jedoch, dass dies keinen messbaren Einfluss auf 

die anschließende Bepfrofpung hat. Überraschenderweise wurde dabei allerdings 

herausgefunden, dass die Abspaltung offenbar auch UV-induziert erfolgen kann, da nach der 

Vernetzung ein Großteil des hydrophilen Polymersegments ohne jeglichen thermischen 

Einfluss abgespalten worden war. Allerdings konnte bisher nicht nachgewiesen werden, dass 

hierbei tatsächlich reaktive cp-Einheiten freigesetzt werden. In Anbetracht aller Ergebnisse 

war es bisher nicht möglich, funktionelle Membranen mittels des modularen Toolbox Systems 

herzustellen. Allerdings konnte sowohl die Polymersynthese als auch die Herstellung der 

„Protomembran“ und die anschließende Abspaltung des hydrophilen Polymersegments unter 

Erhalt der Membranstruktur gezeigt werden. Ein erfolgreicher Bepfropfungsvorgang würde 

somit eine Möglichkeit zur Herstellung hochfunktioneller Membranen ausgehend von nur 

einem einzigen amphiphilen Blockcopolymer eröffnen. 

Im weiteren Verlauf der Arbeit wurden anstelle von Diblock- auch Triblockterpolymere mit 

separiertem Styrol und Isopren-Segment bezüglich ihrer Eignung als Membranpolymere 

getestet. Im Gegensatz zu Diblockterpolymeren mit statistischem Styrol-Isopren-Gemisch 

konnten diese auch mittels NMP mit ausreichend hoher Molmasse und enger 

Molmassenverteilung polymerisiert werden.  Ausgehend von einem so synthetisierten PS64-b-

PI16-b-P(DMAEMA15-co-S5)80 Triblockterpolymer konnten stabile integral asymmetrische 

Membranen hergestellt werden. Im Zuge von Durchflussmessungen zeigte sich jedoch, dass 

der Wasserfluss durch die Membran mit der Zeit abnahm. Ein ähnliches Problem bestand 

auch, wenn PDMAEMA gegen PVBDMA ersetzt wurde. In letzterem Fall lieferte allerdings 

schon die Polymersynthese kaum reproduzierbare Ergebnisse. Dennoch konnte ein 
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entsprechendes Triblockterpolymer für die Membranherstellung verwendet werden. 

Überraschenderweise zeigte sich eine direkte Abhängigkeit der Porengröße der 

Membranoberfläche von der Offenzeit während des Filmziehverfahrens. Bevor dieses 

Verhalten weiter untersucht werden kann, sollte allerdings die Polymersynthese bezüglich 

ihrer Reproduzierbarkeit optimiert werden. 

Unabhängig von der Membranherstellung wurden drei verschiedene PS-b-PI-b-P(DMAEMA-

co-S) Triblockterpolymere bezüglich ihrer Eigenschaften in Lösung untersucht. In einem 

standardmäßigen Mizellbildungsverfahren wurde die Selbstorganisation der amphiphilen 

Polymere forciert. In der Tat konnten daraufhin assemblierte Nanostrukturen mittels DLS, 

TEM und Cryo-TEM nachgewiesen werden. Abhängig vom pH-Wert der Lösungen konnten 

Übergänge zwischen Kern-Schale-Korona-Strukturen und Mizellen mit kompartimentierten 

Kernen beobachtet werden. Allerdings bedarf es weiterer Verbesserung des 

Mizellbildungsverfahrens bevor fundierte Aussagen getroffen werden können. Erste Ansätze 

der Vernetzung des Isoprensegments verliefen vielversprechend. Eine Inversion der 

mizellaren Strukturen durch Austausch des Lösungsmittels nach Quervernetzung der Schale 

konnte bisher jedoch nicht beobachtet werden. 

Im Verlauf dieser Arbeit wurden nicht nur reine Polymernanostrukturen, sondern auch Metall-

Polymer-Hybridstrukturen synthetisiert und untersucht. Gold-Polyether Hybridnanopartikel 

mit quervernetzter Ligandenhülle wurden durch die Reduktion von Goldsäure in Anwesenheit 

geeigneter Blockcopolymerliganden hergestellt. Die Liganden mit vernetzbaren Einheiten, wie 

Furfurylglycidylether oder Allylglycidylether wurden mittels anionischer 

Ringöffnungspolymerisation, ausgehend von kommerziellen PEO-Makroinitiatoren, 

synthetisiert. Die Vernetzung der Ligandenhülle wurde durch Diels-Alder Reaktionen eines 

Bismaleimids (FGE), bzw. durch Hydrosilylierung mittels Platinkatalysator (AGE) realisiert. Die 

erheblich erhöhte Stabilität der resultierenden Hybridnanopartikel in Anwesenheit 

konkurrierender Liganden wie Dodekanthiol wurde im Anschluss mittels einfacher UV/Vis-

spektroskopischer Experimente nachgewiesen. Dies eröffnet die Möglichkeit, derartige 

Hybridsysteme zum Beispiel für biomedizinische Anwendungen einzusetzen bei denen 

Nanopartikel mit spezifischen Liganden und/oder als Träger von Wirkstoffmolekülen benötigt 

werden. 
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Um neue vernetzbare Monomere für diese Anwendung zu erschließen wurde 

Hexadienylglycidylether, ein anionisch ringöffnend polymerisierbares Monomer mit 

offenkettigem Dien in der Seitenkette synthetisiert. Dieses konnte anschließend sowohl als 

Homo- als auch als Blockcopolymer mit PEO hergestellt werden. Zwar blieb der 

Polymerisationsgrad vorerst begrenzt, doch die Optimierung der Reaktionsbedingungen wie 

Lösungsmittelwahl oder Initiatorsystem sollten dieses Problem beheben können. 

Ein zusätzlicher Fokus dieser Arbeit lag auf der Herstellung von Pfropfcopolymeren mit einer 

Kombination von kontrolliert radikalischer Copolymerisation und anschließender kationisch 

ringöffnender Pfropfcopolymerisation von 2-Ethyl-2-oxazolin. Alternierende Copolymere aus 

Styrol und Tosyl-, bzw. Thiolacton-funktionalisiertem Maleimid wurden per RAFT-Methode 

polymerisiert. Im Anschluss diente die Thiolacton-Funktionalität zur Doppelmodifikation des 

Terpolymers mit Aminen und Michael-Akzeptoren. Schlussendlich war es möglich die 

Tosylgruppen in den Seitenketten als Initiatoren für die Pfropfcopolymerisation von EtOx zu 

verwenden. Auf diese Art und Weise wurden hochfunktionalisierte Pfropfcopolymere 

hergestellt, deren Aufreinigung sich allerdings schwierig gestaltete, da während der Reaktion 

stets gewisse Mengen an schwer abtrennbarem PEtOx Homopolymer entstanden. 
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6. Experimental Part 

6.1. Materials 

All solvents and chemicals were purchased from Sigma-Aldrich, ABCR, Alfa Aesar, Th. Geyer, 

VWR, Acros Organics, TCI, Carbolution or Carl Roth and were used as received if not explicitly 

stated. Chloroauric acid trihydrate was purchased from STREM Chemicals. All monomers for 

radical polymerization were passed through a column containing basic aluminum oxide prior 

to use.   THF for anionic polymerization was dried over sodium and benzophenone and distilled 

before use. Glycidyl ethers for anionic polymerization were purified via column 

chromatography (eluent: Hex./EtOAc = 80/20) and dried in vacuum. Styrene and isoprene for 

anionic polymerization as well as acetonitrile for cationic polymerization were stirred over 

CaH2 overnight and purified via cold distillation under reduced pressure. DMAEMA for anionic 

polymerization was stirred over trioctyl aluminum and purified via cold distillation under 

reduced pressure. 2-Ethyl-2-oxazoline for cationic polymerization was dried over BaO and 

purified via cold distillation under reduced pressure. P(S-co-I)-b-PTEGA (26) was kindly 

provided by Marcel Langer (Karlsruhe Institute of Technology). Maleimide thiolactone (MiTla) 

was gratefully obtained from Tobias Rudolph. PEO-macroinitiators and P(S-co-I)-OH 

copolymers were synthesized by, or with the assistance of Markus Barthel. 
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6.2. Methods 

6.2.1. Confocal Laser Scanning Fluorescence Microscopy (CLSFM) 

Fluorescence images were obtained using a Zeiss LSM 880 Elyra confocal laser-scanning 

microscope with a Plan-Apochromat 63x/1.4 Oil DIC M27 objective. The samples were 

irradiated by an argon laser with a wavelength of 488 nm. The emitted fluorescence was 

collected using a 493-624 nm band-pass filter detected using a photomultiplier tube. To allow 

a comparison, all images were captured under identical conditions and instrument settings 

(laser power, pinhole diameter and detector gain). 

 

6.2.2. Dynamic Light Scattering (DLS) 

DLS measurements were performed at an ALV DLS/SLS equipment consisting of an ALV Laser 

CGS3 Goniometer with an ALV Avalanche correlator and a He-Ne laser (λ = 632.8 nm). The 

CONTIN algorithm was applied to analyze the obtained correlation functions. Apparent 

hydrodynamic radii were calculated according to the Stokes-Einstein equation. 

 

6.2.3. Membrane Preparation 

Membranes were prepared via the NIPS process. Diblock terpolymer films were cast from a 

solution (15 wt.-%) of DMF and THF with a 200 µm doctor blade onto polished (with 

chloroform and 2-propanol) glass sheets using a Coatmaster 510 (Erichsen GmbH, Germany). 

The film casting was carried out in a climate chamber from PlasLabs to control both relative 

humidity and temperature during the process. Relative humidities of 30, 50 and 70% were 

used. After typically 30 s exposure to air (open time), the cast films were immersed into a 

deionized water bath for final membrane formation. During the next 60 min, the films typically 

started to lift-off the glass surface. After 24 h, the membranes were taken out of the water 

bath and stored in deionized water until further use. 
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6.2.4. Filtration Experiments 

Water flux measurements were carried out in a stirred ultrafiltration cell (Amicon 8010, 

Millipore®, 22 mm effective membrane diameter) connected to a deionized water reservoir. 

The transmembrane pressure was controlled with compressed air in the range of 0.2 to 1 bar. 

The pH value was adjusted using pH = 2 (6, 8, 10) buffer solutions. 

 

6.2.5. Fourier-Transform Infrared (FT-IR) Spectroscopy 

Fourier-transform infrared (FT-IR) spectra were recorded on an ATR-FTIR spectrometer 

(Affinity-1 FTIR, Shimadzu) in the range of 4000 to 600 cm-1. 

 

6.2.6. Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H-NMR measurements were performed on a 250 MHz or 300 MHz Bruker spectrometer using 

CDCl3, CD2Cl2, C2D2Cl4, DMSO-d6 or THF-d8 as deuterated solvents. For calibration, the specific 

signals of the non-deuterated species were used. 

 

6.2.7. Scanning Electron Microscopy (SEM) 

Samples for SEM were prepared as follows: Top view: Membrane slices were cut, placed on a 

glass surface and dried in vacuum for 6 h. Cross-sectional view: Membrane slices were deep-

frozen in liquid nitrogen, broken, placed on a glass surface and also dried in vacuum for 6 h. 

Finally, the samples were coated with gold (≈ 8 nm) using a BAL-TEC SCD005 sputtering device 

(Balzers, Liechtenstein). SEM measurements were performed on a Zeiss (LEO) 1530 Gemini 

FESEM operating at 8 to 10 kV using an InLens or SE2 detector. 

 

6.2.8. Size Exclusion Chromatography (SEC) 

SEC was measured on a Shimadzu system equipped with a SCL-10A system controller, a LC-

10AD pump, and a RID-10A refractive index detector using a solvent mixture containing 

chloroform, triethylamine, and 2-propanol (94:4:2) at a flow rate of 1 mL·min-1 on a 
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PSS-SDV-linear M 5 μm column at room temperature. A calibration with narrow dispersity 

poly(ethylene oxide) (440 - 44 700 g·mol−1)  or polystyrene standards (376 to 128 000 g·mol−1) 

was used. 

Further SEC experiments were carried out using an Agilent 1200 series system, a G1310A 

pump, a G1362A refractive index detector and both a PSS Gram30 and a PSS Gram1000 

column in series, whereby N,N-dimethylacetamide (DMAc) with 5 mmol lithium chloride was 

used as eluent at 1 mL·min-1 flow rate. The column oven was set to 40 °C. The system was 

calibrated with polystyrene (374 to 1 040 000 g mol–1) standards. 

In addition, an Agilent 1260 Infinity system equipped with a 1260 IsoPump (G1310B), a 1260 

ALS (G1310B) autosampler and three consecutive PSS SDV, 5 µm, 8x300 mm columns was 

used for SEC measurements. THF was used as an eluent at a flow rate of 1 mL·min-1. The 

column oven was set to 30 °C and signals were detected using a 1260 DAD VL (G1329B) and a 

1260 RID (G1315D) detector. The system was calibrated using PSS polystyrene 

(266 to 2 520 000 g·mol-1) standards. 

 

6.2.9. Titration 

For the acid/base titration, the polymer was dissolved in 0.1 M aqueous HCl. The titration was 

performed against 0.1 M aqueous NaOH solution using a 765 Dosimat from Metrohm, a digital 

pH/mV-meter GMH 3530 from Greisinger electronic, and the EBS9 M Recorder software. 

 

6.2.10. Transmission Electron Microscopy (TEM) 

TEM measurements were performed either on a Zeiss-CEM 902A (80 KV) equipped with a 

TVIPS Fast Scan CCD-camera (Figure 3) or on a 200 kV FEI Tecnai G2 20 equipped with a 4k x 4k 

Eagle HS CCD and a 1k x 1k Olympus MegaView camera for overview images (Figure 4). For 

sample preparation, 7 µL of the sample solution were blotted on a carbon coated copper grid. 

Cryogenic transmission electron microscopy (cryo-TEM) measurements were performed on a 

FEI Tecnai G2 20 cryo-Transmission Electron Microscope. 7 μL of the samples were blotted by 

using a Vitrobot Mark IV. Samples were plunge-frozen in liquid ethane and stored under 

nitrogen before being transferred to the microscope utilizing a Gatan transfer stage. 
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6.2.11. Turbidimetry 

Cloud points were measured in a Crystal 16 from Avantium Technologies connected to a chiller 

(Julabo FP 40) at a wavelength of 500 nm. 

 

6.2.12. Ultraviolet/Visible Light (UV/Vis) Spectroscopy 

UV/Vis absorption spectra were recorded with a Specord 250 spectrometer (Analytik Jena) in 

Suprasil quartz glass cuvettes 104-QS (Hellma Analytics) with a thickness of 10 mm. The 

temperature at the measurements was controlled by a Juno dTRON 08.1 (Analytik Jena). 

 

6.2.13. Ultrasound Treatment 

For ultrasound a Sonics VibraCell VC505 (500 Watt) was used. The device was operated with 

an amplitude of 20 % and a frequency of 20 kHz with a replaceable 1/8" tapered micro tip. 

The irradiation time was varied between 30 sec and 10 min. 

 

6.2.14. UV-Crosslinking 

Crosslinking experiments of diblock terpolymer membranes were carried out on an LC6B 

Benchtop Conveyor UV curing unit (Heraeus Noblelight GmbH) equipped with an F300S 

300 W·in-2 microwave-powered electrodeless UV lamp (mercury bulbs). 
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6.3. Monomer Syntheses 

6.3.1. trans,trans-2,4-Hexadienyl glycidyl ether (HDGE) (5) 

5 g (50.59 mmol) 2,4-hexadiene-1-ol and 865 mg (2.55 mmol) tetra-n-butylammonium 

hydrogen sulfate were dissolved in an ice-cold 1:1 mixture of aqueous NaOH (40 wt.%) and 

THF (overall volume 200 mL). 16 mL (204 mmol) of epichlorohydrin were added slowly. After 

the addition, the mixture was stirred overnight at room temperature. The crude product was 

purified via column chromatography using hexane/ethyl acetate (5:1) as eluent. The product 

was dried over CaH2 and purified via distillation under reduced pressure (47 °C, 4·10-1 mbar). 

Yield: 5.2 g (67%). 

1H-NMR (300 MHz, CDCl3): 

6.20 ppm (dd, 1 H, -CH2-CH=CH-), 6.12-5.96 ppm (m, 1 H, CH3-CH=CH-), 5.80-5.51 ppm (m, 2 H, 

CH3-CH, -CH2-CH-), 4.13-3.95 ppm (m, 2 H, -CH2-CH=CH-), 3.69 ppm (dd, 1 H, -O-CH2-), 

3.38 ppm (dd, 1 H, -O-CH2-), 3.14 ppm (m, 1 H, -CH2-CH-CH2-), 2.78 ppm (t, 1H, -CH2-CH-CH2-), 

2.60 ppm (dd, 1 H, -CH2-CH-CH2-), 1.74 ppm (d, 3 H, -CH3) 

 

6.3.2. Vinylbenzyl Dimethylamine (VBDMA) (20) 

31 ml of 4-vinylbenzyl chloride (0.2 mol) were dissolved in 200 ml of ethanol and 55 ml of 

dimethyl amine (33 % in water, 0.4 mol). 55.6 g of potassium carbonate were added to the 

solution and the mixture was stirred for 24 h at 50 °C. Afterwards, the solvent was removed 

under reduced pressure. The residue was extracted with water/chloroform and the combined 

organic phases were dried. The residue was distilled under vacuum (5.7·10-2 mbar, 36 °C) 

giving a pale yellow liquid (62 %). 

1H-NMR (300 MHz, CDCl3): 

7.45-7.24 ppm (m, 4 H, Ar-H), 6.73 ppm (m, 1 H, CH2=CH-Ar), 5.76 + 5.23 ppm (d, 2 H, 

CH2=CH-), 3.42 ppm (s, 2 H, Ar-CH2-N), 2.26 ppm (s, 6 H, -N(CH3)2) 
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6.3.3. Maleic Anhydride-Furan Adduct (31) 

10 g (102 mmol) Maleic anhydride were dissolved in 100 ml of toluene. The solution was 

filtered, 14.8 ml (204 mmol) of furan were added and the mixture was sealed in a pressure 

resistant Schlenk tube. After 24 h stirring at 45 °C, a white solid precipitated which was filtered 

off and washed with toluene before drying. The reaction yielded 13.2 g (78%) of a white 

powder. 

1H-NMR (300 MHz, DMSO-d6): 

6.58 ppm (s, 2 H, -CH=CH-), 5.34 ppm (s, 2 H, -O-CH-), 3.31 ppm (s, 2 H, -CH-CH-COO-) 

 

6.3.4. 4-(2-Hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.0]dec-8-ene-3,5-dione (32) 

12.5 g (75 mmol) of the furan-maleic anhydride adduct were suspended in 25 ml of methanol. 

4.6 ml of ethanolamine were added dropwise at 0 °C. After complete dissolution, the mixture 

was heated to reflux overnight and afterwards cooled down to -20 °C causing the 

crystallization of the product. The white solid was filtered off and washed with cold methanol 

before drying. The reaction yielded 8.1 g (52 %) of an off-white powder. 

1H-NMR (300 MHz, DMSO-d6): 

6.55 ppm (s, 2 H, -CH=CH-), 5.12 ppm (s, 2 H, -O-CH-), 4.77 ppm (t, 1 H, -OH), 3.41 ppm (s, 

4 H, -CH2-CH2-), 2.92 ppm (s, 2 H, -CH-CH-CON-) 

 

6.3.5. 2-(1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)ethyl 4-methyl-

benzenesulfonate  (33) 

2 g (9.6 mmol) of 32 were dissolved in 100 ml of dichloromethane. 2.6 ml of triethylamine and 

240 mg of 4-dimethylaminopyridine were added and the mixture was cooled down to 0 °C. 

Subsequently, 2.8 g (14.7 mmol) of tosyl chloride in 20 ml of dichloromethane were added 

slowly and the mixture was allowed to stir overnight at room temperature. The mixture was 

then washed with 0.1 M HClaq and deionized water, separated, and dried over Na2SO4. After 

removing the solvent, the residue was refluxed in methanol, filtered and dried yielding 2.8 g 

(80%) of a yellowish powder. 
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1H-NMR (300 MHz, DMSO-d6): 

7.73 + 7.48 ppm (m, 4 H, Ar-H), 6.55 ppm (s, 2 H, -CH=CH-), 5.1 ppm (s, 2 H, -O-CH-), 4.09 ppm 

(t, 2 H, -CH2-OTos), 3.61 ppm (t, 2 H, -N-CH2-), 2.87 ppm (s, 2 H, -CH-CH-CON-), 2.41 ppm (s, 

3 H, -Ar-CH3) 

 

6.3.6. Tosylethyl Maleimide (MiTos) (34) 

2.8 g (7.7 mmol) of 33 was dissolved in 28 ml of toluene and refluxed for 24 h. After cooling, 

the product crystallized as a brownish solid, which was washed with cold toluene, filtered and 

dried. The reaction yielded 1.9 g (84%) of a brownish powder. 

1H-NMR (300 MHz, CDCl3): 

7.75 + 7.34 ppm (m, 4 H, Ar-H), 6.68 ppm (s, 2 H, -CH=CH-), 4.21 ppm (t, 2 H, -CH2-OTos), 

3.78 ppm (t, 2 H, -N-CH2-), 2.45 ppm (s, 3 H, -Ar-CH3) 
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6.4. Initiator Syntheses 

6.4.1. 3-Nitropentane (10) 

44 g (0.64 mol) of sodium nitrite were dissolved in 500 ml of DMSO. After the addition of 80 g 

(0.53 mol) of 3-bromopentane, the solution turned yellow and was allowed to stir for 66 h at 

room temperature. Subsequently, 500 ml of water were added and the mixture was extracted 

with hexane (3 x 100 ml). The combined organic layer was washed with water (3 x 50 ml), 

dried over magnesium sulfate and after filtration the solvent was removed under reduced 

pressure. The crude 3-nitropentane (yield: 37.3 g, 60 %) was used without further purification. 

1H-NMR (300 MHz, CDCl3): 

4.31 ppm (m, 1 H, -CH-), 2.03-1.88 ppm (m, 2 H, -CH2-), 1.83-1.69 ppm (m, 2 H, -CH2-), 

0.94 ppm (t, 6 H, 2 x -CH3) 

 

6.4.2. N-tert-Butyl-(2-ethyl-2-nitrobutyl)amine (11) 

26 ml (0.34 mol) of formaldehyde (36 % aqueous solution) were added slowly to a mixture of 

40 ml (37.3 g, 0.32 mol) 3-nitropentane and 34 ml (0.33 mol) tert-butylamine at 20 - 30 °C. The 

mixture was then heated to 50 °C and stirred for 20 h. Afterwards the solution was extracted 

with hexane. The organic layer was washed with water, dried over magnesium sulfate and the 

solvent was evaporated. The slightly yellow product could be obtained by distillation under 

reduced pressure (1·10-3 mbar, 50 °C, yield: 41 g, 64 %). 

1H-NMR (300 MHz, CDCl3): 

2.92 ppm (s, 2 H, -CH2-), 1.96 ppm (q, 4 H, 2 x -CH2-), 1.04 ppm (s, 9 H, 3 x -CH3), 0.84 ppm (t, 

6 H, 2 x -CH3) 

 

6.4.3. N-tert-Butyl-(2-ethylbutane)-1,2-diamine (12) 

20 g (0.1 mol) of N-tert-butyl-(2-ethyl-2-nitrobutyl)amine were dissolved in a mixture of 

222 ml of water and 148 ml of acetic acid. 38.8 g (0.6 mol) of zinc powder were added in small 

portions under vigorous stirring. Subsequently, the mixture was heated to 80 °C, stirred for 
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2 h and filtrated directly. The solvent was evaporated under reduced pressure and the residue 

was dissolved in 200 ml of water. An aqueous NaOH solution was added to reach pH = 13. 

Then, the solution was extracted with diethyl ether. The solvent was evaporated under 

reduced pressure and the crude product was purified by distillation (3·10-2 mbar, 32 °C). The 

product could be obtained as a colorless liquid (yield: 11 g, 64 %). 

1H-NMR (300 MHz, CDCl3): 

2.32 ppm (s, 2 H, -CH2-), 1.41-1.22 ppm (m, 4 H, 2 x -CH2-), 1.03 ppm (s, 9 H, 3 x -CH3), 

0.79 ppm (t, 6 H, 2 x -CH3) 

 

6.4.4. 1-tert-Butyl-3,3-dipropyl-5,5-diethyl-2-piperazinone (13) 

21.84 g (127 mmol) of N-tert-butyl-(2-ethylbutane)-1,2-diamine were mixed with 16 ml 

(0.2 mol) of chloroform and 135 ml (1.27 mol) of 3-heptanone. 35.6 g (0.64 mol) of powdered 

KOH were added slowly at 10-15 °C resulting in a brown solution. The mixture was stirred for 

19 h at room temperature. Subsequent filtration and evaporation of the solvent gave 33.45 g 

of crude product that was purified by column chromatography (hexane:Et2O = 5:1). The 

product could be obtained as a yellow liquid (yield: 16.97 g, 50 %). 

1H-NMR (300 MHz, CDCl3): 

3.15 ppm (s, 2 H, -CH2-), 1.62-1.55 ppm (q, 4 H, 2 x -CH2-), 1.42 ppm (s, 9 H, 3 x -CH3), 1.43-

1.35 ppm (q, 4 H, 2 x -CH2), 0.88-0.81 ppm (m, 12 H, 4 x -CH3) 

 

6.4.5. 1-tert-Butyl-3,3-dipropyl-5,5-diethyl-2-piperazinon-4-oxyl (14) 

11 g (41 mmol) of 1-tert-butyl-3,3-dipropyl-5,5-diethyl-2-piperazinone were dissolved in 

180 ml of dichloromethane. Then, 20 g (82 mmol) of m-chloroperbenzoic acid were added in 

small portions within 40 minutes. The solution became orange and a white precipitate was 

formed. The mixture was allowed to stir for 4 hours and then, the product was hydrolyzed 

with an aqueous Na2CO3 solution. The aqueous layer was extracted with DCM twice. The 

combined organic layers were dried over sodium sulfate and after filtration, the solvent was 

removed under reduced pressure. The crude product was purified by column chromatography 
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using a hexane/EtOAc (5:1) mixture. The product could be obtained as an orange solid (yield: 

9.85 g, 85 %). 

1H-NMR (300 MHz, CDCl3, after reduction of the radical with phenylhydrazine): 

2.97 ppm (s, 2 H, -C-CH2-N-), 1.93-1.62 ppm (m, 4 H, 2 x -CH2-), 1.62-1.26 ppm (m, 4 H, 

2 x -CH2-), 1.31 ppm (s, 9 H, 3 x -CH3), 0.92-0.72 ppm (m, 12 H, 4 x –CH3) 

 

6.4.6. 1-tert-Butyl-3,3-dipropyl-5,5-diethyl-4-(1-phenylethoxy)piperazin-2-one (15) 

2 g (7 mmol) of 1-tert-butyl-3,3-dipropyl-5,5-diethyl-2-piperazinon-4-oxyl, 0.92 ml (6.8 mmol) 

1-bromoethyl benzene, 460 mg (7.2 mmol) Cu(0), 28 mg (77 µmol) Cu(OTf)2 and 56 µl 

(268 µmol) N,N,N’,N’,N’’-pentamethyldiethylenetriamine (PMDETA) were dissolved in 10 ml 

of benzene in a sealed tube and stirred for 48 h at 80 °C. After that, the copper was removed 

by passing the mixture through a short silica gel column. The solvent was removed under 

reduced pressure and the crude product was then purified by column chromatography using 

a mixture of hexane/MTBE (10:1). After removing the solvent, the solid was redissolved in 

dioxane and freeze-dried under reduced pressure. The product was obtained as a white solid 

(yield: 1.93 g, 70 %). 

1H-NMR (300 MHz, CDCl3): 

7.36-7.27 ppm (m, 5 H, Ar-H), 4.79-4.61 ppm (m, 1 H, Ar-CH-CH3), 3.26-2.92 ppm (m, 

2 H, -C-CH2-N-), 2.22-0.44 ppm (m, 23 H, 4 x -CH2-, 5 x -CH3), 1.38 ppm (s, 9 H, 3 x -CH3) 
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6.5. End Group Syntheses 

6.5.1. Thioacetic Acid-S-(3-chloropropyl)ester (1) 

Thioacetic acid (28.7 mL, 0.4 mol) and allyl chloride (32.6 mL, 0.4 mol) were mixed and allowed 

to stir at 55 °C for 3 h. The following distillation under reduced pressure gave 32 mL (61 %) of 

1 (84 °C, 13 mbar). 

1H-NMR (300 MHz, CDCl3): 

3.58 ppm (t, 2 H, -CH2-Cl), 3.01 ppm (t, 2 H, -S-CH2-), 2.33 ppm (s, 3 H, -CO-CH3), 2.04 ppm (p, 

2 H, -CH2-CH2-CH2-) 

 

6.5.2. 3-Chloropropyl thiol (2) 

25 mL (0.19 mol) of 1 were dissolved in 150 mL of methanol. After addition of 33 mL of 

concentrated aqueous HCl, the mixture was stirred at 65 °C for 3.5 h. Subsequently, the 

solution was cooled to room temperature and neutralized with aqueous NaOH. The mixture 

was extracted with chloroform three times and the organic layers were collected. The solvent 

was removed under reduced pressure and 15 mL of a colorless liquid were obtained (81 %).  

The material was used without further purification. 

1H-NMR (300 MHz, CDCl3): 

3.66 ppm (t, 2 H, -CH2-Cl), 2.68 ppm (q, 2 H, HS-CH2-), 2.02 ppm (p, 2 H, -CH2-CH2-CH2-), 

1.35 ppm (t, 1 H, -SH) 

 

6.5.3. S-(t-Butyldimethylsilyl)-3-chloropropyl thiol (3) 

12.5 g (184 mmol) of imidazole were dissolved in 30 mL of DMF. After the addition of 14.2 mL 

(147 mmol) of 3-chloropropyl thiol, the mixture was cooled to 0 °C and flushed with argon. 

23 g (153 mmol) of TBDMS-chloride dissolved in 50 mL of DMF were added dropwise over a 

period of 40 minutes. The reaction was then allowed to stir for 2 h at 0 °C and subsequently 

1 h at room temperature. The mixture was poured into 200 mL of an aqueous NaOH solution 

(1.25 M) and extracted with DCM. The organic layers were collected and washed with water 
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to remove most of the DMF. After evaporation of the solvent the distillation under reduced 

pressure gave 25 mL (71 %) of 3 (70 °C, 5·10-2 mbar). 

1H-NMR (300 MHz, CDCl3): 

3.67 ppm (t, 2 H, -CH2-Cl), 2.66 ppm (t, 2 H, -S-CH2-), 2.04 ppm (p, 2 H, -CH2-CH2-CH2-), 0.96 

ppm (s, 9 H, -Si-C(CH3)3), 0.27 ppm (s, 6 H, -Si(CH3)2) 
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6.6. Anionic Polymerizations 

6.6.1. Silyl Protected, Thiol Modified Poly(ethylene oxide)45-block-poly(furfuryl glycidyl ether)7 

(PEO45-b-PFGE7-S-TBDMS) and Poly(ethylene oxide)54-block-poly(allyl glycidyl ether)7 

(PEO54-b-PAGE7-S-TBDMS) 

In a typical reaction, 2 g of poly(ethylene oxide) (2 000 g·mol-1, 1 mmol) were dried and 

subsequently dissolved in 20 mL of dry THF in a glove box under nitrogen atmosphere. The 

OH-group was activated adding a 0.16 M solution of diphenylmethyl potassium (DPMK) in THF 

slowly until the solution remained slightly orange. Then, 7.3 mmol of the corresponding 

glycidyl ether was added and the solution turned immediately from orange to dark brown. 

The mixture was allowed to stir for 22 h at 45 °C. Afterwards, 2.4 mL (10 mmol) of 

S-(t-butyldimethylsilyl)-3-chloropropyl thiol 3 were added and the solution was stirred for 

another 24 h at room temperature. The resulting block copolymer was precipitated twice in 

cold diethyl ether. Freeze drying of the product gave 2.2 g (65 %) of the desired block 

copolymer. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

PEO45-b-PFGE7-S-TBDMS: Mn = 2 400 g·mol-1, Ð = 1.02 (PEO-calibration) 

PEO54-b-PAGE7-S-TBDMS: Mn = 3 400 g·mol-1, Ð = 1.07 (PEO-calibration) 

1H-NMR (300 MHz, CDCl3): 

PEO45-b-PFGE7-S-TBDMS: 7.41-7.33 ppm (m, 7 H), 6.36-6.22 ppm (m, 14 H), 4.5-4.38 ppm (m, 

14 H), 3.95-3.35 ppm (br, backbone), 3.6 ppm (br), 0.85 ppm (s, 9 H), 0.03 ppm (s, 6 H) 

PEO54-b-PAGE7-S-TBDMS: 7.4-7.3 ppm (m, 5 H), 6.0-5.8 ppm (m, 7 H), 5.35-5.1 ppm (m, 14 H), 

4.57 ppm (s, 2 H), 4.05-3.95 ppm (d, 14 H), 3.95-3.3 ppm (br, backbone), 0.88 ppm (s, 9 H), 

0.08 ppm (s, 6 H) 

 

 

 

 



Experimental Part 

 

174 

6.6.2. Thiol Modified Poly(ethylene oxide)45-block-poly(furfuryl glycidyl ether)7 (PEO45-b-

PFGE7-SH) and poly(ethylene oxide)54-block-poly(allyl glycidyl ether)7 (PEO54-b-PAGE7-SH) 

(4) 

1 g (0.3 mmol) of silyl protected block copolymer was dissolved in 10 mL methanol. After the 

addition of 100 µL of concentrated HClaq the mixture was allowed to stir for 2 h. Subsequently, 

the solution was neutralized by an aqueous KOH solution and the solvent was removed under 

reduced pressure. The residue was dissolved in water and extracted with chloroform. The 

combined organic layers were dried and the solvent was removed under reduced pressure. 

The residue was dissolved in THF and precipitated in cold diethyl ether twice. Freeze-drying 

from dioxane gave 0.7 g (72 %) of the desired thiol modified block copolymer. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

PEO45-b-PFGE7-SH: Mn = 2 300 g·mol-1, Ð = 1.02 (PEO-calibration) 

PEO54-b-PAGE7-SH: Mn = 3 100 g·mol-1, Ð = 1.07 (PEO-calibration) 

1H-NMR (300 MHz, CDCl3): 

PEO45-b-PFGE7-SH: 7.43-7.35 ppm (m, 7 H), 6.38-6.24 ppm (m, 14 H), 4.52-4.4 ppm (m, 14 H), 

3.96-3.35 ppm (br, backbone) 

PEO54-b-PAGE7-SH: 7.38-7.29 ppm (m, 5 H), 6.0-5.8 ppm (m, 7 H), 5.35-5.1 ppm (m, 14 H), 

4.57 ppm (s, 2 H), 4.05-3.95 ppm (d, 14 H), 3.95-3.3 ppm (br, backbone) 

 

6.6.3. Poly(hexadienyl glycidyl ether) (PHDGE) (6) 

In a typical homopolymerization reaction, HDGE was filled into a dried vial and a solution of 

DPMK in THF was added until the mixture remained slightly orange. The solution was then 

allowed to stir for 96 h at 50 °C. The progress of the reaction was monitored via SEC. After 

termination with degassed methanol, the evaporation of the solvent led to the crude product, 

which was purified via dialysis against ethanol. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 1 900 g·mol-1, Ð = 1.28 (PEO-calibration) 
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1H-NMR (300 MHz, CD2Cl2): 

7.3 ppm (m, Ar-H), 6.3-6.0 ppm (m, 2 H), 5.8-5.5 ppm (m, 2 H), 4.0 ppm (s), 3.8-3.3 ppm 

(backbone), 1.8 ppm (s, 3 H) 

 

6.6.4. Poly(ethylene oxide)-block-poly(hexadienyl glycidyl ether) (PEO-b-PHDGE) (7) 

In a typical block extension polymerization attempt, PEO (2000 g·mol-1, dried via azeotropic 

distillation with toluene) was filled into a dried vial. A small amount of THF was added to 

dissolve the macroinitiator. Then, a solution of DPMK in THF was added until the color of the 

mixture remained slightly orange. HDGE was added and the mixture was allowed to stir for 

24 h at 50 °C. The reaction progress was monitored via SEC. After termination with degassed 

methanol, the evaporation of the solvent led to the crude product, which was purified via 

dialysis against ethanol. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 2 700 g·mol-1, Ð = 1.08 (PEO-calibration) 

1H-NMR (300 MHz, CD2Cl2): 

6.3-5.9 ppm (m, 2 H), 5.8-5.5 ppm (m, 2 H), 4.2-3.1 ppm (br, backbone), 1.8 ppm (s, 3 H) 

 

6.6.5. Hydroxyl-Terminated Poly(styrene-co-isoprene) (P(S-co-I)-OH) (8) 

8.8 mL of Styrene (76.8 mmol), 3mL of isoprene (29.4 mmol), and 100 mL of cyclohexane were 

mixed in a glass reactor under inert conditions. A solution of 2.4 mL sec-butyl lithium 

(3.36 mmol) in hexane was added and the reaction became slightly yellow. The mixture was 

heated to 45 °C and allowed to stir for 2 h. Subsequently, a tenfold excess of EO was added 

and the solution was allowed to stir for another 24 h before the reaction was quenched with 

methanol. The copolymer was precipitated twice in cold methanol. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 67 000 g·mol−1, Ð = 1.11 (PS-calibration) 
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1H-NMR (300 MHz, THF-d8): 

7.5-6.3 ppm (br, Ar-H), 5.2-4.6 ppm (br, DB-H), 2.8-0.7 ppm (br, BB) 

 

6.6.6. Poly(styrene-co-isoprene)-block-poly((N,N-dimethylamino)ethyl methacrylate) 

(P(S-co-I)-b-PDMAEMA) (9) 

2 g (29.9 mmol) of P(S-co-I)-OH were dissolved in 20 mL of THF under inert conditions. The 

reaction was initiated by the dropwise addition of DPMK until the solution remained slightly 

orange. Subsequently, 1 mL of DMAEMA (5.93 mmol) was added, the solution was heated to 

45 °C and the reaction was allowed to stir for 24 h. The polymerization was terminated with 

degassed methanol and the diblock terpolymer was precipitated in water and dried. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 59 000 g·mol−1, Ð = 1.2 (PS-calibration) 

1H-NMR (300 MHz, C2D2Cl4): 

7.5-6.2 ppm (br, Ar-H), 5.2-4.5 ppm (br, DB-H), 4.4–3.8 ppm (br, -C(O)-O-CH2-), 3.3-0.4 ppm 

(br, BB) 
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6.7. Nitroxide Mediated Polymerizations 

6.7.1. Poly(styrene-co-isoprene) (P(S-co-I)) (16) 

In an exemplary reaction, 32 mL styrene (280 mmol), 12 mL isoprene (120 mmol), and 84 mg 

1-tert-butyl-3,3-dipropyl-5,5-diethyl-4-(1-phenylethoxy)-piperazin-2-one (202 µmol) were 

mixed in a pressure-resistant Schlenk tube. The reaction mixture was then subjected to three 

freeze-pump-thaw cycles. Subsequently, the Schlenk tube was sealed and the solution was 

stirred for 15 h at 110 °C. After cooling to room temperature, the viscous mixture was diluted 

with chloroform and the product was precipitated twice in cold methanol. If possible, the ratio 

of the three isoprene isomers was calculated from the NMR spectra. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 30 400 g·mol-1, Ð = 1.27 (PS-calibration) 

1H-NMR (300 MHz, C2D2Cl4): 

7.5-6.3 ppm (br, Ar-H), 5.1-4.3 ppm (br, DB-H), 2.7-0.4 ppm (br, BB) 

 

6.7.2. Poly(styrene-co-isoprene)-block-poly(N,N-dimethylaminoethyl methacrylate-co-

styrene) (P(S-co-I)-b-P(DMAEMA-co-S)) (17) 

2 g of P(S-co-I) were dissolved in 38 mL of dioxane. 2 mL of N,N-dimethylaminoethyl 

methacrylate (DMAEMA, 11.87 mmol) and 164 µL of styrene (1.43 mmol, 11 mol-%) were 

added and the mixture was then subjected to 3 freeze-pump-thaw cycles. Subsequently, the 

solution was stirred at 115 °C for 7 h. After cooling to RT the diblock terpolymer was 

precipitated in basic water (pH = 11) and dried. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 36 300 g·mol-1, Ð = 1.3 (PS-calibration) 

1H-NMR (300 MHz, C2D2Cl4): 

7.8-6.3 ppm (br, Ar-H), 5.1-4.3 ppm (br, DB-H), 4.3-3.7 ppm (br, -C(O)-O-CH2-), 2.8-0.2 ppm 

(br, BB) 
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6.7.3. Polystyrene (PS) 

In a typical reaction, 136.5 mg of 15 (328 µmol) and 30 mL of styrene (262 mmol) were sealed 

in a pressure resistant Schlenk tube and degassed via three consecutive freeze-pump-thaw 

cycles. The mixture was then polymerized for 22 h at 105 °C. After cooling to room 

temperature, the viscous liquid was diluted with 20 mL of chloroform and precipitated twice 

in methanol. Filtration and drying under vacuum gave 16 g (58 %) of a white powder. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 46 000 g·mol-1, Ð = 1.1 (PS-calibration) 

1H-NMR (300 MHz, CD2Cl2): 

7.5-6.3 ppm (br, Ar-H), 2.4-1.1 ppm (br, BB) 

 

6.7.4. Polystyrene-block-polyisoprene (PS-b-PI) (18) 

In a typical reaction, 10 g PS (46 kg·mol-1, 217 µmol) were dissolved in 40 mL (400 mmol) of 

isoprene in a pressure resistant Schlenk tube. The solution was degassed via three consecutive 

freeze-pump-thaw cycles and subsequently polymerized for 45 h at 115 °C. After cooling to 

room temperature, the viscous mixture was diluted with 20 mL of chloroform and precipitated 

twice in methanol. Filtration and vacuum drying gave 11.4 g of a white powder. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 64 000 g·mol-1, Ð = 1.11 (PS-calibration) 

1H-NMR (300 MHz, C2D2Cl4): 

7.2-6.1 ppm (br, Ar-H), 5.8-4.5 (br, DB-H), 2.3-1.0 ppm (br, BB) 

 

 

 



Experimental Part 

 

179 

6.7.5. Polystyrene-block-polyisoprene-block-poly(N,N-dimethylaminoethyl methacrylate-co-

styrene) (PS-b-PI-b-P(DMAEMA-co-S)) (19) 

In a typical reaction, 2 g of PS-b-PI (63 kg·mol-1, 32 µmol) were dissolved in 23 mL dioxane, 

10 mL DMAEMA and 0.8 mL styrene (12 mol-%) in a pressure resistant schlenk tube and 

degassed with argon for 30 min. After sealing the tube, the solution was polymerized for 40 h 

at 110 °C. After cooling to room temperature, the product was precipitated twice in a 

methanol/water (1:1) mixture. If possible, the precipitate was filtered off. Otherwise, the 

phases were separated via centrifugation. The precipitate was redissolved in dioxane, filtered 

via a syringe filter and freeze-dried to give 1.8 g of a white solid. 

SEC (THF): 

Mn = 58 000 g·mol-1, Ð = 1.25 (PS-calibration) 

1H-NMR (300 MHz, CDCl3): 

7.6-6.1 ppm (br, Ar-H), 5.9-4.5 (br, DB-H), 4.3-3.8 ppm (br, -COO-CH2-), 4.3-3.8 ppm 

(br, -CH2-NMe2), 2.45-0.4 ppm (br, BB) 

 

6.7.6. Poly(vinylbenzyl dimethylamine) (PVBDMA) (21) 

124 mg of 15 (298 µmol) were dissolved in 13.25 mL dioxane and 2.75 mL VBDMA (16 mmol) 

in a pressure resistant Schlenk tube. The mixture was degassed with argon for 30 min and 

after sealing the tube, the solution was polymerized for 45 min at 105 °C. For purification, the 

dioxane solution was dialyzed against ethanol. Finally, the solvent was removed under 

reduced pressure giving glassy solid. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 2 200 g·mol-1, Ð = 1.2 (PS-calibration) 

1H-NMR (300 MHz, CDCl3): 

7.5-6.0 ppm (br, Ar-H), 3.6-3.1 (br, Ar-CH2-N-), 2.5-2.0 ppm (br, -N(CH3)2), 2.0-0.5 ppm (br, BB) 
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6.7.7. Polystyrene-block-polyisoprene-b-poly(vinylbenzyl dimethylamine) (PS-b-PI-b-

PVBDMA) (22) 

In a typical reaction, 3 g of PS-b-PI (52 kg·mol-1, 57.7 µmol) were dissolved in 54 mL dioxane 

and 5.8 mL VBDMA in a pressure resistant Schlenk tube. The solution was degassed with argon 

for 30 min and subsequently polymerized for 18 h at 110 °C. After cooling to room 

temperature, the product was precipitated twice in a methanol/water (1:1) mixture. The 

phases were separated via centrifugation. Finally, the polymer was dried in vacuum giving 

2.8 g of an off-white solid. 

SEC (THF): 

Mn = 48 500 g·mol-1, Ð = 1.27 (PS-calibration) 

1H-NMR (300 MHz, CDCl3): 

7.5-6.1 ppm (br, Ar-H), 5.9-4.5 (br, DB-H), 3.5-3.1 ppm (br, -Ar-CH2-), 2.5-0.8 ppm (br, BB) 
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6.8. Reversible Addition-Fragmentation Chain Transfer Polymerizations 

6.8.1. Poly(styrene-co-isoprene) (P(S-co-I)) (27) 

61.9 mg DDMAT (CTA, 170 µmol) and 5.6 mg AIBN (34 µmol) were dissolved in 23.2 mL 

styrene (203 mmol) and 4.8 mL isoprene (48 mmol) in a pressure resistant Schlenk tube. The 

tube was then sealed and degassed via three freeze-pump-thaw cycles. The polymerization 

was carried out for 24 h at 105 °C. After cooling down, the product was precipitated twice in 

methanol. After removing the solvent, 9.75 g of a yellow powder were obtained. 

SEC (THF): 

Mn = 60 000 g·mol-1, Ð = 1.2 (PS-calibration) 

1H-NMR (300 MHz, C2D2Cl4): 

7.5-6.1 ppm (br, Ar-H), 5.1-4.3 (br, DB-H), 2.7-0.7 ppm (br, BB) 

 

6.8.2. Poly(styrene-co-isoprene)-block-poly(vinylbenzyl dimethylamine) (P(S-co-I)-b-

PVBDMA) (28) 

1 g of 27 (60 kg·mol-1, 16.7 µmol) and 0.6 mg AIBN (3.7 µmol) were dissolved in 4 mL THF and 

6 mL VBDMA in a pressure resistant Schlenk tube. After three freeze-pump-thaw cycles, the 

mixture was polymerized for 23 h at 70 °C. After cooling, the product was precipitated twice 

in a mixture of methanol and water (2:1). Filtration and drying in vacuum yielded 900 mg of a 

pale yellow powder. 

SEC (THF): 

Mn = 54 000 g·mol-1, Ð = 1.25 (PS-calibration) 

1H-NMR (300 MHz, CDCl3): 

7.7-5.7 ppm (br, Ar-H), 5.2-4.4 (br, DB-H), 3.6-3.0 ppm (br, Ar-CH2-N-), 2.8-0.2 ppm (br, BB) 
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6.8.3. Poly(tosylethyl maleimide-alt-styrene) (P(MiTos-alt-S)) (29) 

400 mg of MiTos (4), 155 µl of styrene, 12 mg of 2-cyano-2-propyl dithiobenzoate (CTA), and 

1.8 mg of AIBN were dissolved in 4 ml of chloroform in a sealed Schlenk flask under an inert 

atmosphere in a glovebox. The mixture was polymerized for 20 h at 70 °C. Afterwards, the 

product was precipitated in cold methanol twice, dissolved in dioxane and freeze-dried to give 

260 mg of a pink powder. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 6 500 g·mol-1, Ð = 1.22 (PS-calibration) 

1H-NMR (300 MHz, CD2Cl2): 

7.68 ppm + 7.34 ppm (br, Ar-H (Tos)), 7.5-6.0 ppm (br, Ar-H (styrene)), 3.9 ppm (br, Tos-CH2-), 

3.5 ppm (br, -N-CH2-), 2.4 ppm (br, Tos-CH3), 3.0-0.8 ppm (br, BB) 

 

6.8.4. Poly(tosylethyl maleimide-alt-styrene)-co-poly(maleimide thiolactone-alt-styrene) 

(P(MiTos-alt-S)-co-P(MiTla-alt-S)) (35) 

In a typical reaction, 500 mg MiTos, 333 mg MiTla, 30 mg CPDB (CTA) and 4.5 mg AIBN were 

dissolved in 10 mL chloroform and 388 µL styrene in an inert atmosphere. After sealing the 

reaction vessel, the mixture was polymerized for 24 h at 70 °C. The product was precipitated 

twice in methanol, filtered, and dried in vacuum. The reaction yielded 950 mg of a brownish 

pink powder. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 5 200 g·mol-1, Ð = 1.16 (PS-calibration) 

1H-NMR (300 MHz, CD2Cl2): 

7.68 ppm + 7.34 ppm (br, Ar-H (Tos)), 7.5-6.0 ppm (br, Ar-H (styrene)), 4.6 ppm (br, -N-CH-), 

3.9 ppm (br, Tos-CH2-), 3.5 ppm (br, -N-CH2-), 3.3 ppm (br, -CH-CH2-CH2-), 2.4 ppm (br, Tos-

CH3), 3.0-0.8 ppm (br, BB) 
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6.8.5. Double Modified Poly(tosylethyl maleimide-alt-styrene)-co-poly(maleimide 

thiolactone-alt-styrene) (P(MiTos-alt-S)-co-P(MiTla[DM]-alt-S)) (35) 

In a typical reaction, 200 mg of 35 (5 200 g·mol-1) were dissolved in 6 mL chloroform, 0.6 mL 

methyl acrylate and 0.66 mL butyl amine. The mixture was stirred for 24 h at room 

temperature, precipitated twice in methanol and finally, freeze dried from dioxane. The 

reaction yielded 140 mg of a brown powder. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 6 600 g·mol-1, Ð = 1.2 (PS-calibration) 

1H-NMR (300 MHz, CD2Cl2): 

7.68 ppm + 7.34 ppm (br, Ar-H (Tos)), 7.5-6.0 ppm (br, Ar-H (styrene)), 4.6 ppm (br, -N-CH-), 

3.9 ppm (br, Tos-CH2-), 3.6 ppm (s, -COO-CH3), 3.5 ppm (br, -N-CH2-), 3.3 ppm (br, -CH-CH2-

CH2-), 2.4 ppm (br, Tos-CH3), 3.0-1.1 ppm (br, BB), 1.64 ppm (br, -NH-CH2-), 1.26 ppm 

(br, -CH2-CH2-CH3), 0.87 ppm (br, -CH2-CH3) 
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6.9. Cationic Polymerizations 

6.9.1. Poly(tosylethyl maleimide-alt-styrene)-graft-poly(2-ethyl-2-oxazoline) (P(MiTos-alt-S)-

g-PEtOx) (30) 

80 mg of P(MiTos-co-S) (6 500 g·mol-1) were dissolved in 4 mL of dry acetonitrile and 1 mL 2-

ethyl-2-oxazoline in a glovebox. The mixture was polymerized for 15 min at 140 °C before 

cooling down and precipitating in water. The product was separated via centrifugation and 

freeze-dried from dioxane giving 83 mg of an off-white powder. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 8 800 g·mol-1, Ð = 1.22 (PS-calibration) 

1H-NMR (300 MHz, CDCl3): 

7.68 ppm + 7.34 ppm (br, Ar-H (Tos)), 7.5-6.0 ppm (br, Ar-H (styrene)), 3.9 ppm (br, Tos-CH2-), 

3.4 ppm (br, -N-CH2- (MI), BB (EtOx)), 2.4 ppm (br, Tos-CH3, -CO-CH2-CH3), 2.8-0.8 ppm (br, BB, 

-CO-CH2-CH3) 

 

6.9.2. Double Modified Poly((tosylethyl maleimide-alt-styrene)-graft-(2-ethyl-2-oxazoline))-

co-poly(maleimide thiolactone-alt-styrene) (P((MiTos-alt-S)-g-EtOx)-co-P(MiTla[DM]-

alt-S)) (35) 

80 mg of 35 (6 600 g·mol-1) were dissolved in 4 mL dry acetonitrile and 1 mL 2-ethyl-2-

oxazoline in an inert atmosphere and polymerized for 15 min at 140 °C. After cooling, the 

product was tried to be precipitated in water but no solid was observed. 

SEC (CHCl3/TEA/IPA = 94/4/2): 

Mn = 7 600 g·mol-1, Ð = 1.24 (PS-calibration) 
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6.10. Diblock Terpolymer Membranes 

6.10.1. Preparation of Block Copolymer Membranes via the NIPS Process 

In a typical procedure, 150 mg of diblock terpolymer were dissolved in a mixture of 378 µL 

THF and 403 µL DMF. After complete dissolution, the mixture was filtered through a 2 µm 

syringe filter and cast onto a glass substrate in a climate chamber set to 22 °C and a relative 

humidity of 50 %. The film was cast using a doctor blade with a 200 µm gap. After an 

evaporation (“open”) time of 60 s, the glass substrate containing the film was immersed into 

a precipitation bath containing deionized water to form the membrane. After one hour, the 

water was removed and fresh deionized water was added. Within this time, the membranes 

typically lift off the glass substrate and were stored in deionized water for further use. 

 

6.10.2. Crosslinking of Diblock Terpolymer Membranes 

For a typical crosslinking experiment, 5.3 mg TPO were added to the diblock terpolymer 

solution and a membrane was prepared via the NIPS process as described above. After 24 h 

of storage in deionized water, the membrane was placed in a water containing petri dish and 

irradiated with UV light using a UV conveyer belt. Particularly in crosslinking experiments of 

membranes from hetero Diels-Alder connected diblock terpolymers, ice was added to the 

petri dish while irradiating to avoid the cleavage of the HDA bond triggered by the 

temperature raise during UV irradiation. 

 

6.10.3. Cleavage of PTEGA from Diblock Terpolymer Membranes 

After preparation, membranes from diblock terpolymers containing a cleavable HDA bond 

were placed in a 500 mL bottle containing deionized water. After sealing, the bottle was 

immersed into an oil bath at 50 °C for up to 14 d. 
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6.10.4. Regrafting of Diblock Terpolymer Membranes 

In a typical attempt, a piece of a cleaved membrane was placed in a glass vessel containing a 

20 g·L-1 PEO-maleimide in methanol solution. The solution was filtered via a 0.45 µm syringe 

filter prior to use. After 3 d, the membrane piece was taken out and stored in pure methanol 

for 1 d exchanging the solvent from time to time to remove the excess of unbound PEO-

maleimide. 
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6.11. Micellar Systems 

6.11.1. General Procedure for the Preparation of Micellar Dispersions 

In a typical approach, 6 mg of triblock terpolymer were dissolved in 1 mL of THF. The solution 

was filtered via a 0.2 µm syringe filter and subsequently, deionized water was added dropwise 

under vigorous stirring until the solution became slightly turbid. After this, the mixture was 

allowed to self-assemble for 24 h and subsequently, water was added to a final volume of 

3 mL. Then, the THF was allowed to evaporate and finally, the aqueous dispersion was filled 

with the same amount of a buffer solution to adjust the pH. 

 

6.11.2. General Procedure for the Crosslinking of Micellar Dispersions 

For crosslinking purposes, 0.6 mg TPO were added to the triblock terpolymer THF solution and 

the micellization was done as described above. After evaporation of the THF, the aqueous 

dispersion was irradiated with UV light for 24 h while stirring using a TLC lamp. 
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6.12. Gold Nanoparticles 

6.12.1. General Procedure for the Preparation of AuNPs 

In a typical reaction, 0.1 mL (0.5 µmol) of a 2 g·L-1 HAuCl4 solution in DMAc were added to a 

solution of 13 mg (4 µmol) of block copolymer in 1.8 mL of DMAc. After mixing, 0.1 mL (5.3 

µmol) of a 2 g·L-1 NaBH4 solution in DMAc was added under stirring. After about 20 s, the 

solution slowly started to become reddish. After approximately 15 min (determined by UV/Vis 

measurements), the reaction was finished and the NP dispersions were stored in the fridge 

until further use. 

 

6.12.2. Shell-Crosslinking of Au@PEO45-b-PFGE7-SH 

In a typical reaction, 200 µl (35.7 µmol, 1.2 equivalents of maleimide moieties related to the 

furfuryl groups) of a 64 g·L-1 solution of 1,1’-(methylenedi-4,1-phenylene)bismaleimide in 

DMAc were added to 2 mL of the as-synthesized NP dispersion. Subsequently, the mixture was 

stirred and heated to 60 °C for 14 h. A slow red shift of the color of the dispersion was observed 

during the reaction. The crosslinked NP dispersion was cooled to room temperature and 

stored in the fridge until further use. 

 

6.12.3. Shell-Crosslinking of Au@PEO54-b-PAGE7-SH 

In a typical reaction, 5 µL (28.4 µmol) of tetramethyl disiloxane (2 equivalents of Si-H moieties 

related to the allyl groups) were added to 2 mL of the as-synthesized NP dispersion. The 

mixture was degassed with argon and subsequently 20 µL of Karstedt’s catalyst (2 % in 

hexane) were added under argon. The reaction was allowed to stir at room temperature for 

24 h. The crosslinked NP dispersions were stored in the fridge until further use. 

 

6.12.4. De-Crosslinking of Au@PEO45-b-PFGE7-SH 

In a typical reaction, 1 ml of the shell-crosslinked Au@PEO45-b-PFGE7-SH dispersion was 

heated in a capped vial to 160 °C for 3 h. 100 µL of DDT were added either before or after the 

reaction.   
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8. Abbreviations 

a0 area of head group 

AcOH acetic acid 

AIBN azobisisobutyronitrile 

AROP anionic ring opening polymerization 

ATRP atom transfer radical polymerization 

AuNP gold nanoparticle 

br broad 

CA cellulose acetate 

Comp compartmentalized core 

Cp cyclopentadiene 

CPDB cyanopropyl dithiobenzoate 

CROP cationic ring opening polymerization 

CRP controlled radical polymerization 

CSC core-shell-corona 

CTA chain transfer agent 

Ɖ dispersity 

d doublet 

DA Diels-Alder 

DCM dichloromethane 

dd double doublet 

DDMAT 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid 

DDT dodecanethiol 

DLS dynamic light scattering 

DMAc N,N-dimethylacetamide 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

Dox 1,4-dioxan 

DPMK diphenylmethyl potassium 

EDX energy dispersive x-ray spectroscopy 

EtOH ethanol 

FRP free radical polymerization 

HAD hetero Diels-Alder 
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[I] initiator concentration 

IPA  2-propanol 

IPEC interpolyelectrolyte complex 

IR infrared 

lc critical length 

LCST lower critical solution temperature 

LSM laser scanning microscopy 

LSPR localized surface plasmon resonance 

[M] monomer concentration 

m multiplet 

Mn number average molar mass 

Mw weight average molar mass 

m-CPBA meta-chloroperoxybenzoic acid 

MA methyl acrylate 

MeCN acetonitrile 

MeOH methanol 

MiTla maleimide thiolactone 

MiTos tosylethyl maleimide 

MMA methyl methacrylate 

NIPS non-solvent induced phase separation 

NMP nitroxide mediated polymerization 

NMR nuclear magnetic resonance 

NP nanoparticle 

p packing parameter 

P2VP poly(2-vinyl pyridine) 

P4VP poly(4-vinyl pyridine) 

PA polyamide 

PAA poly(acrylic acid) 

PAGE poly(allyl glycidyl ether) 

PDMAEMA poly(N,N-dimethylaminoethyl methacrylate) 

PE polyethylene 

PEI poly(ethylene imine) 

PEO poly(ethylene oxide) 

PES poly(ether sulfone) 



Abbreviations 

 

197 

PEtOx poly(2-ethyl-2-oxazoline) 

PFGE poly(furfuryl glycidyl ether)  

PHDGE poly(hexadienyl glycidyl ether) 

PHEMA poly(hydroxyethyl methacrylate) 

PI polyisoprene 

PLA polylactide 

PMDETA pentamethyldiethylenetriamine 

PNIPAM poly(N-isopropyl acrylamide) 

POx polyoxazoline 

PP polypropylene 

ppm parts per million 

PPO poly(propylene oxide) 

PS polystyrene 

PSS poly(styrene sulfonate) 

PtBA poly(tert-butyl acrylate) 

PTEGA poly(triethylene glycol methyl ether acrylate) 

PTFE polytetrafluoroethylene 

PVA poly(vinyl alcohol) 

PVAc poly(vinyl acetate) 

PVB poly(vinyl butyral) 

PVBDMA poly(vinylbenzyl dimethylamine) 

PVDF poly(vinylidene difluoride) 

qPVP quaternized poly(vinyl pyridine) 

Rcore core radius 

RAFT reversible addition-fragmentation (chain) transfer 

<Rh>n,app number weighted hydrodynamic radius 

<Rh>z,app intensity weighted hydrodynamic radius 

s singlet 

SCMFT self-consistent mean field theory 

SEC size-exclusion chromatography 

sec-BuLi sec-butyl lithium 

SEM scanning electron microscopy 

SERS surface enhanced Raman spectroscopy 

t triplet 
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Tcp cloud point temperature 

TBDMS tert-butyldimethylsilyl- 

TEA triethylamine 

TEM transmission electron microscopy 

TEMPO tetramethylpiperidine-1-oxyl 

TFC thin film composite 

THF tetrahydrofuran 

TPO diphenyl(trimethylbenzoyl)phosphine oxide 

UCST upper critical solution temperature 

UV ultraviolet 

V volume 

Vis visible 

XL crosslinked 

XPS x-ray photoelectron spectroscopy 
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