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Abstract  

 

The specific design of defined macromolecular components enables the formation of diverse 

nanostructured materials with tailored properties. In this work, different poly(2-oxazoline)s 

(POx) with functional terminal double bonds were synthesized and characterized both for the 

design of segmented polymer networks (SPNs) and for the conjugation of proteins.  

In the first section, two novel families of amphiphilic polymer copolymer networks (APCNs) 

were prepared by copolymerizing hydrophobic poly(2-(1-ethylpentyl)-2-oxazoline) 

functionalized on both sides with one of the hydrophilic monomers 2-hydroxyethyl acrylate 

(HEA) or N,N-dimethylacrylamide (DMA) while varying the composition. The network 

syntheses were carried out via the macromeric cross-linker approach using a defined, 

telechelic polymer with a high degree of functionalization to achieve ordered structures in the 

networks through a component that is as highly defined as possible. All synthesized APCNs 

were swollen in the solvents water, toluene, or n-heptane and the intrinsic nanophases of the 

materials were investigated by small angle X-ray scattering (SAXS) both in the dry and in the 

swollen state. The HEA-based APCNs in particular showed ideal nanostructural swelling 

properties, since swelling in the phase-selective solvents water or n-heptane leads to swelling 

of the respective addressed polymer phase, whereby it was shown that the nanostructural 

order is retained.  

Furthermore, SPNs based on the hydrophilic polymer components polyethylene glycol (PEG) 

with either poly(2-methyl-2-oxazoline) or poly(2-ethyl-2-oxazoline) were prepared in the 

following section by cross-linking the bifunctional acrylate end-groups. The obtained SPNs 

were characterized by SAXS in the dry and swollen state with respect to their nanostructure. 

Depending on their composition, a SPN system was identified with no initial nanostructure, but 

in which a clear phase separation could be induced by the influence of elevated temperature 

or selective solvent.  

Furthermore, in a comparative study, polymer-protein conjugates via Michael addition 

reactions between terminally acrylate-functionalized PEG or POx with varying chain lengths 

and the proteinogenic amino groups of lysozyme as a model protein were investigated. The 

respective conjugation efficiency was analyzed by SDS-PAGE and the reactivities of the 

respective polymeric acrylate end-groups were further characterized by 1H-NMR spectroscopy.  
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Zusammenfassung  

 

Das spezifische Design von definierten makromolekularen Komponenten ermöglicht den 

Aufbau vielfältiger nanostrukturierter Materialien mit maßgeschneiderten Eigenschaften. In 

dieser Arbeit wurden unterschiedliche Poly(2-oxazolin)e (POx) mit funktionellen endständigen 

Doppelbindungen sowohl für das Design von segmentierten Polymernetzwerken (SPNs) als 

auch für die Konjugation von Proteinen synthetisiert und charakterisiert.  

Im ersten Abschnitt wurden durch Copolymerisationen von hydrophobem, beidseitig Acrylat-

funktionalisiertem Poly(2-(1-ethylpentyl)-2-oxazolin) mit jeweils einem der hydrophilen 

Monomere 2-Hydroxyethylacrylat (HEA) oder N,N-Dimethylacrylamid (DMA) unter Variation 

der Zusammensetzung zwei neuartige Familien amphiphiler Polymer-Conetzwerke (APCNs) 

hergestellt. Die Netzwerksynthesen erfolgten über den makromeren Vernetzer-Ansatz unter 

Einsatz eines definierten, telechelen Polymers mit einem hohen Funktionalisierungsgrad, um 

durch eine möglichst hochdefinierte Komponente geordnete Strukturen in den Netzwerken zu 

erreichen. Alle synthetisierten APCNs wurden jeweils in den Lösemitteln Wasser, Toluol oder 

n-Heptan gequollen und die intrinsischen Nanophasen der Materialien wurden mittels 

Kleinwinkel-Röntgenstreuung (SAXS) sowohl im trockenen Zustand, als auch im gequollenen 

Zustand untersucht. Speziell die HEA-basierten APCNs zeigten dabei ideale nanostrukturelle 

Quelleigenschaften, da es bei Quellung in den phasenselektiven Lösemitteln Wasser oder 

n-Heptan zu einer Quellung der jeweiligen adressierten Polymerphase kommt, wobei gezeigt 

werden konnte, dass die nanostrukturelle Ordnung dabei erhalten bleibt.  

Weiterhin wurden im Folgenden Abschnitt SPNs auf Basis der hydrophilen 

Polymerkomponenten Polyethylenglycol (PEG) mit entweder Poly(2-methyl-2-oxazolin) oder 

Poly(2-ethyl-2-oxazolin) durch die Vernetzung der bifunktionellen Acrylat-Endgruppen 

hergestellt. Die erhaltenen SPNs wurden mit Hilfe von SAXS im trockenen und gequollenen 

Zustand hinsichtlich ihrer Nanostruktur charakterisiert. In Abhängigkeit ihrer 

Zusammensetzung konnte dabei ein SPN-System identifiziert werden, welches zunächst keine 

Nanostruktur aufweist, bei dem jedoch durch den Einfluss von erhöhter Temperatur oder 

selektivem Lösemittel gezielt eine deutliche Phasenseparation induziert werden konnte.  

Darüber hinaus wurden in einer vergleichenden Studie Polymer-Protein-Konjugate via 

Michael-Additionsreaktionen zwischen endständig Acrylat-funktionalisiertem PEG oder POx 

mit variierenden Kettenlängen und den proteinogenen Aminogruppen von Lysozym als 

Modellprotein untersucht. Die jeweilige Konjugationseffizienz wurde mittels SDS-PAGE 

analysiert und die Reaktivitäten der jeweiligen polymeren Acrylat-Endgruppen wurden ferner 

mittels 1H-NMR Spektroskopie charakterisiert.   
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1  Introduction 

 

The continuous advancement of synthesis methods, along with the combination of diverse 

materials with both complementary and contrasting properties, is constantly opening up new 

opportunities to design and adapt the functionality and attributes of modern materials and 

substances in a more targeted manner, making it possible to realize increasingly specialized 

solutions for a wide range of requirements. In particular, new methods are progressively 

developed at the nanoscale level, enabling completely new morphologies and design options 

for the resulting macrostructures. This way, highly complex, but also controlled switchable or 

“smart” materials can be produced, paving the way to innovative applications or technologies.  

 

The synthesis of tailor-made polymers creates the possibility of extending targeted molecular 

design to a macromolecular level in a variety of ways. Today's world would be inconceivable 

without synthetic polymers with their wide-ranging properties and resulting applications; these 

range from highly developed materials for textiles, construction and technology to medical 

applications such as drug delivery or tissue engineering as well as special applications such 

as filter membranes, sensors or catalysts.1 Especially well-defined functional nanomaterials 

require polymeric compounds with narrowly distributed molar masses in combination with 

selectively distributed functional groups along these polymer chains.  

This broad field of application is based on the extensive possibilities to define structure and 

modification of polymer compounds, particularly when using controlled synthesis conditions. 

The design of the main and side chains mainly determines the characteristics of a polymer, 

whereby properties such as polarity, glass transition temperature, mechanical properties or the 

formation of crystalline structures can be significantly influenced.2-3 In addition, modifications 

can also be realized via the end-groups of the polymer chains. The end-group can also have 

a major influence on polymer properties such as the formation of superstructures, adhesion or 

solubility.4 Since the reactivity of functional end-groups in polymer-analogous reactions often 

differs greatly from the reactivity of low-molecular weight compounds, the adjustment of 

reaction parameters is often necessary to achieve high conversions.  

This work is dedicated to further investigate the potential of well-defined polymers for the 

application in functional nanomaterials. For this, various poly(2-oxazoline)s were synthesized 

bearing functional double bonds in their respective end-groups. Based on these functional 

polymeric compounds, numerous segmented polymer networks (SPNs) with varying 

compositions as well as polymer-protein conjugates were synthesized and the obtained 

nanomaterials were characterized in comprehensive studies.  
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1.1  Poly(2-oxazoline)s  

Since the construction of well-defined functional nanomaterials depends on the utilization of 

controllable constituents, this aim made the usage of a highly definable and versatile polymer 

system unavoidable. Polymer systems based on 2-oxazolines, as used in this work, have been 

proven to allow for the design of polymers with a narrow molecular weight distribution in 

combination with an excellent possibility to introduce functional groups by means of initiator or 

termination agents, as well as control over the polarity of the chains via monomer selection. 

This polymer family is prepared through living cationic ring-opening polymerization (CROP) 

starting from 2-R-2-oxazolines with a variety of different properties and functionalities, resulting 

in a wide range of applications. Poly(2-oxazoline)s (POx) are increasingly being used in 

biomedicine in particular due to their good biocompatibility and non-toxic behavior.5 Polymers 

composed specifically of the hydrophilic monomers 2-methyl-2-oxazoline (MOx) and 2-ethyl-

2-oxazoline (EtOx) exhibit so-called stealth behavior.6 This characteristic, due to their low 

interaction with human serum proteins, makes them particularly well suited for applications in 

medicine and cosmetics, for example for various drug delivery systems or conjugation with 

proteins or drugs.7-12 Further applications of POx include self-assembling structures13-15, 

thermoresponsive polymers16-17, hydrogels and other networks18-22.  

 

Figure 1.1 Schematic overview of several interesting properties and important biomedical 

applications of poly(2-oxazoline)s by YANG et al.23 

 

This variety of tailor-made properties is mainly made possible by the type of polymerization 

reaction. Living polymerizations were already described by SZWARC in 1956, which also include 

the cationic ring-opening polymerization used for the polymerization of 2-oxazolines.24 A key 

characteristic of living polymerizations is the reactive chain end present during the entire 
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course of the reaction and the absence of termination and transfer reactions under appropriate 

reaction conditions.25 The CROP of 2-oxazolines has been of great scientific interest to 

polymer scientists around the globe since it was independently described by four research 

groups in the middle of the 1960s due to the high versatility it offers.26-29 The general 

mechanism of the CROP, which was investigated by SAEGUSA and KOBAYASHI, is shown in 

Figure 1.2 and can be divided in three steps: initiation, chain propagation and termination.30-

31   

 

Figure 1.2 General mechanism of the CROP of 2-oxazolines.  

 

The CROP is started by the initiation step through a nucleophilic attack of the heterocyclic 

nitrogen atom on the electrophilic center of the initiator, leading to the release of the leaving-

group anion. This step determines the reaction speed and under ideal conditions ki is 

significantly greater than kp, which allows control of the desired degree of polymerization in 

combination with narrow molecular weight distributions through nearly simultaneous chain 

initiations and synchronous chain growth. Suitable initiators include strong Brønsted acids, 

Lewis acids, sulfonic acid esters or benzyl halides.30,32 The initiation results in a thermodynamic 

equilibrium between a chain-opened species with a neutral charge and a cationic, cyclic 

species as the living chain-end. This equilibrium is determined by the used solvent, the side-
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chain residue R and the nucleophilicity of the counter-ion. The utilization of polar aprotic 

solvents such as acetonitrile in combination with low nucleophilic counter-ions favors the 

cationic intermediate. By repeated nucleophilic attacks of further 2-oxazoline monomers on the 

C5 carbon atom of the active oxazolinium cation, the chain propagation proceeds until 

complete consumption of monomers or termination of the polymerization process.33 The latter 

takes place by the addition of a nucleophile, terminating the polymerization reaction onto the 

5-position of the cationic oxazolinium ring in a final nucleophilic attack. Suitable termination 

agents include strong nucleophiles, such as methanolic potassium hydroxide, carboxylates 

and amines.25 The driving force for the CROP of 2-oxazolines relies on two aspects: firstly, the 

ring tension of the five-membered oxazoline ring is eliminated, and secondly, the imino ether 

group of the monomer is converted to a more stable amide group.34 Under the right 

polymerization conditions, well-defined POx with narrow molar mass distributions, i.e. 

dispersities (Đ), even with high molar masses can be obtained. Importantly, even minor traces 

of nucleophilic impurities need to be removed from all used components (initiator, monomers 

and solvent) by rigorous purification methods prior to the polymerization reaction.  

Since microwave technique has been established for the laboratory scale synthesis of POx, 

unfavorable long reaction times of previously 10 to 20 h during the polymerization process 

could be overcome, reducing the risk of unwanted side reactions.35 The enormously 

accelerated reaction times paved the way for more complex POx designs and reaction 

components concerning functionalization possibilities32,36 or combination of different 

monomers for the assembly of blockcopolymers, such as diblockcopolymers37, ABA-

triblockcopolymers38, or ABC terblockcopolymers39.  
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1.1.1  End-group Functionalization of Poly(2-oxazoline)s  

In addition to the possibility to introduce functional groups to poly(2-oxazoline)s using 

monomers with specific side chain residues, the insertion of terminal functional groups through 

initiating or terminating agents poses further essential functionalization options. These 

functional end-groups enable the utilization of polymeric compounds as building blocks in 

superstructures like various nanomaterials or for coupling reactions among other things. The 

use of functional initiators offers the opportunity for one-sided modifications with a degree of 

functionalization df of ideally 100%, since every POx chain is started by one functional initiating 

agent. Although the high functionalization ratio seems very promising to obtain highly 

functionalized macromolecules, initiators for the CROP of 2-oxazolines need to be carefully 

selected. Initiators with slow initiation rates have a major impact on the control of the molecular 

weight and dispersity of the resulting polymer chains.32,40-43 Furthermore, the nature and 

persistence of the formed counter-ion of the initiator affects the polymerization kinetics and 

even the type of polymerization mechanism of the CROP.32,44-47 Additionally, the functional 

group of the initiating agent must neither interfere with the active chain ends during the CROP 

mechanism, nor should it promote chain transfer reactions. Prior protecting of the functional 

group, carried by the initiator, can therefore become mandatory under these conditions.48  

Besides the discussed requirements, a wide range of functional initiators were proven as 

suitable reaction components for the CROP of 2-oxazolines as summarized in Figure 1.3. 

Especially corresponding functional triflates or tosylates emerged as appropriate choices, 

since they form lowly nucleophilic, stable counter-ions during the polymerization process.49-50 

Among these compatible functional groups are aliphatic double51-52 or triple bonds41,53-54, which 

are of great interest for subsequent “click” reactions, such as thiol-ene coupling and copper-

catalyzed azide-alkyne (Huisgen) cycloaddition.55 Further modifications with amines56, 

carboxylic acids57-58, hydrophobic alkyl chains59-63, perfluoroalkyl chains64, allyl51,65, vinyl52,66, 

styryl67, anthracene68-69, acetal, oxirane70, cyclocarbonate42, silane71, methacrylate72-73, and 

ester74 groups at the α-position of the poly(2-oxazoline) are feasible by utilizing specific 

functional initiating agents.32,75  
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Figure 1.3 Examples of reported functional initiators for the CROP of 2-alkyl-2-oxazolines.32  

 

Another approach to introduce terminal functional groups to poly(2-oxazoline)s is the utilization 

of functional terminating agents. This method represents the most common way to insert 

functional groups to the ω-end of the polymer chain, which allows the usage of otherwise 

incompatible functionalities for the CROP process compared to functional monomers or 

initiators. For this, the living ends of the polymer chains are treated with strong nucleophiles 

after chain propagation, thus terminating the polymerization process. In the case of initiation 

using a bi- or multifunctional initiating agent, the end-group functionality can get introduced to 

the polymer two or more times.52 This approach enables the synthesis of macromonomers, 

cross-linking agents, or telechelic antimicrobially active compounds.73,76  
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Figure 1.4 Comparison of the two mechanisms for the termination reaction of the CROP of 2-

oxazolines; (left) Kinetically controlled termination on the 2-position via the attack of a water 

molecule versus (right) the thermodynamically driven termination reaction on the 5-position via a 

suitable terminating agent.75  

 

Termination reactions can take place in a thermodynamically or kinetically controlled form. The 

different termination mechanisms are depicted in Figure 1.4. NUYKEN et al. investigated the 

kinetics of the termination reaction of the CROP of 2-oxazolines in 1996.77 They found that the 

termination rate constant (kt) is influenced by the present counterion introduced by the initiator 

and the equilibrium between cationic and covalent species. Furthermore, the nature of the 

utilized nucleophile plays an important role on the termination kinetic and mechanism. Water 

or other soft terminating agents tend to lead to a termination on the kinetically controlled 2-

position of the oxazolinium cation, yielding a secondary amine with an ester group on the ω-

end of the polymer chain. Since the thermodynamically controlled attack on the C5-carbon 

atom poses an irreversible termination process, providing the desired functional group on the 

ω-end of the polymer, harder terminating agents such as secondary amines are mostly favored 

choices.  

A wide spectrum of suitable terminating agents for the introduction of functional ω-end groups 

has been reported. The overview given in Figure 1.5 includes various examples of primary 

and secondary amines, carboxylic acids and various other terminating agents reported in 

literature.32,75 The usage of such reagents allows the introduction of amino groups78-79, hydroxyl 

groups80-81, (meth)acrylate groups20,80, or azides69,74.  
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Figure 1.5 Examples of functional terminating agents for the CROP of 2-oxazolines.32  

 

Utilization of either one of these end-group functionalization methods or a combination of 

functionalization via initiating and terminating agent is commonly applied to create telechelic 

polymer structures as depicted in Figure 1.6, enabling numerous post-polymerization 

transformations, coupling reactions or cross-linking strategies.  
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Figure 1.6 Schematic illustration of the different types of telechelic polymer structures [taken from 

TSUKAHARA and ADACHI82].  

 

Introduced by URANECK et al.83 in 1960 to describe end-group linkages of polybutadienes, the 

term “telechelic” was subsequently widely used to describe end-functional polymers of various 

types. The designated polymers can have one or multiple of the same functional end-group, 

described with the terms “hemi-“, “di-“, or “tri-telechelic” depending on the respective number 

of reactive end-groups. Another example of telechelic polymers exhibits different functional 

groups on the chain ends, for which the term “hetero-telechelic” is used. The last group of 

telechelic polymers with more than three reactive end-groups is generally summarized with the 

term “polytelechelic” polymers.82  
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1.2  Segmented Polymer Networks  

Segmented polymer networks (SPNs) represent a sub-class of multicomponent polymer 

networks in the field of cross-linked polymeric materials. SPNs are network structures 

assembled through the covalent connection of both polymeric chain ends of the first 

component to the second polymer, creating nanomaterials with unique attributes.84 By cross-

linking two polymers with varied or even -typically- opposing structures or properties, specific 

individual characteristics can be merged into one material. Especially the combination of 

intrinsically immiscible polymers in chemically cross-linked networks enables the design of 

specific phase morphologies, as the obtained degree of cross-links can lead to forced blending 

between the polymers.85-86 In addition to the intrinsic compartibilization of the chosen polymers, 

the respective polarity has a significant impact on the network structure and further properties. 

Networks that are built up by the connection of hydrophilic and hydrophobic polymer segments, 

either through cross-linking of respective homopolymers or cross-linked amphiphilic block or 

graft copolymers, are called amphiphilic polymer conetworks (APCNs). These promising 

materials offer exceptional properties through the combination of the contrary characteristics 

of their macromolecular building blocks, like the ability to swell in polar as well as nonpolar 

solvents.87 Although the hydrophilic phase exhibits typical swelling behavior upon contact with 

water, the swelling is generally restricted by the hydrophobic phase, leading to limited solvent 

uptake and retained mechanical stability compared to the sole hydrogel.88 These unique 

characteristics enable various specific applications, whereas extended-wear soft contact 

lenses being their most prominent commercial application for over two decades.89 Other uses 

involve drug release matrices90, antimicrobial thin film coatings91-92, chemical or biochemical 

sensors93-94, tissue engineering materials95, or membranes for chiral separation96-97. Besides 

these examples, APCNs as activating immobilization matrices to retain enzymatic activity in 

supercritical CO2
98 or organic solvents99, as gel polymer electrolyte100, or as functional 

membranes101 have been reported. Further applications of APCNs as chemically102-103 or 

enzymatically degradable conetworks104 have been described.  

Besides the selection of the individual network components, the design of the synthetic network 

formation approach plays a significant role for the physical and structural properties of the 

resulting APCN. Figure 1.7 gives an overview over possible APCN design strategies with blue 

colored hydrophilic and red colored hydrophobic segments illustrated by MCLEOD and TEW.105 

The illustrated designs differ in their degree of structural definition. While the designs 2 and 6, 

obtained through random interconnection of linear amphiphilic copolymers, or design 4 by 

random cross-linking of amphiphilic graft copolymers, lead to lowly defined network structures, 

other strategies, such as random side interconnection (design 8) or end-linking (design 3) of 

hydrophilic with hydrophobic linear copolymers, enable increased structural definition of the 

resulting APCN. Improved structural definition is obtained through the end-linking of two types 
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of four-arm star homopolymers as depicted in design 7. Lastly, despite the resemblance 

between the designs 1 and 5, their synthetic strategies differ as design 1 illustrates the terminal 

cross-linking of linear amphiphilic ABA or BAB triblock copolymer using a low molecular weight 

tetra-functional cross-linker and design 5 describes the end-linking of AB or BA four-arm 

amphiphilic star block copolymers.106-107  

 

Figure 1.7 Overview of various cross-linking approaches for the formation of amphiphilic 

polymeric conetworks illustrated by MCLEOD and TEW (red and blue colors indicate hydrophobic 

and hydrophilic polymers, respectively). (1) Cross-linked ABA triblock polymers. (2) 

Copolymerized and cross-linked hydrophobic and protected hydrophilic monomers. (3) Cross-

linked telechelic polymers. (4) Cross-linked amphiphilic graft copolymers. (5) Cross-linked star 

polymers with bifunctional macromonomers. (6) Cross-linked amphiphilic copolymers. (7) Cross-

linked hydrophobic and hydrophilic star macromonomers. (8) Cross-linked hydrophobic polymers 

by hydrophilic cross-linkers.105 

 

As previously mentioned, the resulting nanostructural morphology of an APCN is mainly 

determined by the utilized network components and the specific cross-linking strategy. The 

three main APCN synthesis methods are illustrated by BRUNS et al.101 in Figure 1.8.  
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Figure 1.8 Schematic illustration of common APCN synthesis strategies through (A) the 

macromonomer approach, (B) the combination of chain segments, and (C) the living 

polymerization with subsequent cross-linking (illustration by ULRICH et al.101; blue and grey colors 

indicate the different polarities).   

 

This combination of numerous synthetic approaches and variable usable building blocks poses 

a great advantage to customize the material properties of the resulting APCN. Due to the 

utilization of hydrophilic and hydrophobic components, these approaches often require the use 

of solvent mixtures and/or protection groups to tackle miscibility limitation during network 

formation.108 The first and most employed approach is the macromonomer approach (A), in 

which small monomers are copolymerized with a macromonomeric cross-linker of contrary 

polarity.109-110 This leads to continuously assembled polymer chains consisting of the chosen 

monomer randomly interconnected by the commonly well-defined macromonomeric cross-

linker with tunable chain length, thus allowing only very limited control over the network 

architecture.111 In the second strategy, two types of preformed telechelic chain segments with 

contrary solubility are cross-linked through their functional end-groups (B). In this, structural 

characteristics of the APCN can be influenced by the number of cross-linkable end-groups and 

molecular weights of the respective chain segments.88,112-113 Lastly, the synthesis of APCN 

structures can be conducted through a living polymerization step to form amphiphilic block 

copolymers followed by subsequent cross-linking of the terminal living chain ends by the 

addition of a cross-linking agent (C).107 As living polymerization methods commonly enable 

good control over the structural definition of the polymeric building blocks, this approach can 
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yield APCNs with a high degree of structural order adjustable by parameters such as chain 

lengths, types of monomers, monomer ratios, or type of cross-linker.114-116  

 

Although various synthetic strategies for APCN formation with different levels of control over 

the structural order have been published, many of these APCNs show similarities in their 

nanostructural morphology. This microstructure is to some extent influenced by the location 

and number of segments emanating from common junctions in the conetwork107, but most 

APCNs exhibit a tendency for microphase separated topologies, at least when in contact with 

water.114 In order to characterize APCN microstructures, various techniques commonly used 

for characterization of phase separated linear block copolymers are utilized, as depicted in 

Figure 1.9.111  

 

Figure 1.9 Literature examples of typical analytical methods and exemplary respective data for 

the characterization of APCNs (images taken from: AFM117; SAXS117; TEM118; SEM119; DSC120; 

APCN illustration121). 

 

The image obtained through atomic force microscopy (AFM) (Figure 1.9) shows the typical 

structure of APCNs with two separated co-continuous phases, with the area ratios generally 

dependent on the respective ratios of the polymer phases or, in some cases, when performed 

on a water-swollen sample.88 Further techniques for the characterization of dry or solvent-

swollen samples are scattering methods, such as small-angle X-ray scattering (SAXS) or 

small-angle neutron scattering (SANS), through which specific scattering patterns can be 

obtained to gain information about phase thickness, (partial) crystallization or nanophasic 

swelling potential.122 The usage of transmission electron microscopy (TEM), cryo-TEM, and 
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scanning electron microscopy (SEM) has also been reported for topological APCN 

characterization. Finally, differential scanning calorimetry (DSC) on APCNs has been widely 

utilized to gain insight into thermal material properties, such as shifted glass transition 

temperatures Tg compared to the individual polymeric components, or melting temperatures of 

crystalline areas.122 Beyond that, more application focused characterization techniques for 

APCNs can be used, such as dynamic mechanical analysis (DMA)100,123 or rheology 

experiments88,124 for mechanical material data. In recent years, some research works on 

computer simulations of self-assembly and phase separation of model amphiphilic polymer 

conetworks have also been published.125-126  

Since the characteristic nanophasic morphology of APCNs is significantly affected by solvent 

uptake, this behavior was investigated in various studies. Recently, FRIBICZER et al. reported 

the topographical changes of amphiphilic networks prepared by hetero-complementary 

coupling of amine-terminated tetra-poly(ethylene glycol) (tetra-PEG) with 2-(4-nitrophenyl)-

benzoxazinone terminated tetra-poly(ε-caprolactone) (tetra-PCL) upon uptake of selective 

solvents.88 For this, the APCNs were swollen either in water as a selective solvent for the 

hydrophilic PEG-phase, or in toluene to address the PCL-phase, respectively, and the APCN 

surface was characterized using AFM in phase mode. Comparison of the obtained surface 

images shows the lack of surface structure in toluene but pronounced microphase-separation 

for the water-swollen sample, resembling nearly spherical PCL-domains with a size of 

20 ± 5 nm. Another example of the effect of solvent uptake on network topology was recently 

published by LÖSER et al., in which the same APCN system composed of tetra-PEG and tetra-

PCL star polymers with varying preparation concentrations was swollen in water as a poor 

solvent for PCL followed by characterization through SAXS measurements.125 This way, 

microphase-separated domains with average inter-domain distances of 19 nm and a domain 

radius of 5-6 nm were determined, indicating the aggregation of 17 to 25 PCL star polymers in 

the water swollen APCN samples. Furthermore, MUGEMANA et al. presented an interesting 

investigation on the influence of incorporation of metal salts on the nanostructure of an 

APCN.127 For this, conetworks composed of poly(N-pyridin-4-yl)acrylamide) (PPFPA) and 

polydimethylsiloxane (PDMS) were synthesized and loaded with ZnCl2 salts by swelling the 

conetworks in tetrahydrofurane (THF) containing 0.038 M of ZnCl2. The sample films were then 

dried and characterized using AFM, which revealed that the spherical interconnected PDMS 

domains of the metal-loaded APCN appear bigger in comparison with the metal-free 

conetwork. Therefore, in this study the incorporation of metal ions does not change the overall 

phase morphology, but alters the sizes of the separated domains by cross-linking of the 

hydrophilic phase. Further examples on this topic are given in Chapter 3.1.  

These examples show to the unique structural properties of APCNs and their changes upon 

external influences. Since the understanding of their complex nanostructural behavior requires 
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comprehensive studies and numerous characterization techniques and the properties differ 

between each type of APCN (e.g. utilized components, synthesis strategy), further studies on 

these materials are mandatory to investigate their full potential.    
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1.3  Polymer-protein Conjugates  

In addition to the previously discussed utilization of end-group functionalized polymers as 

segments in polymer conetworks, well-defined macromolecules with tunable properties can 

further be used for the conjugation of proteins or enzymes. Since enzymes and biocatalysts in 

general play an important role in areas such as fermentation processes for industrial food 

production (e.g. bread, cheese and wine), laundry detergents, or wastewater treatment, the 

modification and stabilization of proteins has received substantial attention.128 Due to their high 

catalytic efficiency and exquisite chemo-, regio-, and enantioselectivity combined with a broad 

scope of possible chemical transformations, such as C-C-bond formations, hydroxylations, 

oxidations, and various other functionalization reactions, customized enzymatic biocatalysts 

are of great industrial interest for the production of pharmaceutical or fine chemical products.129-

130 Besides the naturally occurring post-translational modifications of proteins to control specific 

properties, such as protein folding, stability or functionality, the conjugation of proteins with 

synthetic polymers has been proven as an effective toolbox for the modification and 

customization of biomolecules.131  

The cornerstone of this field of research was laid by DAVIS and ABUCHOWSKI in 1977 by their 

report on the conjugation of amino acid side chains with small molecules and polymers to alter 

the immunological properties of bovine serum albumin (BSA).132 In this early work, the covalent 

attachment of polyethylene glycol (PEG) with molecular weights of 1900 and 5000 Da, 

respectively, to BSA using cyanuric chloride as the coupling agent led to the disappearance of 

its immunogenicity in rabbits, while increasing protein activity, proteolytic resistance, as well 

as thermal and pH stability as proven in a further publication.133 Following this, the covalent 

conjugation of proteins with the macromolecule PEG became widely known as PEGylation, 

and is still considered as one of the most impactful protein modification methods.134-135 As PEG 

is a commercially available synthetic polymer, typically obtained through the anionic 

polymerization of ethylene oxide136, with a good solubility in water as well as numerous organic 

solvents137, and further advantages, such as protein-repellent interactions (‘stealth effect’)136 

and non-toxicity138 upon high molecular weights, the PEGylation became a popular method for 

the modification of proteins. Most of the published PEG-protein conjugates were targeted 

towards specific biomedical applications, such as disease treatments/drug delivery134 or tissue 

engineering139. Commercial drugs based on PEGylated proteins are approved by the US Food 

and Drug Administration since the 1990s, which owe their success mainly to increased half-

life and/or decreased immunogenicity compared to the corresponding native proteins.140  

In addition to their biomedical applications, PEGylated proteins can also be used in the means 

of biocatalysis. Among the advantages of PEGylated enzymes over their corresponding native 

forms are increased stability against denaturation at high temperatures141 or improved solubility 

in organic solvents. Organosoluble PEG-protein conjugates have been reported by numerous 
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research groups, such as lipases142-143, catalase142, peroxidase142,144, or proteases like 

papain145 or α-chymotrypsin142. Typically, the modification is conducted in a grafting-onto 

coupling approach using the functional ε-amino group of proteinogenic lysine residues.146 This 

way, PEGylated enzymes could be rendered soluble in common organic solvents, e.g. 

benzene, dimethylformamide, toluene, or different chlorinated solvents, in combination with an 

increased enzymatic activity in the unconventional medium compared to the native enzyme.147 

This solubility and enzymatic activity is typically directly influenced by the number of conjugated 

polymer chains and their respective chain lengths.142-143 While the activity of PEGylated 

enzymes is often lower in aqueous environments in comparison to the respective native 

enzyme due to restricted diffusion of substrates and products, many reports showed retained 

enzymatic activity in organic media caused by the polymer modification.143,145-146  

Although PEG has been used successfully for many years to conjugate proteins and enzymes 

for a wide range of applications, this polymer has its downsides. The repeated usage of 

therapeutic or diagnostic PEG-protein conjugates has been shown to lead to the generation of 

anti-PEG antibodies in the human body, often combined with severe accelerated blood 

clearance phenomenon and hypersensitivity reactions.148-151 Furthermore, low molecular PEG 

chains (<400 Da), found as residual impurities in commercial PEG products, can be oxidized 

in vivo into toxic metabolites, posing significant health risks.152-154 Besides the biomedical 

disadvantages of PEG usage, this polymer only enables very limited functional or structural 

modification options to customize polymer or conjugate properties for specific applications.  

The previously discussed polymer class of poly(2-alkyl-2-oxazoline)s (POx) represents a 

promising alternative to PEG for protein conjugation, due to the opportunity to introduce 

functional groups as terminal or side-chain functionalities. Further advantages of POx are their 

relatively simple synthesis through living cationic ring-opening polymerization, which allows 

the synthesis of well-defined polymers in terms of narrow dispersities, well-controllable 

degrees of polymerization (DP) and a versatile toolbox of different 2-oxazoline monomers to 

choose from. For biomedical applications, similarities of the important characteristics of PEG, 

such as good biocompatibility and the protein repellent ‘stealth effect’, were also found for 

poly(2-methyl-2-oxazoline) (PMOx) and poly(2-ethyl-2-oxazoline) (PEtOx).4  

The first literature report of a POx-protein conjugate was given by MIYAMOTO et al. in 1990.155 

In this early study, the successful conjugation of a catalase with PMOx and PEtOx polymers 

was reported, followed by the characterization of their enzymatic activity in the organic solvents 

benzene and chloroform in comparison with the corresponding PEGylated or native enzymes, 

respectively. Although the POx-protein conjugates showed only limited solubility in benzene 

(0.077 mg/mL), the enzymatic activity of the conjugates was up to 20 times higher compared 

to the corresponding native catalase in this solvent. Numerous publications about POx-protein 

conjugates followed afterwards, mostly with applications as biocatalysts in organic solvents156-



Chapter 1 ‒ Introduction 

 

 

18 

157 or as therapeutic agents158-159. In many reports, the conjugation is based on amide formation 

or “click” reactions to connect the respective reactive polymer end-groups (e.g. activated 

carboxylates7 or “clickable” groups55,160) with the protein.161 Another coupling strategy was 

demonstrated by KONIECZNY et al. with the utilization of bifunctional pyromellitic acid 

dianhydride as a linker between the amine end-group of various POx homo- and copolymers 

and the lysine groups of the respective protein, schematically illustrated in Figure 1.10.162-163  

 

 

Figure 1.10 Schematic depiction of the enzyme conjugation method via the usage of pyromellitic 

acid dianhydride (PADA)-terminated poly(2-oxazoline)s developed by KONIECZNY et al. (illustrated 

by LEURS164).162-163 

 

The organo-solubility of the obtained polymer-enzyme conjugates showed high dependence 

on the type and composition of the attached polymer. While the enzymatic activity of the 

conjugates in water was generally lower compared to the corresponding native enzymes, high 

enzymatic activations of up to 153000 in case of a PMOx-laccase conjugate were observed in 

organic solvents. 

Besides covalent conjugation strategies for the development of organo-soluble enzymes 

through attachment of polymer chains, this aim can further be achieved by noncovalent 

methods. HIJAZI et al. demonstrated this approach by the formation of noncovalent conjugates 

through the addition of POx terminated with 2,2’-imino diacetic acid (IDA) end-groups to 

various enzymes.165 The resulting conjugates were characterized as nano-sized polymer-

enzyme aggregates giving clear solutions in organic solvents at concentrations up to 2 mg 

protein/mL (see Figure 1.11). For the respective noncovalent POx-enzyme conjugates with 

laccase, horseradish peroxidase (HRP), and α-chymotrypsin (CT), enzymatic activity assays 
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in organic solvents exhibited significantly increased activity compared to the respective 

corresponding native enzyme.  

 

 

Figure 1.11 Depiction of the formation of organosoluble, non-covalent polymer-enzyme 

conjugates through the addition of 2,2’-imino diacetic acid terminated poly(2-oxazoline)s by HIJAZI 

et al.165 

 

Additional conjugation approaches were conducted using thiol-maleimide Michael addition 

reactions by the combination of maleimide group end-functionalized POx with thiol group 

bearing cysteine residues of the respective protein, either by utilizing a protected maleimide-

containing initiator166, or a protected furan-maleimide adduct as termination agent167 during the 

CROP of the respective 2-oxazoline monomers, followed by subsequent polymer-analog 

deprotection reactions.  

All these examples demonstrate the great potential of end-group functionalized POx for the 

conjugation of proteins to increase their stability or solubility in organic solvents. In order to 

further increase the scope of suitable polymer-protein coupling reactions, the utilization of 

different POx with terminal acrylate end-groups are investigated in this work in terms of their 

conjugation potential of proteins via aza-Michael addition reaction.    
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2  Aims and Objectives  

 

The aim of this work was the investigation of the potential of various well-defined, end-group 

functionalized poly(2-oxazoline)s for two applications in functional nanomaterials; firstly, their 

suitability and properties as telechelic macromonomers in segmented polymer networks were 

studied, followed by further investigations of the applicability of functionalized POx for the 

conjugation of proteins via aza-Michael addition reactions. For both applications, these 

telechelic polymers were equipped with reactive double-bonds on either one or both chain 

ends, depending on application, via the addition of functional termination agents following the 

CROP of the respective 2-oxazoline monomers.  

In the first part of this work, the unique nanophasic morphologies of two novel amphiphilic 

polymer conetwork families were to be examined based on the preliminary work of BENSKI et 

al.168 While both APCN families were based on poly(2-(1-ethylpentyl)-2-oxazoline) (PEPOx) as 

hydrophobic component, the conetworks were varied with regard to their hydrophilic 

component, whereby either poly(2-hydroxyethyl acrylate) (PHEA) or poly(N,N-

dimethylacrylamide) (PDMA) were chosen as hydrophilic components. The study was aimed 

towards the characterization of the intrinsic separation behavior of the respective polymer 

phases of these novel APCNs with varying compositions and the nanophasic changes upon 

the uptake of orthogonal solvents, since for ideal APCNs no structural alterations should be 

observable. For this, the suitability of small angle X-ray scattering (SAXS) as a tool for the 

investigation of the nanophasic structure of APCNs was evaluated.  

The second chapter deals with segmented polymer networks composed of the purely 

hydrophilic polymeric components PEG in combination with either PMOx or PEtOx. Here, the 

effects of conetwork composition on the structural properties of the resulting SPNs were to be 

characterized. Furthermore, since the respective polymer components exhibit similar solubility 

properties, the influence of solvents and temperature on the nanostructural order was to be 

investigated.  

In the last chapter, the potential of the aza-Michael addition as a promising ligation method for 

the synthesis of polymer-protein conjugates was to be investigated. For this, water soluble 

polymers with functional acrylate end-groups and varying chain lengths were to be synthesized 

and characterized. Thereby, PEG was chosen as a polymer commonly applied in protein 

conjugation, and the protein modification potential should be compared with different functional 

PMOx and PEtOx to investigate whether the latter pose suitable alternatives for this approach. 

In order to verify the success of the conjugation reactions, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) should be conducted for the respective varied 

polymers and reaction conditions.  
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3  Amphiphilic Polymer Conetworks with ideal and non-ideal Swelling Behavior 

demonstrated by Small Angle X-ray Scattering 

 

This chapter is based on a publication of SASCHA A. WILHELM121 as first author.  

 

3.1  Abstract 

Amphiphilic polymer conetworks (APCNs) combine two incompatible properties within one 

material by featuring two interconnected independently swelling nanophases. To 

simultaneously address both properties, the APCNs need to be swellable in orthogonal 

solvents without changing their nanostructure. This has not been demonstrated yet. Two novel 

APCN families applying the macromeric cross-linker approach have been synthesized by 

cross-linking the hydrophilic poly(2-hydroxyethyl acrylate) (PHEA) or poly(N,N-

dimethylacrylamide) (PDMA), respectively, with the hydrophobic poly(2-(1-ethylpentyl)-2-

oxazoline) (PEPOx). For the first time, the APCN PHEA-l-PEPOx could be proven to swell in 

two orthogonal solvents, water and n-heptane, retaining its nanostructure in a broad range of 

compositions by using small-angle X-ray scattering (SAXS). PDMA-l-PEPOx seems to show a 

similar behavior according to swelling experiments, but SAXS revealed that particularly the 

PDMA phase reversibly changes its nanostructure upon swelling. Thus, the structural integrity 

of APCNs upon swelling depends on the topology as well as the chemical nature of the polymer 

phases. Altogether, SAXS experiments are required and well suited to judge changes in 

nanostructure upon swelling of APCNs. 

 

3.2  Introduction  

Since the late 1980s, the concept of amphiphilic polymer conetworks (APCNs) gained a lot of 

interest among the scientific community. APCNs are generally defined as covalently 

interconnected networks consisting of both a hydrophilic and a hydrophobic phase.1 Because 

of these characteristics, APCNs are distinguished by a specific swelling behavior, exhibiting 

the ability to swell in polar as well as nonpolar solvents.107 The unique interaction of covalently 

connected hydrophilic and hydrophobic domains enables a broad field of different material 

requirements. This combination of contrasting characteristics leads to a varied microstructural 

organization of the nanophases, mostly resulting in a distinct segregation between the 

individual phases. Depending on different parameters such as macromonomer structures 

(linear, branched or star-shaped) and polymer chain philicities or lengths of the utilized 

compounds, a multitude of different topologies (e.g. co-continuous, spherical/spheroidal or 

lamellar phases) and domain sizes can be obtained.107   

As recently summarized by PATRICKIOS and MATYJASZEWSKI, these kind of structures can be 

achieved by various synthetic approaches.169 Suitable strategies include the cross-linking of a 
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mixture of two different homopolymers78 or free radical copolymerization of monomers with 

telechelic macromonomers functioning as macromeric cross-linkers.170-174 Additionally, 

endgroup-linking of amphiphilic ABA copolymers38,175-176 or star block copolymers177-178 

represent possible approaches to obtain APCNs with a high cross-link order and comonomer 

separation.  

Due to a variety of highly tunable properties, APCNs offer many possible applications, with 

their usage as extended-wear soft contact lenses being the most significant commercial use 

so far.89 In addition to that, possible applications as chemical and biochemical sensors93-94,179-

181, activating carriers for enzymatic reactions in supercritical CO2 
98 or organic solvents108,182-

184 have been reported. Further studies showed the potential of APCNs as matrices for 

controlled drug release185-188, membranes for chiral separation97 or switchable aqueous 

permeation control189, and wearable luminescent solar concentrators.190 The above mentioned 

applications are successful due to the combination of orthogonal properties within one 

material, because both APCN nanophases reach throughout the whole material and act 

independently. However, if an APCN is applied in swollen state, e.g. for contact lenses or 

separation membranes, these properties, e.g. permeability of oxygen and salts, are only 

present, if the co-continuous structure is not changed upon swelling. So far no APCN has been 

reported that is swelling in two orthogonal solvents without changing its nanostructure. 

Numerous analytical methods have been reported in order to get insight into these complex 

nanostructures. Among these common methods are atomic force microscopy 

(AFM)78,96,120,127,191-192, scanning electron microscopy (SEM)118-119,182-183,193, solid-state NMR 

experiments194-196, transmission electron microscopy (TEM)118,196-197, small-angle neutron 

scattering (SANS)177,198-205 and small-angle X-ray scattering (SAXS).194,202,206-207 The 

application of these often combined techniques allows the characterization of the network 

structure on the nanoscale level, but is commonly limited to usage with dry network samples. 

Only scattering techniques enable the investigation of swollen APCN samples without the 

restriction of observing merely the surface of the sample, which is the case for AFM even under 

liquids. This advantage was utilized by PATRICKIOS et al. who used SANS to analyze the 

architecture of an APCN consisting of methacrylic acid and 2-butyl-1-octylmethacrylate 

synthesized by group transfer polymerization.198 They observed single peaks attributed to well 

separated nanophases with a spacing between the scattering centers calculated from 7.6 to 

12.8 nm for different conetwork compositions in D2O. Another study concerning scattering 

techniques applied for examination of APCN morphologies was provided by TEW and 

coworkers.197 In this work, dry poly(ethylene glycol) and polystyrene conetworks were analyzed 

by SAXS measurements, yielding clear scattering peaks indicating domain spacings between 

22 and 55 nm, which increased with the Mn of the respective precursor polymer. The d-spacing 

values obtained by SAXS were verified by a representative TEM image and displayed good 
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consistency. In a recent publication by the groups of MÜLHAUPT and IVÁN, the successful 

alkylation of poly(1-vinylimidazole) in nanophasic poly(1-vinylimidazole)-l-

poly(tetrahydrofuran) APCNs was reported, leading to nanoconfined poly(ionic liquid) 

conetworks.208 The preservation of the bicontinuous nanophasic morphology was validated by 

AFM and SAXS, in which d-spacings of 15-20 nm and average domain sizes of 8.2-8.4 nm 

were determined. Further studies utilizing SAXS techniques to investigate nanophase-

separated functionalized poly(N-alkyl acrylamide)-based APCNs were carried out by BRUNS 

and coworkers, presenting a versatile precursor based strategy for the synthesis and 

characterization of diversely functionalized nanophasic morphologies.209 SHIBAYAMA et al. 

conducted another SAXS and SANS-based investigation regarding the microstructure of 

poly(ethylene glycol)-poly(dimethylsiloxane) amphiphilic conetwork gels.202 These networks 

were swollen in toluene, which was subsequently substituted with methanol and water 

afterwards. This treatment led to a decrease of macroscopic gel size, but clearly displayed 

arisen first order scattering peaks indicating an intensifying microphase separation. Although 

APCNs should have two independently swelling nanophases, the swelling of only one phase 

is investigated in most studies.     

Recently, we reported the first study, where the structural changes of an APCN upon swelling 

was investigated for two orthogonal solvents using SAXS.168 These APCNs consisted of a 

hydrophilic, telechelic poly(2-methyl-2-oxazoline) (PMOx) with N-[3-(dimethylamino)-propyl]-

methacrylamide (DMAP-MAA) end groups as macromolecular cross-linker and poly(2-

ethylhexyl acrylate) (PEhAc) as hydrophobic linear component. Swelling this APCN in toluene 

showed no structural change of the hydrophobic phase, while swelling in water resulted in 

great structural changes of the hydrophilic phase. Thus, the APCN shows a non-ideal swelling 

behavior, because the changes of the hydrophilic phase will change the property profile of the 

material upon swelling and thus limiting the use of the APCN. In the present study, a new 

macromonomer hydrophobic cross-linker was synthesized and copolymerized with a 

hydrophilic proton-donor monomer, 2-hydroxyethyl acrylate (HEA), and a hydrophilic proton-

acceptor monomer N,N-dimethylacrylamide (DMA), respectively. The influence of the 

respective, structural changes upon swelling in selective solvents was explored using SAXS.  

 

3.3  Results and Discussion  

Goal of this study was to possibly find an APCN, which does not change its morphology in 

solvents that selectively swell one of the two polymer nanophases. While a previous study 

used an APCN with a hydrophobic acrylate-based polymer cross-linked by a hydrophilic 

poly(2-oxazoline) (POx), the present study will address an APCN with a structure inverse to 

this. This offers the chance to apply functional groups to the hydrophilic phase, which might 

have an influence on structural integrity of the APCN by forming hydrogen-bonds. Therefore, 
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the hydrophilic acrylates DMA and HEA, respectively, were cross-linked by a hydrophobic 

poly(2-oxazoline). The latter was chosen from a series of non-crystallizing, low Tg hydrophobic 

POx, using the least hydrophobic structure to ensure mixing ability with the acrylate in solutions 

that contain as little solvent as possible. The branched (2-(1-ethylpentyl)-2-oxazoline) (EPOx) 

was synthesized according to KEMPE et al.210 Based on this monomer, a macromolecular cross-

linker was synthesized (32 EPOx repeating units determined by 1H NMR, Figure 3.13), 

bifunctionally initiated with trans-1,4-dibromo-2-butene (DBB) and terminally functionalized 

with DMAP-MAA end groups. This telechelic macromonomer was then copolymerized with 

either DMA or HEA by free radical photopolymerization as illustrated in Figure 3.1, providing 

the first APCNs based on a purely hydrophobic POx component. The miscibility of the 

compounds was realized by adding the common solvent 1-methoxy-2-propanol (1M2P) in as 

small amounts as possible. A poly(2-(1-ethylpentyl)-2-oxazoline) (PEPOx) content between 30 

up to 90 wt% was used for both APCN-systems. This led to optically clear APCN films 

indicating no macroscopic phase separation and the gel content of the dried material was found 

to be more than 90 wt% with the exception of the networks with 90 wt% cross-linker, which 

were found to have a gel content in the range of 76-79 wt% (see Table 3.3, Experimental 

Section). In order to get insights in the conversion of the monomers and the potential change 

of compositions of the APCNs during washing, a freshly prepared non-dried PDMA(50)-l-

PEPOx(50) was washed with CDCl3 and the mixture was analyzed by 1H NMR. It was found 

that this mixture is composed of 1M2P, PDMA, and PEPOx, while no residual acrylate 

monomer was detected (see Figure 3.14, Experimental Section). The integrals of the polymers 

showed that they were present in molar amounts corresponding to equal polymer mass 

fractions and thus in a similar composition as that of the respective network. Hence, the 

composition of the APCNs was presumed to be that of the starting concentration in the reaction 

mixture in all cases. Another typical behavior of nanophase-separated systems is the existence 

of two Tgs, which can be attributed to each polymer phase. As seen in the Figures 3.11 and 

3.12 (see Experimental Section), this is the case for both APCNs.  
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Figure 3.1 Schematic depiction of the investigated amphiphilic polymer conetworks consisting of 

the hydrophobic macro-crosslinker DMAP-MAA-PEPOx32-DMAP-MAA and the respective 

hydrophilic polymer poly(N,N-dimethylacrylamide) (PDMA) or poly(2-hydroxyethyl acrylate) 

(PHEA).121  

 

The swelling ratios Sg of these networks were gravimetrically determined for water, toluene, 

and n-heptane, respectively, and compared to those of networks composed of the respective 

homopolymers (see Figure 3.2). As expected, the Sg in water decreases with increasing 

proportion of the hydrophobic PEPOx for both APCN systems. The swelling ratio drops from 

1.8 to 1.2 for PHEA-l-PEPOx and from 3.7 to 1.2 for PDMA-l-PEPOx when the amount of the 

hydrophilic component is reduced from 70 to 10 wt%. In case of swelling in toluene, the 

determined Sg values for the APCNs are found between 1.2 and 2.8 for PHEA-l-PEPOx with 

increasing PEPOx-content. In case of PDMA-l-PEPOx Sg nearly linearly increases from Sg = 

2.4 to 4.3 with increasing PEPOx content. This may possibly suggest that toluene is not a 

selective solvent for the PEPOx-phase, but also swells the DMA phase. This is supported by 

the slight swellability (Sg = 1.3) of the pure PDMA network with a degree of cross-linking similar 

to PDMA-l-PEPOx(70). The divergent Sg, toluene of the PDMA-l-PEPOx networks does not 

originate from varying degrees of cross-linking (the non-selective solvent CHCl3 swells all 

PDMA-based APCNs nearly equally, see Figure 3.15, Experimental Section), but more likely 

from different Flory Huggins parameters of the respective toluene/homopolymer systems and 

from the nanostructures.  

In order to find a selective solvent for the hydrophobic phase of both APCN systems, the 

equilibrium swelling behavior was investigated in n-heptane. The APCNs exhibited swelling 

ratios from Sg = 1.1 to 1.6 (PHEA-l-PEPOx) and Sg = 1.0 to 1.4 (PDMA-l-PEPOx) with 

increasing PEPOx mass fraction. This behavior indicates a selective solvent uptake by the 

PEPOx phase.  

The phase size and nanostructure of the APCNs were further characterized by recording SAXS 

patterns and AFM images of the dry networks.  
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Figure 3.2 Swelling ratios of PHEA-l-PEPOx (left) and PDMA-l-PEPOx (right) conetworks in 

different solvents (• water, Δ toluene, x n-heptane). All experiments were conducted at least twice, 

the standard deviations are less than 10% in all cases.121  

 

The data of the SAXS measurements of the dry APCN films are presented in Figure 3.3. The 

long-period values d were calculated according to d = 2π/q with the scattering vector q yielding 

from azimuthal integration of the X-ray scattering patterns. This led to the depicted graphs 

showing SAXS traces of APCNs with a PEPOx mass fraction between 50 to 90 wt% exhibiting 

distinct peak maxima d*. Hereby, well distinguishable data for average long-periods d* could 

be determined and thus a highly ordered nanophase separation within the conetworks was 

confirmed. In contrast, d* could not be determined for PHEA-l-PEPOx(30) and PDMA-l-

PEPOx(30).  
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Figure 3.3 Small-angle X-ray scattering (SAXS) traces of dry PHEA-l-PEPOx (left) and dry 

PDMA-l-PEPOx (right) conetworks with a variation in PEPOx-content (30 to 90 wt%). All 

measurements were carried out for 1 h. Intensities were normalized to the total number of counts 

of the respective measurement and d was calculated using d = 2π/q.121  

 

An overview of the identified average long-periods of the different conetworks is given in 

Table 3.1. The d* values determined for PHEA-l-PEPOx conetworks range from 5.2 nm to 

19.2 nm with increasing PHEA content in combination with high normalized intensities. In case 

of the PDMA-l-PEPOx films, average long-periods between 4.9 nm successively increasing to 

10.5 nm with increasing PDMA amount were detected. The peaks show lower intensities than 

those found for the PHEA-based APCNs, indicating an either lower scattering contrast or a 

somewhat lower order of the nanophases compared with the latter conetworks. The average 

long-period of both APCN systems expands with higher mass fractions of the hydrophilic 

component. The found long-periods are in good agreement with published results by the group 

of Patrickios (d* = 7.6 to 12.8 nm)198, Iván et al. (d* = 14.6 and 18.5 nm)194, Bruns et al. 

(d* = 12.2 to 17 nm)209 and our group (d* = 6.8 to 12.6 nm)168, which were also determined 

utilizing scattering techniques. In all cases, the peaks widen with decreasing PEPOx mass 

fraction. These findings are in accordance with previously published results of PEhAc-l-PMOx 

networks.168 In both cases, the 2-alkyl-2-oxazoline-based macro-crosslinker exhibits a defined 

polymeric structure with a narrow dispersity by utilizing the living cationic polymerization. The 

second compound however is synthesized by free radical polymerization leading to broad 

dispersities Ɖ. Since the long-period d represents the summarized distance of both phases 

combined, a higher mass fraction of free radically polymerized phases results in a broader 

distribution of d-values. The domain sizes of the individual APCN polymer phases summarized 

in Table 3.1 were calculated by numerically fitting them to the respective network composition 

in combination with an assumed cubic structure model.  
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Table 3.1 Summarized domain size data of dry APCNs determined by SAXS analysis.  

APCN d*dry [nm]a dPEPOx [nm]b dacrylate [nm]b 

PHEA(70)-l-PEPOx(30) 19.2c 8.9 10.3 

PHEA(50)-l-PEPOx(50) 10.5 5.6 4.9 

PHEA(30)-l-PEPOx(70) 7.8 4.7 3.1 

PHEA(10)-l-PEPOx(90) 5.2 3.7 1.5 

PDMA(70)-l-PEPOx(30) 10.5c 6.2 4.3 

PDMA(50)-l-PEPOx(50) 9.0 4.7 4.3 

PDMA(30)-l-PEPOx(70) 6.8 4.0 2.8 

PDMA(10)-l-PEPOx(90) 4.9 3.4 1.5 

a Determined by SAXS traces; b calculated by utilizing numerical fitting based on SAXS data to 

meet the respective conetwork composition assuming a cubic structure model 

(ρ(PHEA) = 1.31 g cm−3 211; ρ(PDMA) = 1.09 g cm−3 212; ρ(PEPOx) = 0.85 g cm−3; for more details 

see Experimental Section); c d* estimated from shoulder signal.  

 

 

Figure 3.4 AFM phase mode images of cryofractured PHEA-l-PEPOx and PDMA-l-PEPOx 

APCNs measured in tapping mode and respective long-period approximations.121  
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All APCN films were cryofractured in order to investigate the nanophase morphology by atomic 

force microscopy (AFM) imaging shown in Figure 3.4. These images demonstrate clearly 

separated co-continuous nanophases for every conetwork representing typical APCN 

structures as schematically illustrated in Figure 3.5, which match the observations regarding 

AFM data of comparable systems.168,184 Among the coherent APCNs with varying PEPOx mass 

fractions, the phases become thicker with increasing content of the hydrophilic component. 

This finding coincides perfectly with the SAXS data presented in the last paragraph. Image 

sectors of both conetwork samples with 90 wt% PEPOx, indicating the most uniform 

nanophases according to the respective SAXS traces, were representatively investigated 

regarding long-period data. Average long-periods of 5.5 nm for PHEA(10)-l-PEPOx(90) and 

5.2 nm in case of PDMA(10)-l-PEPOx(90) were determined, approximately matching the 

domain sizes calculated from the respective SAXS data.  

 

 

Figure 3.5 Schematic depiction of the co-continuous APCN nanostructure confirmed by AFM 

measurements with exemplary illustration of long-period d.121  

 

In order to find out if each of these well-defined nanostructured polymer phases can be swollen 

independently from the other phase in a selective solvent, the APCN films were transferred to 

quartz tubes with the respective solvent, sealed and the respective SAXS profiles were 

recorded. The SAXS traces of the investigated PHEA-l-PEPOx conetworks with varying 

PEPOx content are comparatively depicted in Figure 3.6. Each graph shows the respective 

curves of the network films in the dry and in the swollen state of the respective solvent.  
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Figure 3.6 SAXS profiles received from PHEA-l-PEPOx conetwork samples with varying 

compositions under dry and swollen conditions (solvents: water, toluene or n-heptane). 

Measurements of dry samples were carried out for 1 h and of swollen samples for 8 h. Intensities 

were normalized to the total number of counts of the respective measurement and d was 

calculated using d = 2π/q.121  

 

The SAXS profiles of the swollen PHEA-l-PEPOx with 50 to 90 wt% of the hydrophobic cross-

linker show that the d* values increase in all cases and the narrow curves indicate that this 

occurs without losing order of the nanophases (Figure 3.6 B-D). This is particularly true for 

swelling in the most hydrophilic solvent water and the most hydrophobic solvent n-heptane. 

Swelling in toluene seems to result in some loss of order, which could be due to the fact that 

this solvent is not as selective as the other ones. The results indicate that both nanophases of 

the APCNs can indeed be swollen independently from each other in a wide range of 

compositions, as no loss of morphological order is observable in the SAXS traces upon domain 

size increase due to the solvent uptake, which is a particular advantage suggested for APCN.  

In case of PHEA(70)-l-PEPOx(30) - the sample with the highest hydrophilic content - no peak 

maximum could be determined. The reason for this characteristic could be that the broadly 

distributed PHEA-phase at this composition does not allow a higher order. It would not be 

expected that this can be changed upon swelling. This does not exclude that the however 

broadly distributed nanophases can be swollen independently (see Figure 3.6 A).  
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Figure 3.7 Comparison of the average long-periods d* for PHEA-l-PEPOx conetworks with varied 

PEPOx content in the swollen state between data obtained by SAXS and calculations based on 

the respective swelling ratios Sg (for more details see Experimental Section 3.5).121  

 

In order to validate the proposed ideal swelling behavior of the here presented APCN, the 

swelling data were used to estimate the volume change of the single polymer phases based 

on the domain size data summarized in Table 3.1. To this end, the volume change of the 

phases upon swelling was calculated under the simplified presumption that the phases swell 

selectively and the swollen volume is the simple sum of solvent and polymer volume. As seen 

in Figure 3.7, the estimated and the measured volume changes upon swelling match. Thus, 

the calculation of the swelling data confirms the statement that the PHEA-l-PEPOx APCNs 

show the individual swelling behavior that has been predicted by many authors.    
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Figure 3.8 Comparative SAXS curves obtained from PDMA-l-PEPOx conetwork samples with 

varying compositions under dry and swollen conditions (solvents: water, toluene or n-heptane). 

Measurements of dry samples were carried out for 1 h and swollen samples for 8 h. Intensities 

were normalized to the total number of counts of the respective measurement and d was 

calculated using d = 2π/q.121  

 

In contrast to the low Tg PHEA-l-PEPOx, the PDMA-l-PEPOx APCNs contain a high Tg phase 

(PDMA) and toluene is not a phase selective solvent. The latter implies that PDMA and PEPOx 

are not fully immiscible, which might result in a less pronounced nanophase separation and 

thus in a different swelling behavior. This is supported by the fact that the scattering intensity 

of the dry PDMA-based ACPNs is about 2-3 times lower than that of the PHEA-based system 

(see Figure 3.3). The SAXS profiles of the swollen PDMA-l-PEPOx conetworks in water, 

toluene and n-heptane depicted in Figure 3.8 are significantly different from those found for 

the PHEA-l-PEPOx system, which is similar in topology, cross-linking, and swelling (see 

Figure 3.6). Again, only APCNs with at least 50 wt% PEPOx exhibit an ordered nanostructure 

that is regular enough to show d* values in dry and swollen state.   

The swelling in toluene results in a loss of order, which is evident by the broad, weak signal 

without a distinguishable maximum peak. This is typical for an unselective solvent, because 

both phases take up solvent reducing the contrast and due to mixing of the polymers, the order 

of the system will eventually disappear. This is supported by the high swelling ratios in toluene 

for all compositions.  

Swelling in n-heptane on the other hand shows the signal shifting typical for selective swelling 

of a single nanophase in an APCN without losing order. In most cases, the intensity of the 
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scattering is even enhanced compared to the dry sample. The shift of d* upon swelling is in 

the range of the n-heptane PHEA-l-PEPOx systems. A similar picture is seen for water. 

However, the peak shifts towards larger d* values are greater than for all other swelling 

experiments in the cases of PDMA-l-PEPOx APCNs with higher PEPOx content. For example, 

both APCNs with 90 wt% PEPOx take up 20 wt% of water. While the PHEA system shows an 

increase in the d* value of 5.2 to 7.4 nm, the PDMA-system shifts from 4.9 to 9.0 nm.  

In order to investigate the influence of previous solvent swelling on the nanophasic structure 

of the different APCN systems, samples of the respective conetworks were dried and analyzed 

by SAXS after successive swelling in water, toluene and n-heptane. The obtained SAXS traces 

are shown in Figure 3.10 (Experimental Section) and respective d* values are compared in 

Table 3.2 (Experimental Section), confirming our expectation that the polymer phases return 

to their original state after solvent induced swelling.  

 

 

Figure 3.9 Comparison of the average long-periods d* for PDMA-l-PEPOx conetworks with varied 

PEPOx content in the swollen state between data obtained by SAXS and calculations based on 

the respective swelling ratios Sg (for more details see Experimental Section 3.5).121  

 

The domain size calculations upon swelling for the PDMA-l-PEPOx system were carried out 

as described above and compared to the respective SAXS data in Figure 3.9. In contrast to 

the PHEA-based APCNs, the calculated d* values for water-swollen PDMA-based APCNs with 

a PEPOx-content of 70 and 90 wt% are significantly lower than those measured with SAXS. 

This indicates that there must be a change in nanostructure, e.g., by fusion of separated 

regions to larger structures, that causes this phenomenon. This might be due to the fact that 

the polymer phases are partially mixing in the dry state and this mixing is reversed by solvent 

uptake. This is supported by the generally smaller nanophases found by SAXS for PDMA-l-

PEPOx. Further, as seen in the SAXS traces of these APCNs in Figure 3.8 C and D, the SAXS 

curves of the water-swollen samples show a shoulder at lower d values. This could originate 

from further isolated domains that are not reached by the solvent or swell without being fused 
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with other domains of the same polymer. The calculated d* value for water-swollen PDMA(50)-

l-PEPOx(50) is again matching that of the measured value. This is expected, because the 

higher content of the swelling PDMA-phase will allow the formation of a fully continuous 

polymer phase. In case of n-heptane swollen PDMA-l-PEPOx conetworks, the calculated 

domain sizes coincide with the measured SAXS data. This is expected due to the high content 

of the swelling PEPOx-phase resulting in a continuous nanostructure.   

 

3.4  Conclusions 

The novel hydrophobic cross-linker PEPOx was copolymerized with the proton-donor 

monomer HEA or alternatively with the the proton-acceptor monomer DMA to obtain two new 

families of APCNs. Both networks were swollen in water, toluene, and n-heptane and the 

change in their nanostructure was followed by SAXS. The DMA-based APCN showed 

significant changes in its nanostructure upon swelling. This would be expected, because a 

change of the volume ratios of the polymer phases will most likely result in a change in the 

nanostructure as well. A similar finding was reported in our previous study, which combined 

the two polymer phases PMOx and PEhAc. Both networks have in common that polymer 

phases form no strong secondary bonds between the phases. On the other hand, the APCN 

PHEA-l-PEPOx did not show significant nanostructural changes upon swelling in all applied 

phase-selective solvents for all compositions in the range of 50 to 90 wt% PEPOx. This is the 

first example of an APCN which was reported with such an ideal swelling behavior. In contrast 

to the other investigated APCNs, this network contains hydrogen bridges within the HEA-phase 

as well as between the PHEA and the PEPOx phase. This might be stabilizing the formed 

nanostructure of the dry APCN. The energy required for breaking these hydrogen bonds will 

then be higher than that obtainable by changes of the nanophasic structures upon swelling. 

Further experiments will be required to verify this presumption and to establish APCNs that 

have a broader range of well-organized independently swelling nanophases. 

 

3.5  Experimental Section / Methods  

Instruments:  

All 1H NMR experiments were performed on a Agilent DD2-500 spectrometer with 5 mm triple 

resonance H(C,X) probe operating at 500 MHz and 25 °C with CDCl3 as solvent. Chemical 

shifts are given in ppm relative to the signal caused by residual nondeuterated solvent.  

Polymerizations were conducted in a CEM Discover synthesis microwave equipped with a 

noninvasive vertically focused IR temperature sensor. Before usage, the polymerization flasks 

(Schott Duran) were dried at 150 °C overnight and filled under argon atmosphere.  

SAXS experiments were carried out at a Bruker NANOSTAR with a VANTEC-2000 detector 

and an IµS Microfocus source (Incoatec GmbH) with a Cu-anode (wavelength λ = 0.154 nm) 
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and integrated Montel Optic. The distance between sample and detector was 107 cm and 

calibration was performed with a silver behenate standard. All measurements were carried out 

under vacuum at room temperature. Swollen network samples were placed with the respective 

solvent in quartz glass capillaries (1 mm diameter), which were sealed on both ends. SAXS 

patterns of dry samples were accumulated over 1 h and swollen networks over 8 h, followed 

by azimuthal integration to obtain the scattered intensities as a function of the magnitude of 

the scattering vector q = 4πsin(θ)/λ (2θ = diffraction angle).  

 

Table 3.2 Comparison of domain size data determined by SAXS analysis of dry APCN films before 

and after swelling experiments.  

APCN d*dry [nm]a d*dry [nm]b 

PHEA(70)-l-PEPOx(30) 19.2c 20.1c 

PHEA(50)-l-PEPOx(50) 10.5 10.5 

PHEA(30)-l-PEPOx(70) 7.8 8.0 

PHEA(10)-l-PEPOx(90) 5.2 5.1 

PDMA(70)-l-PEPOx(30) 10.5c 12.0c 

PDMA(50)-l-PEPOx(50) 9.0 8.8 

PDMA(30)-l-PEPOx(70) 6.8 6.7 

PDMA(10)-l-PEPOx(90) 4.9 4.9 

a washed and dried conetwork samples; b washed and dried samples measured after successive 

swelling experiments in water, toluene and n-heptane; c d* estimated from shoulder signal.  
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Figure 3.10 SAXS profiles of dry PHEA-l-PEPOx (left) and dry PDMA-l-PEPOx (right) conetwork 

films after successive swelling in water, toluene and n-heptane. All measurements were carried 

out for 1 h. Intensities were normalized to the total number of counts of the respective 

measurement and d was calculated using d = 2π/q.121  

 

Calculations based on SAXS-data:  

Domain size data (Table 3.1):  

The presented values were calculated based on equation (1). Densities ρ of the respective 

polymers are given under Table 3.1. For this calculation, a cubic structure model was assumed 

and the domain sizes of the PEPOx-phase dPEPOx were calculated as according to equation 

(1).  

𝑑𝑃𝐸𝑃𝑂𝑥 =
𝑑𝑑𝑟𝑦
∗

1+((𝑤𝑡%𝑝𝑜𝑙𝑦𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒∗𝜌𝑃𝐸𝑃𝑂𝑥)/((100−𝑤𝑡%𝑝𝑜𝑙𝑦𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒)∗𝜌𝑝𝑜𝑙𝑦𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒)))
1/3 (1) 

 

Calculated long-periods d* based on swelling ratios Sg (Figure 3.7 + Figure 3.9):  

Theoretical long-periods d*swollen of swollen APCNs based on the domain sizes of the polymer 

phases obtained by equation (1) were calculated according to equation (5) by utilizing the 

respective gravimetric swelling ratio Sg of the network in the solvent (see Figure 3.2) and the 

density of the respective solvent ρsolv. This was calculated under the assumption that the 

solvent uptake of the respective polymer phase is exclusive (PHEA or PDMA in water; PEPOx 

in toluene or n-heptane) and the swelling of these phases is simply an addition of the volumes 

of solvent and polymer. First, the mass swelling ratio Sg is transferred to the respective volume 

swelling ratio SV:  

𝑆𝑉 =

(𝑆𝑔−1)

𝜌𝑠𝑜𝑙𝑣
+
𝑤𝑡%𝑝ℎ𝑎𝑠𝑒1

𝜌𝑝ℎ𝑎𝑠𝑒1
+
𝑤𝑡%𝑝ℎ𝑎𝑠𝑒2

𝜌𝑝ℎ𝑎𝑠𝑒2
𝑤𝑡%𝑝ℎ𝑎𝑠𝑒1

𝜌𝑝ℎ𝑎𝑠𝑒1
+
𝑤𝑡%𝑝ℎ𝑎𝑠𝑒2

𝜌𝑝ℎ𝑎𝑠𝑒2

        (2) 
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Then the effective volume swelling ratio of the respective, selectively swelling polymer phase 

is calculated by:  

 𝑆𝑣,𝑝ℎ𝑎𝑠𝑒 =
(𝑆𝑣−1)

𝑣𝑜𝑙%𝑝ℎ𝑎𝑠𝑒
+ 1        (3) 

The d of the swollen phase is calculated by:  

 𝑑𝑝ℎ𝑎𝑠𝑒,𝑠𝑤𝑜𝑙𝑙𝑒𝑛 = 𝑑𝑝ℎ𝑎𝑠𝑒,𝑑𝑟𝑦 ∗ (𝑆𝑉,𝑝ℎ𝑎𝑠𝑒)
1

3      (4) 

The new long-period is calculated by:  

 𝑑𝑠𝑤𝑜𝑙𝑙𝑒𝑛
∗ = 𝑑𝑝ℎ𝑎𝑠𝑒1,𝑠𝑤𝑜𝑙𝑙𝑒𝑛 + 𝑑𝑝ℎ𝑎𝑠𝑒2,𝑑𝑟𝑦      (5) 

 

Atomic force microscopy (AFM) was performed with a Veeco Dimension Icon Scanning Probe 

Microscope (Veeco Instruments) equipped with a Nanoscope V Controller and an AVH-1000 

Workstation. All network samples were cryofractured and measured in tapping mode using 

commercial tapping mode etched silicon probe (TESPA) cantilevers with resonance 

frequencies between 300 and 400 kHz. Phase images were recorded at 5% below the 

fundamental resonance frequency of the cantilever with a typical scan speed of 1 Hz and a 

resolution of 512 samples per line for a 300-400 nm scan size. Images were processed with 

the software NanoScope Analysis 1.5 (Bruker).  

A dynamic mechanical analyzer DMA850 (TA Instruments, Inc.) was used to investigate the 

glass transition temperatures of the APCNs. Samples with dimensions of 30 mm x 5 mm x 0.4 

mm (length, width, and thickness) were therefore prepared, dried and mounted to a film tension 

clamp. The conetworks were then analyzed up to a temperature of 150 °C with a heating rate 

of 3 K min−1, a frequency of 1 Hz, an amplitude of 20 µm, and a preload force of 0.01 N.  
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Figure 3.11 DMA data plots of PDMA(50)-l-PEPOx(50).121  
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Figure 3.12 DMA data plots of PHEA(70)-l-PEPOx(30).121 
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Materials:  

Acetonitrile (Fisher Chemical) was purified using a MB SPS Compact (M. Braun GmbH) 

solvent purification system. The initiator trans-1,4-dibromo-2-butene (DBB, Acros Organics) 

was recrystallized twice from n-heptane (VWR) and stored under argon atmosphere at −20 °C. 

N-[3-(Dimethylamino)-propyl]-methacrylamide (DMAP-MAA, Sigma-Aldrich), 2-hydroxyethyl 

acrylate (HEA, Alfa Aesar) and N,N-dimethylacrylamide (DMA, Sigma-Aldrich) were distilled 

for purification and stored under argon atmosphere at −20 °C. All solvents were purified by 

distillation under reduced pressure. 2-Ethylhexanoyl chloride (TCI), 2-chloroethylammonium 

chloride (Acros Organics) and other chemicals were used without further purification. Irgacure® 

651 was kindly provided by Ciba Specialty Chemicals (now part of BASF).  

 

Synthesis of N-(2-Chloroethyl)-2-ethylhexanamide:  

The two step synthesis of the monomer 2-(1-ethylpentyl)-2-oxazoline (EPOx) was carried out 

according to literature.210 After cooling a suspension of 13.49 g (14.37 mL, 0.083 mol, 1 eq.) 2-

ethylhexanoyl chloride and 9.75 g (0.084 mol, 1 eq.) 2-chloroethylammonium chloride in 

200 mL dichloromethane under argon atmosphere to −5 °C, 26.6 mL (19.37 g, 191 mmol, 

2.3 eq.) triethylamine were added dropwise over a period of 45 min and the reaction mixture 

was stirred for 3 h at −5 °C. The reaction was terminated by addition of 70 mL water, the 

aqueous phase was extracted twice with 50 mL dichloromethane and the combined organic 

phases were washed with water and brine. The organic phase was then dried over MgSO4, 

and after removal of the solvent under reduced pressure, the crude product was used in the 

following reaction step without further purification.  

 

Synthesis of 2-(1-Ethylpentyl)-2-oxazoline (EPOx):  

The crude product of N-(2-Chloroethyl)-2-ethylhexanamide was suspended in 50 mL 

tetrahydrofuran and added dropwise to 100 mL of a 25 wt% solution of KOH in water. After 

heating the reaction mixture to 50 °C for 16 h, it was cooled to ambient temperature and the 

aqueous phase was extracted twice with diethyl ether. The combined organic phases were 

washed three times with water and once with brine. The organic phase was subsequently dried 

over MgSO4, the solvent was removed under reduced pressure and after distillation (81 °C 

oilbath temperature, 0.1 mbar) 8.69 g (0.051 mol) of the product in 62% yield (relative to 

2-ethylhexanoyl chloride) was obtained as a colorless oil and stored under argon atmosphere 

at −20 °C.   

 

Synthesis of Poly(2-(1-ethylpentyl)-2-oxazoline) (PEPOx) with DMAP-MAA End Groups:  

2.61 ml (2.50 g, 14.79 mmol, 30 eq.) EPOx and 105.5 mg (0.49 mmol, 1 eq.) DBB as initiator 

were dissolved in 10 mL of dry acetonitrile under argon atmosphere and heated to 140 °C for 
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3.5 h in a synthesis microwave reactor. Subsequently, the living polymerization was terminated 

with a 12-fold molar excess of DMAP-MAA (1.07 mL, 5.92 mmol) at 45 °C for 72 h. After 

removal of the solvent under reduced pressure, the crude product was dialyzed against 

methanol for 20 h using benzoylated cellulose membranes (1000 MWCO). The solvent was 

removed under reduced pressure and 1.9 g of the purified slightly orange polymer was 

obtained in a yield of 71% and with 96% acrylamide end group functionalization.  

1H NMR (500 MHz, CDCl3-d) δ = 0.87 (br. s., 190 H, CH2−CH3) 1.28 (br. s., 127 H, 

CH2−CH2−CH3) 1.51-1.59 (br. s., 127 H, CH−(CH2)2) 1.99 (s., 6 H, CH3-CCH2) 2.16 (br. s., 4 

H, CH2-CH2-CH2-NH) 2.37 – 2.82 (br. m., 38 H, CH2-CH2-CH2-NH and CH-(CH2)2) 3.27 (m., 

12 H, N-(CH3)2) 3.35 – 3.90 (br. s., 129 H, N-(CH2)2) 3.99 (br. s., 4 H, CH2-CH) 5.36 (br. s., 2 

H, CCH2) 5.57 (br. s., 2 H, CH2-CH) 5.93 (br. s., 2 H, CCH2) ppm.   

 

 

Figure 3.13 1H NMR spectrum of the macromeric cross-linker DMAP-MAA-PEPOx32-DMAP-MAA 

in CDCl3.121  

 

Synthesis of PHEA-l-PEPOx, PDMA-l-PEPOx APCNs, and respective homopolymer 

networks:  

The macromolecular crosslinker MAA-DMAP-PEPOx32-DMAP-MAA was dissolved in either 

the respective monomer (HEA or DMA) or a mixture of the monomer and a small amount of 1-

methoxy-2-propanol (see Table 3.2) to obtain a homogeneous solution by vortex mixing. 
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Subsequently, 2 mg of the initiator Irgacure 651 were dissolved and the reaction mixture was 

placed between two microscope slides covered with adhesive poly(propylene)-tape (Tesafilm). 

Beforehand, two additional strips of adhesive tape were placed on each end of one of the glass 

slides in order to control the thickness of the polymer film (about 50 µm per layer). The 

polymerization was carried out for 2 x 180 s under UV flash light (Heraflash, Heraeus Kulzer, 

Germany, λ = 340 nm) on each side. Afterwards, the network films were removed from the 

microscope slides and washed in chloroform for 20 h to calculate the sol/gel content of each 

network by the mass loss after the washing procedure. The homopolymer networks were 

prepared by photopolymerization of the pure PEPOx macromonomer; the PDMA and PHEA 

networks were photopolymerized using tetra(ethylene glycol) diacrylate (TTEGDA, 4.0 mol% 

for PDMA, 4.5 mol% for PHEA) as cross-linker.  

 

Table 3.3 Listing of the compositions of the respective reaction mixtures used in APCN synthesis 

and gravimetrically determined gel content of each conetwork.  

APCN 

 

PEPOx 

[wt%] 

PEPOx 

[mg] 

HEA 

[µL] 

DMA 

[µL] 

1M2P 

[µL] 

Gel content 

[wt%] 

PHEA-l-PEPOx(30) 30 59.8 126.6 - - 98.1 

PHEA-l-PEPOx(50) 50 60.1 54.2 - 50 94.2 

PHEA-l-PEPOx(70) 70 60.4 23.2 - 70 89.8 

PHEA-l-PEPOx(90) 90 60.0 6.0 - 100 78.9 

PDMA-l-PEPOx(30) 30 61.0 - 147.8 - 96.8 

PDMA-l-PEPOx(50) 50 60.8 - 63.0 50 93.3 

PDMA-l-PEPOx(70) 70 58.4 - 26.0 70 95.2 

PDMA-l-PEPOx(90) 90 60.2 - 6.9 100 76.4 
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Determination of washed-out residues after swelling the raw conetworks in CHCl3:  

 

Figure 3.14 1H NMR spectrum of the washed-out residues of a raw PDMA(50)-l-PEPOx(50) 

conetwork in CDCl3.121  

 

Determination of the Swelling Behavior:  

The equilibrium swelling ratios (swelling ratio Sg = mswollen/mdry) of the different network films 

were investigated gravimetrically. Therefore, a washed and dried sample was swollen in the 

respective solvent for 20 h and weighed. The network was successively pre-dried using a 

stream of compressed air followed by heating the sample to 60 °C under reduced pressure for 

at least 3 h and weighed again.   
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Figure 3.15 Swelling ratios of washed PDMA-l-PEPOx conetworks in CHCl3 (swollen for 20 h at 

RT).121  
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4  Solvent Induced Nanophase Formation in Hydrophilic Segmented Polymer Networks 

based on Poly(ethylene glycol) and Poly(2-alkyl-2-oxazoline)s  

 

4.1  Abstract  

Segmented polymer networks (SPNs) can be considered as stabilized homogeneous blends 

of different polymers. They are mostly designed by polymers of very different polarity, e.g., in 

amphiphilic polymer conetworks (APCNs). These networks exhibit a well-ordered nanophase 

separation, but require a challenging synthesis procedure. The present study aims towards 

SPNs that are prepared by polymers with similar structure and polarity in order to investigate 

if they are still forming defined nanophases. Therefore, the similar hydrophilic polymers 

polyethylene glycol (PEG), poly(2-methyl-2-oxazoline) (PMOx), and poly(2-ethyl-2-oxazoline) 

(PEtOx) were chosen as polymer segments. The polymers were mixed and cross-linked via 

their acrylate end groups. The resulting SPNs were investigated with small-angle X-ray 

scattering (SAXS) and atomic force microscopy (AFM) regarding their nanostructures in dry 

and swollen state. PEG-PEtOx-SPNs are found to not form ordered nanostructures due to the 

partial miscibility of the polymers. PEG-PMOx-SPNs show a highly ordered nanophase 

separation depending on the degree of cross-linking and the mass ratio of the respective 

polymers. X-ray diffraction (XRD) measurements revealed that this is due to the influence of 

the cross-linking on the formation of PEG crystals. Thermal or toluene-induced melting of these 

PEG-crystals in lowly cross-linked PEG-PMOx-SPNs can be used to reversibly switch between 

a nanophase separated structure and a non-ordered structure composed of PEG crystals and 

PMOx, while the PEG crystals in the higher cross-linked SPNs seem to form within the 

boundaries of the PEG-nanophases. Additionally, the enzyme horseradish peroxidase 

entrapped in a PEG-PMOx-SPN with 50 wt% PMOx was activated in toluene, similar to a more 

elaborately produced APCN, to demonstrate a potential application of the developed SPN 

system. 

 

4.2  Introduction  

Blending different homopolymers is a common way to obtain materials with tailored properties. 

Cross-linking such blends to a low degree leads to so-called segmented polymer networks 

(SPNs). If the segments have a sufficient size in combination with a narrow size distribution, 

these materials can have two independently addressable interconnected polymer nanophases 

due to phase separation of immiscible polymers. The best known class of SPNs are 

amphiphilic polymer conetworks (APCNs), which generally merge hydrophilic and hydrophobic 

and thus immiscible polymers in a single material, enabling various specific applications. Such 

APCNs are capable of being swellable in orthogonal solvents such as water and heptane213-
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214, or water and perfluorinated solvents.192 Each of these orthogonal solvents is selectively 

swelling a polymeric nanophase, which allows to specifically include enzymes215, sensing 

molecules94,181, inorganic nanoclusters213, or photocatalytic molecules117 in these phases or to 

use them as separation membranes.85,97 Entrapped this way, enzymes such as lipases184 or 

chymotrypsin183 can be greatly activated in organic solvents, either as thin films216 or as 

nanoseparated microparticles.170 Photocatalytic substances allow the improvement of solar 

cells by using fluorescence resonance energy transfer (FRET) between the two polymeric 

nanophases.117 Another important application of APCNs is the use of the gas permeability of 

the organic phase in case of polydimethylsiloxane (PDMS), which allows applications such as 

extended-wear soft contact lenses89 and gas sensors.93 They can also be equipped with self-

healing properties127 or controllable thermo-responsiveness.217 Another application that 

derives from these properties is the controlled release of antimicrobials218 or other 

pharmaceuticals.214 The nanophasic structure of the APCNs and also SPNs is generally 

formed in dry state and can be either retained upon swelling in a selective solvent121 or erased 

when using a common solvent.219  

The synthesis of SPNs is often quite elaborate, because usually polymers with contrary 

properties, e.g. PDMS and PEG, need to be forced into a homogeneous nanostructure to 

enable a uniform cross-linking reaction between both components. The verification of 

nanophase separation by atomic force microscopy (AFM)78,96,120,127,191-192, solid-state NMR 

experiments84,194-196,220, transmission electron microscopy (TEM)118,196-197,221, scattering 

methods like small-angle neutron scattering (SANS)177,198-205 and small-angle X-ray scattering 

(SAXS)121,125,168,194,202,206-207,222-223 or simply by determination of two Tg values is often used as 

a proof for a successful synthesis.214,224 The much simpler preparation utilizing polymers with 

similar properties is usually not considered. Since only very few polymers are fully miscible225, 

as determined by, inter alia, properties like different stereoregularity226, or distinction between 

homopolymer and respective blockcopolymer interactions227, even such SPNs should still form 

a distinguished nanophase separation. An interesting example on this topic is given by DU 

PREZ and coworkers through the investigation of SPNs composed of hydrophilic poly(2-alkyl-

2-oxazoline)s (PMOx or PEtOx) and hydrophobic poly(methyl methacrylate) (PMMA) in 

different ratios.228 While the conducted swelling experiments with water or acetone clearly 

show the amphiphilic character of the formed conetworks, DSC analysis reveals shifted or 

even mixed glass transition temperatures for these SPN samples contrary to the corresponding 

polymer blends, which only exhibit complete polymer phase separation by means of two 

separate Tg values. These findings underline the complex morphological behavior of multi-

component polymer networks.   

In order to shed more light on the role of cross-linking on the behavior of blends of hydrophilic 

polymers, we chose to synthesize SPNs based on the combination of the purely hydrophilic 
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polymers PEG and either PMOx or PEtOx, respectively. These components were chosen for 

two reasons: Firstly, the network synthesis can be conducted in water as a suitable shared 

solvent for each polymer, avoiding elaborate compatibilizing protection strategies as part of the 

conetwork synthesis.213 Secondly, although the chosen polymers are known to have very 

similar solubility characteristics7,229, PEG is, in contrast to both POx polymers, soluble in 

toluene. This difference in solubility might be the key to selectively address a nanophase in 

SPNs based on entirely hydrophilic polymers.  

 

4.3  Results and Discussion  

SPNs can be designed in various ways107, including the copolymerization of monomers with 

appropriate macromonomeric crosslinkers230-231 or direct cross-linking of different 

functionalized homopolymers.78,232 The latter way was chosen to prepare SPNs by photo-

cross-linking of α,ω-functionalized macromonomers with either acrylate end groups 

(commercially available PEG-diacrylate; Mn = 4000 g/mol) or methacrylamide end groups 

(MAA-DMAP-PEtOx40-DMAP-MAA, Mn(SEC) = 4200 g/mol, Ð = 1.13, end group functionality 

> 96% (1H NMR, see Figure 4.16, Experimental Section). These polymers were deployed in 

the conetwork synthesis utilizing a free radical copolymerization reaction initiated by UV 

radiation as illustrated in Figure 4.1. Conetworks with three different PEG:PEtOx compositions 

were synthesized, varying between 70 to 30 wt% PEG content (see Table 4.1, Experimental 

Section). Soluble residues were removed by washing the obtained conetwork films in 

chloroform after cross-linking, and the respective gel content was determined gravimetrically, 

yielding the gel content values shown in Table 4.1. A gel content between 84 and 96 wt% was 

found for the dried PEG-PEtOx conetwork samples, indicating successful conetwork formation 

in all cases.  
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Figure 4.1 Schematic illustration of the SPN synthesis via free radical photopolymerization of 

AA-PEG90-AA and MAA-DMAP-PEtOx40-DMAP-MAA.  

 

The images of the dried SPN samples presented in Figure 4.2(A) show a significant difference 

in the optical appearance. Conetworks with 30 wt% PEG content are entirely transparent, but 

rising the PEG fraction to 50 or 70 wt% led to observably cloudy network samples. A similar 

finding was reported by Clarke and Tew.122 Bottlebrush APCNs based on PEG and 

poly(dimethyl siloxane) (PDMS) with varying PEG content were studied in this work and a 

correlation between the PEG content and the optical appearance of the conetworks was 

discussed. Further investigations of these APCNs revealed high degrees of crystallinity in the 

PEG domains up to 82.4 % according to DSC. By performing similar DSC analyses of the here 

presented SPNs, degrees of crystallinity (XC) of the PEG phases between 14.35 (50 wt% PEG) 

and 49.6% (70 wt% PEG) were calculated [ΔHf(PEG) = 137 J/g122, see Figure 4.13, 

Experimental Section). The existence of the crystalline PEG domains was also confirmed by 

X-ray diffraction (see Figure 4.15, Experimental Section). Furthermore, in order to confirm that 

the crystallization of PEG chains is the only origin of the observed cloudiness in the conetworks 

with at least 50 wt% PEG content, the dried samples were heated to 50 °C. The crystalline 

segments should be melting at this temperature according to DSC. The heated SPN films 

display full transparency, indicating that not only the PEG crystals are molten, but the 

amorphous PEG also forms smaller phases than the crystals (see Figure 4.2(B)).  
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Figure 4.2 Comparison of the optical appearance of the washed and dried PEG-PEtOx SPNs 

with observable cloudiness for samples with at least 50 wt% PEG at room temperature (A) and 

heated to 50 °C (B).  

 

In Figure 4.3, the gravimetrically determined swelling ratios Sg of the PEG-PEtOx conetworks 

in toluene or water are shown in respect to the PEtOx mass fractions. As expected, the swelling 

ratio in toluene decreases from Sg = 2.3 to 1.5 with increasing PEtOx content, underlining the 

swelling selectivity of toluene for PEG. A similar decrease in swelling ratios corresponding to 

increasing PEtOx mass fractions is seen for water as a common solvent for both polymers, 

however leading to much higher swelling ratios in the range from Sg = 4.4 to 3.6 due to the 

solvent uptake of both polymer components. This observation could either be explained by a 

somewhat lower hydrophilicity of PEtOx compared to PEG or by a higher slightly higher cross-

link density in conetworks with increased PEtOx content.  

 

Figure 4.3 Gravimetrical swelling ratios Sg of PEG-PEtOx-SPNs with varying PEtOx content 

swollen in toluene or water. All experiments were performed in triplicate with standard deviations 

of less than 5%.  
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For a better understanding of the nanostructural morphology of the SPNs, various SAXS 

patterns of dry and swollen conetwork samples were recorded. In order to analyze the swollen 

networks, the respective sample film was transferred to a quartz tube filled with the respective 

solvent, which was afterwards sealed by melting the quartz tube tip. The obtained SAXS traces 

showing the normalized intensity I(q) against long-period d calculated as d = 2π/q with the 

scattering vector q obtained by azimuthal integration of the X-ray scattering patterns are 

presented in Figure 4.4. In case of the dried SPN samples, no nanophase separation between 

the PEG and the PEtOx chains can be identified for each respective composition due to the 

lack of distinguishable trace maxima. Therefore, it can be presumed that both polymers are at 

least to some extent miscible independent from the respective polymer mass fractions. Thus, 

no expected distinguished phase separation occurs. The SAXS traces of the PEG-PEtOx-

SPNs swollen in toluene display no differing trends in regard to the varying polymer mass 

fractions as well. However, despite toluene being a selective solvent for PEG, no recognizable 

peak maxima d* could be determined for these samples. The mere presence of shoulder-

signals in the range of d = 10 nm indicates prevailing miscibility between the polymer chains 

along the network, possibly due to a higher contribution from the enthalpy of polymer mixing 

than from the enthalpy of PEG solution in toluene. In further SAXS experiments, the 

morphological influence of additional solvents (benzene, p-xylene, methyl tert-butyl ether, or 

tetrachloromethane) on the SPNs were tested, but according to these findings, it was not 

possible to induce distinct nanophase separation through uptake of a selective solvent for the 

studied SPN system based on PEG and PEtOx (spectra not shown). The predominant 

miscibility of the two polymers was confirmed by DSC measurements of the cross-linked and 

the non-cross-linked PEG/PEtOx mixtures, both indicating mixed Tg areas (see supplementary 

Figures S3 and S4). 
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Figure 4.4 Graphical comparison of the SAXS traces of PEG-PEtOx-SPNs with different 

compositions in the dried state (A) and swollen in toluene (B). Scattering data was collected for 

1 h for dried samples and 8 h for swollen networks. All intensities were normalized to the total 

number of counts of the respective measurement and d was calculated as d = 2π/q.  

 

Since PEG and PEtOx are obviously too well miscible to result in a clear recognizable phase 

separation, further SPNs were synthesized, in which the PEtOx fraction was replaced by the 

more hydrophilic PMOx39 with DMAP-MAA end groups ((MAA-DMAP-PMOx39-DMAP-MAA, 

Mn(SEC) = 3500 g/mol, Ð = 1.19, end group functionality > 98% (determined by 1H NMR, see 

Figure 4.17, Experimental Section). The PEG-PMOx-SPNs were derived in the same 

conetwork compositions and under similar synthesis conditions (see Experimental Section, 

Table 4.1). In order to vary the degree of cross-linking, a second set of SPNs was prepared 

from a diluted solution to give the polymer chains more freedom to separate. In the following, 

these two sets of SPNs are named highly cross-linked (HC)-PEG-PMOx-SPNs and lowly 

cross-linked (LC)-PEG-PMOx-SPNs for easier differentiation. All obtained PEG-PMOx 

conetworks exhibit very high gel mass fractions between 96 and 99 wt%. Further, the HC- as 

well as the LC-PEG-PMOx-SPN films display a similar optical appearance with observable 

cloudiness in samples with a PEG mass fraction of at least 50 wt% (see Figure 4.5). This 

cloudiness was analogously identified as formation of crystalline PEG-domains in the dried 

networks utilizing DSC measurements and observing the change in optical appearance upon 

heating the cloudy samples above 50 °C and thus melting crystalline domains (Tm(DSC) = 

43 °C; Figure 4.5(B); for X-ray diffraction see Figure 4.15).   

 



Chapter 4 ‒ Results and Discussion 

 

52 

 

Figure 4.5 Comparison of the optical appearance of the washed and dried HC-PEG-PMOx 

network films at room temperature (A) and heated to 50 °C (B) to melt the crystalline domains.  

 

Characterization of the gravimetrical solvent uptake of the different PEG-PMOx conetworks 

was conducted in toluene and water, respectively (Figure 4.6). In case of toluene, nearly 

identical gravimetrical swelling ratios Sg ranging between Sg = 2.1 and 1.3 were determined 

for the HC-PEG-PMOx SPNs in comparison with the previously discussed PEG-PEtOx 

conetworks (see Figure 4.3). These swelling ratios are similar for the lower cross-linked SPNs, 

indicating that the PEG phase is selectively swollen by toluene, because the degreee of cross-

linking plays no role. The Sg values for HC-PEG-PMOx-SPNs swollen in water as mutual 

solvent for both polymeric components are significantly higher than those of the PEG-PEtOx 

SPNs, and contrary display an increase from Sg = 5.4 to 6.3 with PMOx mass fractions 

increasing from 30 to 70 wt% (Figure 4.6(A)). Considering the same points as discussed for 

the PEG-PEtOx-SPN above, it is suggested that PMOx exhibits an even higher hydrophilicity 

than PEG. The Sg values for the LC-PEG-PMOx-SPNs derived from diluted aqueous solutions 

show the same trend, but are about 50% higher, proving that these SPNs are indeed cross-

linked to a lower degree. 



Chapter 4 ‒ Results and Discussion 

 

53 

 

Figure 4.6 Gravimetrical swelling ratios Sg of PEG-PMOx-SPNs with varying PMOx content 

swollen in toluene or water. The SPNs are derived from aqueous solutions with respective total 

polymer masses of 1 g (A) or 215 µg (B) per mL of water. All experiments were performed in 

triplicate with standard deviations less than 5%.  

 

As shown in Figure 4.7, all SAXS patterns of dry HC-PEG-PMOx SPNs display distinctly 

separated nanophases with peak maxima indicating respective long-periods of d* = 9.4 nm, 

10.8 nm and 11.6 nm with increasing PMOx mass fraction. When the networks are swollen in 

water – a mutual solvent for both hydrophilic polymers - the long-period peaks are only 

recognizable as low-intensity shoulder signals in the respectively similar nanometer range. 

This was expected, because the uptake of water leads to the swelling of both polymer phases 

simultaneously, leading to a loss of order and decreased scattering contrast within the 

networks. Contrary to this, the nanophasic structure is retained upon swelling in the selective 

solvent toluene, causing a shift in the respective scattering peak of each SPN composition to 

greater long-period values. 
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Figure 4.7 Scattering traces of HC-PEG-PMOx SPNs with different compositions in the dried 

state and swollen in toluene or water, respectively. Scattering data was collected for 1 h for dried 

samples and 8 h for swollen networks. All intensities were normalized to the total number of 

counts of the respective measurement and d was calculated as d = 2π/q. 

 

The SAXS traces found for the LC-PEG-PMOx SPNs in dry and swollen state are shown in 

Figure 4.8. In case of the LC-PEG-PMOx with a PMOx content of 70 wt%, the SAXS traces of 

the dry material presented in Figure 4.8(C) suggest a similar, highly ordered structure as found 

for the higher cross-linked sample (Figure 4.7(C)). The influence of cross-linking can be seen 

as the d value increases from 12.2 nm (for HC) to 13.8 nm (for LC). Expectedly, the greater 

freedom in the lowly cross-linked sample leads to a stronger phase separation. The 

corresponding toluene swollen samples exhibit the same cross-linking dependent d-shifts. The 

dry sample LC-PEG-PMOx with 50 wt% PMOx shows, in contrast to the higher cross-linked 

sample, no nanostructural order in the SAXS pattern (Figure 4.8(B)). This can either be due 

to miscibility of the polymers or to the formation of a rather non-ordered state.  
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Figure 4.8 SAXS traces of LC-PEG-PMOx SPNs with different compositions in the dried state 

and swollen in toluene or water, respectively. Scattering data was collected for 1 h for dried 

samples and 8 h for swollen networks. All intensities were normalized to the total number of 

counts of the respective measurement and d was calculated as d = 2π/q. 

 

Comparison of the AFM images of both samples suggest that both materials are nanophase 

separated (Figure 4.9). However, the LC-PEG-PMOx-SPN (50) (Figure 4.8(B)) shows a 

somewhat less regular structure than the respective highly-cross-linked SPN (Figure 4.7(B)). 

According to DSC analysis, both, the lower and the higher cross-linked PEG-PMOx (50) show 

crystallinity of PEG domains as also confirmed by X-ray diffraction measurements (see 

Figure 4.15). It is known to literature, that the formation of crystals can substantially alter the 

nanostructure in non-cross-linked blockcopolymers.233-234 This is due to the fact that the driving 

force that leads to polymer crystals overcomes the minimized surface energy obtained by the 

formation of the ordered nanostructure and thus the crystallizing polymer chains are driven out 

of the initial structure into the crystals, which leads to a rather unordered structure. Cross-

linking hinders the mobility of the polymer chains within the material. If the degree of cross-

linking is high enough, the nanostructure of the phase separated polymer segments is retained 

as in the case of HC-PEG-PMOx-SPNs. In case of the LC-PEG-PMOx-SPNs this might not be 
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the case and the cross-linked material acts similar to non-cross-linked blockcopolymers. If the 

LC-PEG-PMOx-SPN is swollen in toluene, which is known the destroy the PEG crystals, an 

ordered nanostructure is formed as indicated by the SAXS trace in Figure 4.7(B). Decreasing 

the PMOx content in the LC-PEG-PMOx to 30 wt% results in a less ordered structure in 

comparison with the respective higher cross-linked sample, which becomes more ordered 

when swollen in toluene (Figure 4.8(A)). Thus, crystal formation of PEG within the LC-PEG-

PMOx SPNs seems to result in non- or less-ordered nanostructures, which become more 

regular upon swelling in the PEG-selective solvent toluene as the PEG crystals are dissolved, 

but not in the non-selective solvent water. This difference in the respective nanostructures is 

also noticeable by comparison of the AFM images depicted in Figure 4.9. The conetwork 

sample of HC-PEG-PMOx (B) with 50 wt% PMOx shows a distinct nanostructure in contrast 

to the lowly crosslinked analogue (A). The respective DSC curves shown in Figure 4.10 reveal 

a significantly higher crystallinity in the LC-PEG-PMOx SPN due to less hindrance through 

cross-links. It is also evident that the melting point of the PEG crystals is much lower in the 

highly cross-linked network. Thus, it might be possible that the PEG crystals are majorly formed 

in the confinement of the nanostructure. The PEG crystals in the lowly cross-linked APCNs 

might grow beyond that confinement due to higher flexibility of the polymer chains resulting in 

larger crystals and somewhat reduced order.  
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Figure 4.9 AFM phase mode images of LC-PEG-PMOx-SPN with 50 wt% PMOx (A) and HC-

PEG-PMOx-SPN with 50 wt% PMOx (B) measured in tapping mode under nitrogen atmosphere 

at room temperature. The samples were prepared as described in the experimental part, dried 

and cryofractured.  

 

 

Figure 4.10 DSC curves of HC-PEG-PMOx-SPN with 50 wt% PMOx (A) and LC-PEG-PMOx-

SPN with 50 wt% PMOx (B) obtained with a heating rate of 10 K/min. The samples were prepared 

as described in the experimental part and dried before measurement.  

 

It was presumed that toluene leads to the formation of a regular nanostructure in LC-PEG-

PMOx due to solvent induced “melting” of the PEG crystals. In order to confirm this, it was now 

explored if this effect can also be achieved by termperature-induced melting of the PEG 

crystals. To this end, LC-PEG-PMOx-SPN with 50 wt% PMOx was placed in the SAXS 

aperture, heated to 50 °C and 70 °C, respectively, and then the SAXS patterns were recorded. 

The temperatures were chosen, because 50 °C lies above the melting temperature of the PEG 

crystals (Tm = 41 °C) and 70 °C exceeds the Tg of PMOx (Tg,PMOx ~ 61 °C). As seen in 
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Figure 4.11, no ordered nanostructure is obtained after heating the sample to 50 °C, while a 

highly ordered nanostructure can be found upon heating to 70 °C. The nanostructured SPN 

heated to 70 °C was then (quickly) cooled to room temperature by switching of the heating 

source in the SAXS aperture. This resulted in a still ordered nanostructured material. We 

suppose, this is due to the fact that the stiff PMOx phase, as soon as the temperature falls 

below the Tg, partly hinders the PEG from crystallizing and thus freezes the obtained 

nanostructure. In order to shed more light on this phenomenon, the sample was annealed at 

60 °C overnight prior to cooling it to room temperature, because here the PEG crystals are not 

formed, but the PMOx chains are still flexible. Interestingly, the resulting material shows a non-

ordered structure, thus the loss in structure occurs prior to formation of the PEG crystals. The 

same loss in order is obtained by swelling the SPN in the common solvent water and drying it 

afterwards.  

 

Figure 4.11. SAXS traces of the LC-PEG-PMOx-SPN with 50 wt% PMOx in the dried state 

measured subsequently at the listed temperatures. Procedure for Trace A (blue squares): heating 

to 70 °C for 1 h, annealing at 60 °C for 16 h followed by cooling to room temperature. Trace B 

(red circles) was collected at RT after the sample was cooled from 70 °C by switching off the 

heating source at the aperture. Respective scattering data were collected for 1 h. All intensities 

were normalized to the total number of counts of the respective measurement and d was 

calculated as d = 2π/q.  

 

As shown above, SPNs prepared from very similar polymers, such as the water-soluble PMOx 

and PEG, form distinguished nanophases that can be addressed by a selective solvent. We 

were wondering if such a network can be loaded with an enzyme by simply adding the latter 

to the aqueous macromonomer solution prior to photopolymerization. It would be expected that 

the protein in such an SPN would have an affinity to the PMOx phase as known from previously 

found interactions between PMOx and proteins.235-236 This way, the enzyme would be 

addressable via the selectively toluene-swellable PEG phase while being immobilized in the 
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non-swollen PMOx phase. The advantage of such a system would be the simple encapsulation 

of a wide range of enzymes due to the common water solubility of the components in contrast 

to, e.g., APCNs.215 For this experiment, the enzyme horseradish peroxidase (HRP) was 

immobilized in a HC-PEG-PMOx-SPN with 50 wt% of each polymer. This was achieved by 

dissolving both macromonomers in an aqueous buffer solution containing the enzyme HRP 

followed by the addition of the initiator and the network synthesis was analogously conducted 

by photopolymerization.  

The activity of the enzyme in the organic solvent toluene was determined by the peroxidase-

catalyzed oxidative coupling reaction of N,N-dimethyl-p-phenylene diamine and phenol with 

tert-butyl hydroperoxide. The absorbance increase - a measure for the formation of the violet 

colored product - is shown in Figure 4.12 and compared the activity of a slurry of the HRP 

powder in the same educt solution. A significantly increased enzymatic activity of the 

immobilized HRP compared to the suspended native enzyme was detected. While the native 

HRP powder shows no activity in the toluene, the specific activity of the SPN-immobilized HRP 

was calculated from the linear slope of the absorbance versus time plot, yielding a specific 

activity of 115 mU µg-1 (with U defined as the increase in absorbance of 0.001 per minute at 

546 nm at room temperature and a reaction volume of 2.4 mL). No noticeable inactivation of 

the immobilized HRP could be detected in the monitored reaction time interval as indicated by 

the nearly linear increase of absorbance. This observation nicely corresponds to the results 

reported by BRUNS et al., in which HRP was network-loaded by swelling a PHEA-l-PDMS 

APCN in an enzyme loaded buffer solution, followed by monitoring the activity of the 

immobilized enzyme in n-heptane.108 Thus, the fully water swellable SPN can act similar to an 

APCN with selectively addressable polymer phases for enzyme activation combined with a 

simpler one-step synthesis of the enzyme loaded conetworks.  
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Figure 4.12 Oxidative coupling reaction of N,N-dimethyl-p-phenylene diamine (DMPDA) with 

phenol catalyzed by horseradish peroxidase (HRP) in toluene. Product formation was monitored 

by the increase in absorbance at λ = 546 nm. The reaction was catalyzed by 20 µg of HRP 

immobilized in a PEG-PMOx-film (black trace) and 2 mg of suspended native HRP (grey trace), 

respectively, in 2.4 mL of reaction medium.   

 

4.4  Conclusions  

This study was dedicated to the behavior of segmented polymer networks composed of PEG 

and the similar, also water-soluble, polymers PEtOx and PMOx, respectively. The swelling data 

in water indicates that PEtOx is somewhat more hydrophobic and PMOx more hydrophilic 

compared to PEG. While SAXS measurements in PEG-PEtOx-SPNs suggest that they do not 

nanophase separate, similarly prepared SPNs composed of PEG and PMOx show a 

distinguished nanophase separation. Decreasing the degree of cross-linking of the latter SPNs 

results in an apparent miscibility of conetworks with a PEG:PMOx mass fraction of 50:50 wt%. 

Swelling such SPNs in the PEG-selective solvent toluene, surprisingly results in a 

distinguished nanophase separation. DSC, X-ray diffraction, and AFM measurements revealed 

that this behavior is based on the fact that PEG can crystallize across the nanophases 

disrupting the overall order of the two polymer phases. Melting these crystals recovers the 

intrinsic phase separation. The generally selective addressability of polymer nanophases in 

SPNs composed of hydrophilic polymers offers a number of application possibilities in fields 

such as drug release or membrane technology. Further, the SPNs, although prepared from 

similar polymers, exhibit great resemblance to characteristics typically shown by APCNs in 

most cases, which often are elaborately prepared by cross-linking homopolymers with very 

different solubility. Thus, the vast field of applications of APCNs might be partly addressed by 

SPNs with simpler preparation protocols combined with specific nanostructural properties. This 

was shown on the example of activating the included enzyme HRP in the organic solvent 

toluene in a similar manner as previously performed with an APCN.108  
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4.5  Experimental Section / Methods  

Instruments 

All polymer syntheses were performed in a CEM Discover synthesis microwave equipped with 

a non-invasive vertically focused IR temperature sensor. The polymerization flasks (Schott 

Duran) were dried before usage at 150 °C overnight and handled under argon atmosphere.  

The 1H NMR spectra were recorded on an Agilent DD2 spectrometer with 5 mm triple 

resonance H(C,X) probe operating at 500 MHz and 25 °C with CDCl3 as sample solvent. 

Chemical shifts are given in ppm relative to the signal caused by residual non-deuterated 

solvent.  

The molecular weight (Mn, Mw) and the dispersity (Ð) of the polymers were obtained by size 

exclusion chromatography (SEC). The SEC was performed on a Viscotek GPCMax with a 

refractive index detector at 55 °C and saline N,N-dimethylformamide (DMF with 20 mmol LiBr) 

as eluent. Polystyrene standards (Viscotek) with narrow dispersities were used for column 

calibration. 

A DSC 2910 (TA Instruments, Inc.) was used to determine thermal transitions of the polymer 

blends and networks (around 10 mg sample weight). Therefore, the DSC temperature was 

equilibrated at −50 °C and a temperature range between −50 and 100 °C was analyzed using 

a heating and cooling rate of 10 K/min for two consecutive runs. The depicted DSC traces 

show the results of the second run and indicated Tg values were based on the second heating 

curve.  
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Figure 4.13 DSC graphs of PEG-PEtOx-SPN samples with varying composition (composition 

values given in wt%; traces shown with y-offset).  

 

Figure 4.14 DSC graphs of uncross-linked blends of PEG and PEtOx (blend compositions given 

in wt%; traces shown with y-offset).  
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Atomic force microscopy (AFM) images were recorded on a Veeco Dimension Icon Scanning 

Probe Microscope (Veeco Instruments) equipped with a Nanoscope V Controller and an AVH-

1000 Workstation. All examined SPNs were cryofractured, dried and measured under nitrogen 

atmosphere in tapping mode with commercial tapping mode etched silicon probe (TESPA) 

cantilevers at resonance frequencies between 300 and 400 kHz. The phase images were 

recorded at 5% below the fundamental resonance frequency of the cantilever with a typical 

scan speed of 1 Hz and a resolution of 512 samples per line for a 300 to 400 nm scan size. 

Recorded images were processed using the software NanoScope Analysis 1.5 (Bruker).   

SAXS measurements were performed on a Bruker NANOSTAR with a VANTEC-2000 detector 

and an IµS Microfocus source (Incoatec GmbH) with a Cu-anode (wavelength λ = 0.154 nm) 

and integrated Montel Optic. The distance between sample and detector was 107 cm and a 

silver behenate standard was used for calibration. All experiments were carried out under 

vacuum and at room temperature unless stated otherwise. Swollen network samples were 

placed in quartz glass capillaries (diameter 1 mm) with the respective solvent and sealed prior 

to the measurement. The scattering data of dry samples was accumulated over 1 h and 

swollen networks over 8 h, followed by azimuthal integration to obtain the scattered intensities 

as a function of the magnitude of the scattering vector q = 4πsin(Θ)/λ (with 2Θ = diffraction 

angle).  

X-ray diffractograms (XRD) were recorded in symmetrical reflection mode at room temperature 

using a Philips PW 1140/90 goniometer (1D detector) and Ni-filtered CuKα radiation. 

Ultraviolet-visible spectroscopy (UV-VIS) measurements to monitor enzyme activity were 

conducted on a double-beam spectrophotometer Specord 210 from Analytik Jena and the 

samples were measured in quartz glass cuvettes (optical path length: 10 mm) at room 

temperature.  
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Figure 4.15 X-ray diffraction of SPNs composed of HC-PEG-PMOx-SPN (50:50 wt%), PEG-

PEtOx-SPN (50:50 wt%) and pure PEG.  

 

Materials  

All solvents were distilled under reduced pressure before usage. For the polymerizations, 

chloroform was distilled from activated aluminum oxide (Merck) and acetonitrile (Fisher 

Scientific) was purified using a MB SPS Compact (M. Braun GmbH) solvent purification 

system. Both solvents were purified and stored under argon atmosphere at −20 °C with 

molecular sieves (3 Å). The initiator trans-1,4-dibromo-2-butene (DBB, Acros Organics) was 

recrystallized twice from n-heptane (Fisher Scientific), dried and stored at −20 °C under argon 

atmosphere. 2-Methyl-2-oxazoline (MOx, Acros Organics) and 2-ethyl-2-oxazoline (EtOx, 

Acros Organics) were purified by distillation over CaH2 (Acros Organics) under argon 

atmosphere and stored at −20 °C before usage. N-[3-(Dimethylamino)-propyl]-methacrylamide 

(DMAP-MAA, Merck) was distilled before usage and poly(ethylene glycol)4000 diacrylate 

(PEG4000DA, Merck) was used as received. Irgacure 2959 (2-hydroxy-4’-(2-hydroxyethoxy)-

2-methylpropiophenone) was kindly provided by Ciba Specialty Chemicals (now part of BASF). 

Horseradish peroxidase (HRP, EC 1.11.1.7) was purchased from Sigma Aldrich, N,N-dimethyl-

p-phenylene diamine (DMPDA) and phenol were purchased from Acros Organics and used as 

received.  
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Syntheses of poly(2-oxazoline) macromonomers with DMAP-MAA end groups   

The telechelic PMOx and PEtOx were synthesized based on previous polymerization protocols 

from our group.123 In case of PMOx, 5.0 mL (5.0 g, 58.75 mmol, 40 eq.) 2-methyl-2-oxazoline 

and 314.2 mg (1.47 mmol, 1 eq.) DBB as initiator were dissolved in 20.0 mL of dry acetonitrile 

under argon atmosphere. The polymerization vessel was then heated to 100 °C for 4 h in a 

synthesis microwave reactor. Afterwards, the living polymerization was terminated by adding 

an 8-fold molar excess (in respect of initiator) of DMAP-MAA (1.9 mL, 11.75 mmol) and further 

heating at 45 °C for 72 h. The solvent was then removed under reduced pressure and the 

crude product was solved in chloroform and subsequently precipitated in ice-cold diethyl ether 

followed by centrifugation at 5000 rpm. This was repeated two times and the polymer was 

further dialyzed against methanol for 16 h using benzoylated cellulose membranes (MWCO = 

1000 Da). After removal of the methanol under reduced pressure, the polymer was solved in 

water and lyophilized to obtain the dried polymer with 98% acrylamide end group 

functionalization.  

The synthesis of the PEtOx-based macromonomer was performed analogously, but chloroform 

as polymerization solvent and a 10-fold molar excess of the termination agent DMAP-MAA 

(2.4 mL, 14.68 mmol) yielded a higher end group functionalization rate. Following this protocol, 

the telechelic PEtOx-acrylamide was obtained with 96% acrylamide end group 

functionalization.  
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Figure 4.16. 1H NMR spectrum of the bifunctional polymer MAA-DMAP-PEtOx40-DMAP-MAA in 

CDCl3. 

 

 

Figure 4.17 1H NMR spectrum of the bifunctional polymer MAA-DMAP-PMOx39-DMAP-MAA in 

CDCl3. 
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Synthesis of PEG-POx-SPNs   

Both telechelic polymers PEG(4000)DA and the respective POx-DA were dissolved in water in 

the intended mass composition (see Table 4.1) and mixed until a clear solution was obtained. 

Afterwards, 2 mg of the photoinitiator Irgacure 2959 were dissolved in the reaction mixture. 

The solution was then placed on a microscope slide covered with adhesive poly(propylene)-

tape (Tesafilm, tesa SE) and additional strips of adhesive tape placed on each end on the glass 

slide in order to control the thickness of the resulting network film (about 50 µm per tape layer). 

Afterwards, a second glass slide covered with adhesive tape was placed on top of the first 

slide and the photopolymerization was performed for 2 x 180 s under UV flash light (Heraflash, 

Heraeus Kulzer, λ = 340 nm) on each side. The obtained network films were then removed 

from the glass slides, dried and washed in chloroform for 20 h to remove remaining 

extractables and calculate the sol/gel content of the respective network.  

 

Table 4.1 Overview of the reaction conditions of the synthesized SPNs and respective gel content 

and resulting thickness values of the obtained washed and dried polymer films.  

SPN 

PEG(4000)-

DA 

PEtOx-

DA 

PMOx-

DA Water 

Gel  

content 

Thick-

ness 

  [mg] [mg] [mg] [µl] [wt%] [µm] 

PEG(70)-PEtOx(30) 70 30 - 100 92.8 400 

PEG(50)-PEtOx(50) 50 50 - 100 83.6 400 

PEG(30)-PEtOx(70) 30 70 - 100 95.8 400 

HC-PEG(70)-PMOx(30) 70 - 30 100 96.8 400 

HC-PEG(50)-PMOx(50) 50 - 50 100 98.7 400 

HC-PEG(30)-PMOx(70) 30 - 70 100 95.7 400 

LC-PEG(70)-PMOx(30) 70 - 30 466 93.2 200 

LC-PEG(50)-PMOx(50) 50 - 50 466 90.5 200 

LC-PEG(30)-PMOx(70) 30 - 70 466 92.8 200 

 

In case of the HRP-loaded SPN, a 50:50 wt% mixture of PEG(4000)-DA and PMOx-DA (30 mg 

respectively) was dissolved in 100 µL of a solution of HRP (1 mg mL-1) in 100 mM phosphate 

buffer (pH 7.0). The initiator Irgacure 2959 (1.5 mg) was added to the reaction mixture and the 

photopolymerization was conducted as previously described for PEG-PMOx networks. The 

resulting network film was rinsed with water to remove non-immobilized enzyme, dried with a 

stream of compressed air for 30 min and stored at 4 °C.   
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Determination of gravimetrical swelling ratios  

All equilibrium swelling ratios of the SPN films with various compositions were determined 

gravimetrically by swelling a washed and dried network sample in the respective solvent for 

20 h. The swollen sample was then weighed to determine mswollen, dried (first by a stream of 

compressed air, then by heating the sample to 60 °C under reduced pressure for 3 h) and 

afterwards weighed again to obtain mdry to calculate the respective gravimetrical swelling ratio 

Sg = mswollen/mdry.   

 

Enzymatic activity study of the immobilized HRP in the PEG-PMOx-SPN  

Enzymatic activity of the immobilized HRP in the organic solvent was measured based on an 

experimental protocol by BRUNS et al.108 For this, the enzymatic activity of HRP in toluene was 

determined via the peroxidase catalyzed oxidative coupling of N,N-dimethyl-p-phenylene 

diamine (1.67 mM) and phenol (1.67 mM) using tert-butyl hydroperoxide (0.83 mM) as 

oxidizing agent. The enzyme-loaded network film was fixated in the beam path with a sample 

holder inside the cuvette and 2.2 mL of the substrate solution without tert-butyl hydroperoxide 

were given in the cuvette. For reference in the two-beam spectrophotometer, a non-loaded 

network film with the same polymer composition and thickness was fixated in a second cuvette 

and 2.2 mL of the substrate solution were added. The reaction was then started by the addition 

of 200 µL of a 10 mM tert-butyl hydroperoxide solution in toluene and stirring the reaction 

mixture at room temperature. After an initial delay of 30 min, an increase in absorbance at a 

wavelength of 546 nm was displayed. Using the linear slopes after the initial delay, the specific 

catalytical activity of the immobilized HRP was calculated defined as the increase in 

absorbance of 0.001 per minute at 546 nm at room temperature with a total reaction volume 

of 2.4 mL.  

For comparison, the native, free enzyme HRP was suspended as a lyophilized powder in the 

substrate solution. The measurement was started by adding the oxidizing agent and stirring 

the reaction mixture at room temperature with the substrate solution as reference. Figure 4.18 

shows the respective reaction mixture with free and immobilized HRP after 150 min reaction 

time.  
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Figure 4.18 Cuvettes filled with the reaction mixture and the native (left) or immobilized HRP 

(right) after reaction times of 150 min at RT.  
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5  Comparative Study of Acrylate-functionalized Polyethylene Glycol and Poly(2-alkyl-

2-oxazoline)s for the Conjugation of Proteins via Michael Addition Reactions  

 

Parts of the data presented in this chapter are based on the results obtained during a practical 

course by L. NEUKIRCH237 under the supervision of the author. 

 

5.1  Abstract  

The chemical conjugation of proteins offers the opportunity to improve or modify different 

properties of these biomolecules through covalent coupling of the protein with another 

molecule. By this means, the conjugation of proteins with various (macro)molecules creates 

bioconjugates with commonly modular properties determined by the respective components. 

This study gives a deeper insight into the aza-Michael addition reaction as a promising strategy 

for the conjugation of proteins with terminally acrylate-functionalized polymers. For this, three 

different unilaterally functionalized polymers (polyethylene glycol (PEG), poly(2-methyl-2-

oxazoline) (PMOx) and poly(2-ethyl-2-oxazoline) (PEtOx)) with various molar masses were 

synthesized. The obtained macromolecules were utilized in a series of aza-Michael addition 

reactions with solvent exposed lysine residues of a model enzyme to determine polymer-

specific differences. We demonstrated polymer-specific deviations in the efficiency of the 

conjugation reaction of the respective polymers and lysozyme as a model protein. 

Gelelectrophoretic analysis of the respective conjugate samples revealed higher degrees of 

polymer conjugation of lysozyme were established in case of the PEG-acrylate compared to 

the poly(2-oxazoline)-based conjugation agents. Further investigations showed different 

reaction kinetics for the aza-Michael addition reaction of the acrylate-functionalized polymers 

with piperidine as a small-molecule model substrate, displaying the lowest reaction rate for the 

PEG-acrylate. Based on these results, protein-polymer-interactions between bound POx 

chains and the protein surface were assumed as the determining factor resulting in the higher 

protein conjugation efficiency using functionalized polyethylene glycol compared to poly(2-

alkyl-2-oxazoline)s.  

 

5.2  Introduction  

Since the reports of the pioneering work of ABUCHOWSKI et al.132 in the late 1970s, the research 

field of proteins covalently modified with synthetic polymers gained significant scientific and 

industrial interest. Conjugation of biopolymers drastically alters their properties, which can be 

tailored by the combination with a suitable polymeric compound. Reported physico-chemical 

characteristics of modified proteins comprise enhanced solubility, stability, or so-called ‘stealth’ 
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properties, which lead to significantly increased circulatory lifetimes of therapeutic protein 

drugs in the body.238 Besides diagnostic and therapeutic applications of polymer-protein 

conjugates representing the industrially most important sectors161,239, further reported 

utilizations include organosoluble rendered enzymes for highly active and selective biocatalytic 

transformations in organic media.146,162-163,165  

Many of the previously mentioned properties of polymer-modified proteins can be either tuned 

by the type and characteristics of the chosen polymer or the employed conjugation 

approach.161 As for the former option, PEG has been considered the leading polymer in this 

area. While PEG provides essential advantages for the conjugation of biomolecules, such as 

commercial availability, good solubility in numerous solvents, and a protein-repellent effect, 

this polymer offers only limited potential for the customization of the polymer structure or 

solubility.240 Besides further concerning downsides of PEG, e.g. the formation of toxic 

degradation products upon in vivo oxidation reactions241 or anti-PEG antibodies242, other 

polymers moved more into the scientific focus as PEG alternatives for the conjugation of 

proteins.152 Among these, poly(2-alkyl-2-oxazoline)s (POx) have been verified as a versatile 

and promising alternative for the modification of biomolecules.5  

In addition to the effect of the chosen polymeric components, the chemistry of the coupling 

reaction has a significant impact on the properties of the resulting bioconjugate. Since native 

proteins only offer limited potential for intrinsic chemical modifications due to structural 

instability under harsh reaction conditions, most conjugation strategies target the available 

nucleophilic groups of proteinogenic amino acids, such as thiol groups of cysteine residues166, 

carboxylate groups243, or amine groups of lysine residues162-163.244 Furthermore, highly 

selective and efficient ligation methods have been demonstrated, which often are utilizing 

Michael-type addition reactions for selective targeting proteinogenic thiol groups, but the 

number of bound polymers is usually limited by the number of available cysteine residues.166,244 

Therefore, polymer coupling via the more prevalent amino groups of proteinogenic lysine 

residues would enable protein conjugation with numerous functional polymers, which is 

typically crucial to obtain organosolubility of proteins.162-163 This approach was demonstrated 

in 1984 by MATSUSHIMA et al. by investigating the modification of chymotrypsin with 2,4-bis(O-

methoxypolyethylene glycol)-6-chloro-s-triazine, successfully coupling the activated PEG to 12 

out of the total of 15 amino groups in the chymotrypsinogen molecule.245 The obtained PEG-

protein conjugates retained an enzymatic activity of 57%, were soluble in various organic 

solvents and even catalyzed hydrolysis and aminolysis reactions in benzene.  

For this reason, this study aimed to explore the potential of the aza-Michael addition reaction 

as a tool for the conjugation of proteins with synthetic polymers. In this process, the influence 
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of the polymer type will also be considered, as the two well-known conjugation polymers PEG 

and POx will be investigated in this comparative study.  

 

5.3  Results and Discussion  

In this work, the conjugation potential of the often similarly utilized hydrophilic polymers PEG, 

and the poly(2-alkyl-2-oxazoline)s PMOx and PEtOx via Michael-type addition reactions was 

investigated using lysozyme as a model protein. Since the aza-Michael addition, considered 

as one of the most widely used reactions in organic syntheses246, describes the addition of a 

nucleophilic nitrogen center to electron deficient alkenes, all explored polymers had to be 

modified with reactive acrylate end-groups, either by polymer analogue end-group 

functionalization (mPEG) or termination of the CROP with a functional termination agent (POx). 

For this, two commercially available monomethoxy polyethylene glycols with molar masses of 

2000 (mPEG2000) or 5000 Da (mPEG5000), respectively, were terminally acrylate-

functionalized based on a literature protocol by LUTOLF et al.247 For this, both polymers were 

dried in a vacuum heating oven at 40 °C over night and the respective acrylate-functionalization 

was achieved by conversion with acryloyl chloride after prior deprotonation of the terminal 

hydroxyl group using triethylamine. This way, the respective acrylate-functionalized 

monomethoxy PEG-acrylates (mPEG-AA) with degrees of functionalization of 96% for 

mPEG2000-AA and 100% in case of mPEG5000-AA were obtained, as determined by 1H NMR 

spectroscopy (see Figure 5.8, Experimental Section).  

 

Table 5.1 Overview of the obtained data for the acrylate functionalized polymers used for 

conjugation reactions (DP: degree of polymerization; DF: degree of functionalization).  

Polymer DPset DP (NMR) Mn (NMR) Mn (GPC) Đ DF 

  
  

[g/mol] [g/mol] 
 

[%] 

mPEG2000-AA - 44 2066 4260 1.0 96 

mPEG5000-AA - 113 5058 11050 1.0 100 

PMOx35-AA 25.0 35 3064 4210 1.1 100 

PMOx47-AA 50.0 47 4086 5530 1.1 100 

PEtOx24-AA 21.5 24 2465 3570 1.1 90 

PEtOx41-AA 43.0 41 4150 6160 1.1 96 

 

Furthermore, telechelic PMOx and PEtOx with varying degrees of polymerization (see 

Table 5.1) were prepared via cationic ring-opening polymerizations and subsequent end-group 
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functionalization through the addition of acrylic acid (AA) as nucleophilic termination agent. 

The acrylate-functionalized poly(2-oxazolines) (POx-AA) were characterized by 1H NMR 

spectroscopy (see Figures 5.9 and 5.10, Experimental Section) and yielded high degrees of 

end-group functionalization between 90 to 100% to ensure high coupling potential for the 

following conjugation step depicted in Figure 5.1. GPC measurements were conducted to 

verify narrow dispersities, however the values for the molar masses found for the PEG 

polymers were twice as high as confirmed by 1H NMR analysis, even when unfunctionalized 

precursors were used to exclude the reactive acrylate end-groups. This indicates a 

discrepancy in the hydrodynamic volume of the two polymer types, since the same polystyrene 

standard was used for the calibration to obtain the relative molar masses. For the subsequent 

conjugation reaction, lysozyme was chosen as a commercially available model protein with a 

molar mass of 14.4 kDa and 6+1 free primary amino groups.248  

 

Figure 5.1 Schematic illustration of the modification of proteinogenic amino groups with acrylate 

functionalized polymers via the Michael addition reaction.  

 

In 2007, RANU et al. reported the conduction of various addition reactions of amines and 

conjugated alkenes, which were carried out in water at room temperature, resulting in 

significant reaction rate acceleration compared to organic solvents, with small molecule 

substrates yielding between 85% and 95% conversion after short reaction times of 20 to 

50 min.249 This finding poses a promising approach for protein modification, as the reaction 

solvent for these conjugations is typically limited to water. Since the successful formation of 

peptide-PEG conjugates utilizing acrylate-functionalized PEG (3400 g/mol) and various 

synthetic thiol-containing peptides via Michael-type addition reactions has been demonstrated 

by LUTOLF et al.247, even under neutral pH values (pH 7.3), this study was designed to 

investigate the coupling potential of acrylates and proteinogenic amino groups. Therefore, pH 
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values of 8.0 and 9.8 were chosen due to the expectedly lower reactivity of the amino groups, 

covering a basic pH range below and above the isoelectric point of lysine residues (pH(I) 9.6250) 

while avoiding pH induced protein denaturation251. Based on the previous results of ROTH252, 

the acrylate-functionalized polymers were added in a molar excess of 20:1 with respect to the 

primary amino groups of the lysozyme in an aqueous carbonate buffer as reaction medium.  

After stirring the reaction mixtures at 4 °C for 18 h, they were lyophilized and the success of 

the respective conjugation reaction was afterwards determined using sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), a common method for the separation of 

proteins based on their molecular weight developed by LAEMMLI253, as the addition of polymer 

chains to the protein increases the molar mass resulting in additional observable bands in the 

gels after staining with Coomassie blue. The gel shown in Figure 5.2 demonstrates the results 

of the Michael addition reactions between lysozyme and the respective acrylate-functionalized 

polymers performed at pH 8.0.   

 

 

Figure 5.2 SDS-PAGE analysis gel of the conjugation samples conducted at pH 8.0. Lane 1: 

Lysozyme; lane 2: Protein ladder marker; lane 3: Lysozyme + PMOx35-AA; lane X: blank; lane 4: 

Lysozyme + PMOx47-AA; lane 5: Lysozyme + PEtOx24-AA; lane 6: Lysozyme + PEtOx41-AA; 

lane 7: Lysozyme + mPEG5000-AA; lane 8: Lysozyme + mPEG2000-AA [modified from 237]. 
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In lane 1 only one defined band of the native lysozyme is observable, while the lanes 3 to 6 of 

the POx-modified proteins exhibit additional bands between the clearly visible bands of the 

respective unmodified proteins and the 20 kDa band of the protein ladder (lane 2). Due to the 

weak intensities of the stained bands B1, B2 and B4, only partial formation of POx-lysozyme 

conjugates is indicated, with only one or two respective polymers coupled to the protein (B1 – 

B4). Contrary to the low band intensities and low molecular weight region of the POx-modified 

lysozyme, the lanes 7 and 8 of the PEG-lysozyme conjugates exhibit several clearly visible 

product bands in addition to the band of the remaining unmodified protein. In lane 7 (lysozyme 

conjugated with mPEG5000-AA), the distinct bands B5 (~20 kDa) and B6 (~35 kDa) indicate 

the single or quadruple addition of PEG chains to the protein, respectively, while the weaker 

band B7 could be caused by fully PEG5000-conjugated lysozyme. Lane 8 displays the two 

recognizable bands B8 and B9, both located in the region under the 20 kDa marker band, 

suggesting the respective single or twofold addition of mPEG2000-AA chains to the lysozyme.  

Figure 5.3 shows the stained SDS-PAGE gel of the polymer-lysozyme conjugate samples 

obtained after changing the pH value of the carbonate buffer for the addition reaction to pH 9.8 

under otherwise identical reaction conditions. It is generally noticeable that all lanes with 

applied conjugation samples exhibit more intensive product bands above the respective bands 

of the remaining unmodified lysozyme. The lanes 3, 4, 5 and 8, where POx-lysozyme conjugate 

samples were applied, display similar results as previously discussed for the conjugate 

synthesis at pH 8.0, each with only one clearly visible distinct band slightly above the native 

lysozyme band indicating low degrees of modification. Therefore, even the elevated pH value 

during the addition reaction could not provide lysozyme conjugates with numerous POx chains, 

but the ratio of modified to unmodified protein seems to be increased. Direct comparison 

between PMOx and PEtOx reveals more distinct bands for the PEtOx-lysozyme conjugates 

(B2 and B3), while the modification with PMOx leads to a broadening of the conjugate bands 

(B1 and B11). The characterization of the PEG-modified samples (lane 6 and 7) indicates 

comparable modification efficiency as obtained from the addition reaction conducted at pH 8.0, 

although both lanes display low intensity bands at even higher molar masses, possibly 

originating from protein aggregates (B7 at ~70 kDa) or higher modified PEG-lysozyme 

conjugates (B10 at ~24 kDa; 5x mPEG2000-modification) compared to the conjugation at 

pH 8.0.  
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Figure 5.3 SDS-PAGE analysis gel of the conjugation samples conducted at pH 9.8. Lane 1: 

Lysozyme; lane 2: Protein ladder marker; lane 3: Lysozyme + PMOx35-AA; lane X: blank; lane 4: 

Lysozyme + PEtOx24-AA; lane 5: Lysozyme + PEtOx41-AA; lane 6: Lysozyme + mPEG5000-AA; 

lane 7: Lysozyme + mPEG2000-AA; lane 8: Lysozyme + PMOx47-AA [modified from 237]. 

 

Altogether, direct comparison of the results obtained by SDS-PAGE for the investigated 

polymer-lysozyme conjugates via Michael addition reactions performed at pH 8.0 or pH 9.8, 

respectively, indicates similar numbers of bound POx chains for both pH values, while the 

conjugation with mPEG chains shows additional bands upon increasing the pH value of the 

buffer solution. Although all respective gel lanes where conjugation products were applied 

display significant bands of unmodified lysozyme, the pH value increase to 9.8 resulted in an 

overall higher intensity for the bands allocated to polymer-protein-conjugates. This way, more 

polymer-modified lysozyme could be obtained, however the number of bound polymer chains 

to one respective protein molecule remained limited. According to this, the increase of pH value 

did not lead to significantly higher conjugation efficiency, but the type of polymer turned out to 

play an important role in the Michael addition reaction with proteins. These findings were 

further confirmed in two additional sets of polymer-lysozyme conjugation reactions under 

analogous conditions using mainly various acrylic acid terminated PMOx (DP (NMR) = 25; 93) 
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and PEtOx (DP (NMR) = 28; 42; 68) polymers (for polymer data see Table 5.2, Experimental 

Section) for the conjugation and mPEG2000-AA for comparison of the influence of polymer 

type on the conjugation efficiency. The obtained gels after SDS-PAGE displayed in Figures 5.4 

and 5.5 confirm the previously discussed results (see Figures 5.2 and 5.3), showing significant 

higher conjugation efficiency in case of modification with the acrylate functionalized PEG.   

 

Figure 5.4 SDS-PAGE analysis gel of the conjugation samples conducted at pH 8.0. Lane 1: 

Lysozyme + PMOx25-AA; lane 2: Lysozyme + PMOx93-AA; lane 3: Lysozyme + PEtOx28-AA; 

lane 4: Lysozyme + PEtOx68-AA; lane 5: Lysozyme + mPEG2000-AA; lane 6: Lysozyme + 

PEtOx42-AAa; lane 7: Lysozyme + mPEG2000-AAa; lane 8: Protein ladder marker; lane 9: 

Lysozyme (a: doubled conjugate concentration in analysis sample). 
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Figure 5.5 SDS-PAGE analysis gel of the conjugation samples conducted at pH 9.8. Lane 1: 

Lysozyme + PMOx25-AA; lane 2: Lysozyme + PMOx93-AA; lane 3: Lysozyme + PEtOx28-AA; 

lane 4: Lysozyme + PEtOx68-AA; lane 5: Lysozyme + mPEG2000-AA; lane 6: Lysozyme + 

PEtOx42-AAa; lane 7: Lysozyme + mPEG2000-AAa; lane 8: Protein ladder marker; lane 9: 

Lysozyme (a: doubled conjugate concentration in analysis sample). 

 

In order to investigate the effect of the respective polymer type on the end-group reactivity, the 

reaction kinetics of the aza-Michael addition reaction between different acrylate-functionalized 

polymers with comparable chain lengths (PMOx35-AA; PEtOx41-AA; mPEG2000-AA with 

45 PEG units) and the secondary amino group of piperidine as a small model molecule in 

equimolar ratios were analyzed using 1H NMR spectroscopy. Thereby, the conversion of the 

acrylate end-group was tracked over a time period of 7 h by carrying out the reactions in 

deuterated chloroform as solvent to allow immediate NMR measurements after the respective 

reaction times, yielding the data presented in Figure 5.6.    
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Figure 5.6 Comparison of the time-dependent conversion of polymer acrylate end-groups with 

piperidine as small molecule reactant (reaction conducted in CDCl3; molar ratio 1:1 

polymer:piperidine).  

 

Unexpectedly, the comparison of the collected data for acrylate end-group conversion 

displayed in Figure 5.6 obtained through 1H NMR measurements reveals a significantly faster 

conversion of both POx-based acrylate end-groups, with initially high end-group conversions 

of 39% for PEtOx41-AA up to 44% for PMOx35-AA after 1.5 h reaction time. After a reaction time 

of 7 h, final end-group conversions of 53% for PEtOx41-AA and 67% for PMOx35-AA were 

determined. Contrary to that, the acrylate end-group conversion of mPEG45-AA was 

considerably slower in the investigated time period, with an initial conversion of only 17% after 

1.5 h, resulting in 24% end-group conversion after 7 h reaction time.  

Therefore, based on the discussed findings on the acrylate-conversion in the model addition 

reaction with piperidine, the determined higher protein-conjugation potential could not be 

explained based on a generally higher end-group reactivity rate of the PEG acrylate. 

Additionally, the stability of the acrylate end-groups of the respective polymers under basic 

conditions was investigated by solving the polymer in carbonate buffer (0.1 M) at pH 10.2 for 

6 h at 20 °C and analyzing the reduction of the acrylate group signals with 1H NMR 

spectroscopy. This study revealed the decrease of acrylate end-groups through basic ester 

cleavage of 22% for PMeOx25-AA, 9% for PEtOx28-AA, and 11% for mPEG2000-AA, which still 

does not give an explanation for the difference in conjugation efficiency of the investigated 

polymers.  
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Thus, it was presumed that the interaction between the protein and the respective type of 

polymer causes the variety in conjugation efficiency, leading to the respective polymer-protein 

configurations depicted in Figure 5.7. PEG is widely known for its strong protein repellent 

effect254-256 because of its low refractive index compared with other synthetic water-soluble 

polymers, leading to particularly low van der Waals interactions with proteins.257 Since the 

attracting effect of the low van der Waals interactions between the PEG-chain and the protein 

is significantly smaller than their steric repulsion, the accessibility of the functional polymer 

end-groups is increased, resulting in a higher protein modification rate for the PEG-based 

acrylates. Furthermore, already bound PEG chains should therefore not be able to aggregate 

on the protein surface, enabling the addition of further end-group functionalized polymers to 

the protein surface.  

 

Figure 5.7 Schematic depiction of the presumed interaction-based configuration of the protein 

surface and the respective telechelic polymers PEG (A) or POx (B) (the functional end-groups 

are illustrated in blue color).  

 

Although water-soluble POx-based polymers are typically regarded as showing only minor 

interactions with proteins161, HIJAZI et al. reported a successful approach of non-competitive 

enzyme inhibition ascribed to the collapse of PMOx31 chains on the enzyme (horseradish 

peroxidase) surface after non-covalent binding using iminodiacetate end-groups.258 An 

entropy-driven release of polymer- and enzyme-bound water molecules is assumed to cause 

the aggregation of the polymer chains on the enzyme surface, yielding a dissociation constant 

of 0.25 mM determined by isothermal titration calorimetry (ITC). A similar effect could explain 

the fact that the Michael addition reactions between POx and lysozyme only yielded single-

modified proteins in most cases according to SDS-PAGE gels. Bound POx chains presumably 

aggregate on the lysozyme surface, potentially blocking additional amino groups and thus 

limiting the addition of further polymer chains. In addition to that, unbound POx chains are 

assumed to be organized as polymer coils in solution and on the protein surface, limiting the 

accessibility of the polymer end-groups to the functional groups on the protein surface.  
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5.4  Conclusions  

This study aimed to give a deeper insight into the potential of the aza-Michael addition reaction 

as a promising tool for the modification of proteins with different polymers. For this, telechelic 

water-soluble PMOx and PEtOx with varying chain lengths equipped with functional acrylate 

end-groups were synthesized and compared with two synthesized PEG-acrylates as the gold-

standard for the conjugation of proteins. For the addition reaction, lysozyme was chosen as a 

model protein and the reaction was conducted at pH 8.0 and pH 9.8 to investigate the effect of 

the pH value on conjugation efficiency. SDS-PAGE characterization of the samples revealed 

mostly single-modified lysozyme in case of the POx-based conjugation agents and up to fully 

modified lysozyme using mPEG5000-AA for the protein conjugation. Since this difference in 

modification efficiency was expected to be caused by varying reaction kinetics of the acrylate 

end-group depending on the respective polymer chain, a comparative reaction kinetics study 

of the aza-Michael addition between the end-groups of mPEG2000-AA, PMOx35-AA, PEtOx41-

AA and the cyclic amine piperidine as a small-molecule model substrate was conducted. 

Unexpectedly, the PEG-acrylate showed the lowest reaction rate during the investigated 

reaction period of 7 h with an acrylate-group conversion of only 24% compared to 53% for 

PEtOx41-AA and 67% conversion for PMOx35-AA.  

While the cause for the lower modification efficiency using end-group functionalized POx as 

conjugating polymers could not be identified this way, interactions between the respective POx 

chains and the protein surface are assumed to limit the ligation of further polymer chains to the 

protein, as reported by HIJAZI et al. for a PMOx-based enzyme inhibitor.258 Although the Michael 

addition is mostly used for the selective formation of bioconjugates utilizing proteinogenic thiol 

groups of cysteine residues259, the aza-Michael addition represents a promising strategy for 

applications that require the modification with numerous polymer chains, such as 

organosoluble enzymes for the efficient transformation of organic substrates.146 Current 

limitations of POx-based protein modification agents are expected to be overcome through 

targeted adjustment of polymer compositions or optimization of reaction parameters.  

 

5.5  Experimental Section / Methods  

Instruments  

The 1H NMR spectra were recorded on a Bruker Avance III HD NanoBay Fourier-

transformation spectrometer operating at 400 MHz and 25 °C or Agilent AV500/AV400 

spectrometers operating at 500/400 MHz and 25 °C. For the measurements, 30 to 40 mg of 

the polymeric samples were solved in deuterated chloroform (CDCl3) and the obtained 
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chemical shifts are given in ppm relative to the signal caused by residual non-deuterated 

solvent.  

The molecular weight (Mn, Mw) and the dispersity (Ð) of the polymers were obtained by size 

exclusion chromatography (SEC). The SEC was performed on a Viscotek GPCMax with a 

refractive index detector at 55 °C and saline N,N-dimethylformamide (DMF with 20 mmol LiBr) 

as eluent at 0.7 mL/min flow rate. For each measurement, 4.5 mg of the respective polymer 

were solved in 1.5 mL eluent, filtered with a syringe filter (0.2 μm pore size; PTFE) and allowed 

to equilibrate in the solvent for 16 h. Sample separation was conducted using TSKgel® GMHHR-

M mixed bed columns (7.8 mm inner diameter; 30 cm length; 5 μm particle size) and 

polystyrene standards (Viscotek) with narrow dispersities were used for column calibration. 

 

Materials  

All solvents were distilled under reduced pressure before usage. For the polymerizations, dry 

acetonitrile (Fisher Scientific) was purified using a MB SPS Compact (M. Braun GmbH) solvent 

purification system and stored under argon atmosphere at −20 °C with molecular sieves (3 Å). 

2-Methyl-2-oxazoline (MOx, Acros Organics) and 2-ethyl-2-oxazoline (EtOx, Acros Organics) 

were purified by distillation over CaH2 (Acros Organics) under argon atmosphere and stored 

at −20 °C before usage. Methyl tosylate, acrylic acid and triethylamine were distilled under 

reduced pressure and stored under argon atmosphere at −20 °C. Both monomethoxy 

polyethylene glycols (mPEG2000 and mPEG5000; Sigma Aldrich) were freshly dried in a 

vacuum heating oven at 40 °C for at least 20 h prior to usage. Lysozyme was purchased from 

AppliChem (≥ 20000 U/mg; hen egg white) and used as received. All other chemicals were 

used as received unless stated otherwise.  

 

Synthesis of acrylate-functionalized mPEG  

These syntheses were based on a protocol by LUTOLF et al.247 The respective dried 

monomethoxy polyethylene glycol (2.0 g mPEG2000 or 5.0 g mPEG5000, 1.0 mmol, 1.0 eq.) 

was solved in 25.0 mL dichloromethane and cooled to 0 °C under argon atmosphere. 374.3 μL 

triethylamine (273.2 mg, 2.7 mmol, 2.7 eq.) were added to the polymer solution for 

deprotonation of the hydroxyl end group followed by dropwise addition of 161.6 μL acryloyl 

chloride (181.0 mg, 2.0 mmol, 2.0 eq.) and proceeding the reaction over night at room 

temperature under argon atmosphere. After filtration of the reaction medium and a 

neutralization step with sodium carbonate, the raw products were filtered again followed by 

purification through precipitation in cold diethyl ether. Afterwards the raw products were 

resolved in chloroform, precipitated again in cold diethyl ether, and the respective acrylate-

functionalized polymers were dried under high vacuum and yielded white powders with wax-
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like consistency (1.79 g, 89.4% yield for mPEG2000-AA; 3.25 g, 65.1% yield for mPEG5000-

AA). Since mPEG5000-AA showed residual impurities in the 1H NMR spectrum, an additional 

dialysis step was performed against water (MWCO = 1000 Da), followed by lyophilization of 

the product (1.82 g, 36.4% yield).  

An exemplary 1H NMR spectrum of the synthesized mPEG2000-AA is shown in Figure 5.8.  

 

 

Figure 5.8 1H NMR spectrum of the acrylate-functionalized mPEG2000-AA in CDCl3. 

 

Synthesis of poly(2-alkyl-2-oxazoline)s with acrylate end groups  

The acrylate-functionalized POx were synthesized analogously with varying equivalents of the 

respective 2-oxazoline monomers according to Table 5.2. In general, the respective monomer 

2-methyl-2-oxazoline or 2-ethyl-2-oxazoline were added to dry acetonitrile (4 mL solvent per 

1 mL monomer) in a Schott flask under argon atmosphere. Afterwards, 177.0 μL methyl 

tosylate (0.22 g, 1.17 mmol, 1.0 eq.) as initiator were added and the polymerization flask was 

closed and heated to 110 °C for 3 h under stirring. Afterwards, the living polymerization was 

terminated by adding 0.82 mL triethylamine (0.59 g, 5.87 mmol, 5 eq.) and 0.40 mL acrylic acid 

(0.42 g, 5.87 mmol, 5.0 eq.), followed by further heating at 40 °C for 72 h under gently stirring. 

The solvent was then mainly removed under reduced pressure and the crude product was 
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subsequently precipitated in ice-cold diethyl ether followed by centrifugation at 5000 rpm for 5 

to 10 min. This procedure was repeated two times (redissolved in chloroform) and the 

respective polymer was dried under vacuum and further purified by dialysis against water for 

5 h using benzoylated cellulose membranes (MWCO = 1000 Da). After removal of water 

through lyophilization, the polymers were obtained as colorless or slightly yellow solids.  

Exemplary 1H NMR spectra of synthesized PMOx-AA and PEtOx-AA showing the signal 

interpretation are provided in Figure 5.9 and 5.10, respectively. 

 

Table 5.2 Overview of the reaction mixture compositions for the polymerizations of acrylate 

functionalized poly(2-oxazoline)s.  

Polymer eq. (monomer)a V (monomer) V (solvent) V (acrylic acid) V (TEA) 

  [mmol] [mL] [mL] [mL] [mL] 

PMOx25-AA 20.0 1.32 6.6 0.27 0.54 

PMOx35-AA 25.0 2.50 10.0 0.40 0.82 

PMOx47-AA 50.0 5.00 20.0 0.40 0.82 

PMOx93-AA 60.0 1.98 9.9 0.13 0.27 

PEtOx24-AA 21.5 2.55 10.0 0.40 0.82 

PEtOx28-AA 20.0 1.59 6.6 0.27 0.54 

PEtOx41-AA 43.0 5.10 20.0 0.40 0.82 

PEtOx42-AA 30.0 2.38 9.9 0.27 0.54 

PEtOx68-AA 50.0 1.98 9.9 0.13 0.27 

a: eq. with reference to the initiator methyl tosylate. 
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Figure 5.9 1H NMR spectrum of the acrylic acid terminated PMOx25-AA in CDCl3. 

 

 

Figure 5.10 1H NMR spectrum of the acrylic acid terminated PEtOx28-AA in CDCl3.  
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Preparation of polymer-lysozyme conjugates with acrylate-functionalized polymers  

Firstly, a stock solution of the model protein lysozyme was prepared in water with a mass 

concentration of 100 mg/mL. A respective previously synthesized acrylate-functionalized 

polymer (19.58 μmol, 20 eq. regarding the 7 primary amino groups of the lysozyme) was then 

dissolved in 980.0 μL of a 0.01 M carbonate buffer (pH 8.0 or pH 9.8, depending on the 

experiment). Afterwards, 20.0 μL (139.9 nmol, 1.0 eq.) of the aqueous lysozyme solution were 

added to the polymer solution, followed by gentle stirring at 4 °C for 18 h.  

 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)  

All SDS-PAGE analyses were conducted according to the method developed by LAEMMLI253 in 

the gel electrophoresis chamber Minigel-Twin (Biometra) and all discontinuous gels were 

analogously prepared using the compositions for stacking gel and separating gel given in 

Table 5.3. The respective mixtures for the gels were freshly prepared and immediately poured 

into a glass mold (1 mm gel thickness) starting with the separating gel. The prepared gels were 

stored at 4 °C until further usage.  

 

Table 5.3 Compositions of the prepared solutions for the stacking and separating gels. 

Component Stacking gel (4%) Separating gel (14%) 

Stacking gel buffer (pH 6.8) 0.75 mL - 

Separating gel buffer (pH 8.8) - 3.00 mL 

Water 1.80 mL 4.80 mL 

Acrylamide/N,N’-Methylenebisacrylamide 

(29:1 mol. ratio) (aq. solution, 40 wt%) 
0.45 mL 4.20 mL 

Ammonium persulfate solution  

(40 wt% in water) 
15.00 μL 30.00 μL 

N,N,N’,N’-Tetramethylethylenediamine 6.00 μL 15.00 μL 

 

For each SDS-PAGE, 10.0 μL of the conjugate sample solution (directly after synthesis), 

10.0 μL of the sample buffer (see Table 5.4) and 2.0 μL of a 1 M dithiothreitol solution were 

mixed using a vortex mixer and incubated at 96 °C for 10 min in a thermoshaker. Afterwards, 

the sample mixtures were cooled to 4 °C and 10.0 μL of the respective solution were pipetted 

into a well in the gel. In addition to the samples, a molecular-weight size marker (Roti®-Mark 

10-150 PLUS; Carl Roth) was loaded onto each gel. Upon application of a voltage of 60 V, the 
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samples were concentrated in the stacking gel until narrow bands of bromphenol blue from the 

sample buffer were visible. Then, the voltage was increased to 170 V and the samples were 

separated in the separating gel until the bromphenol blue band reached the bottom edge of 

the gel. The gels were afterwards stained by shaking the gels in a Coomassie brilliant blue 

R250 staining solution (see Table 5.4) for multiple hours and excessive staining solution was 

removed by gently shaking the gels in water over night.  

 

Table 5.4 Compositions of buffers and solutions used for the SDS-PAGE.   

Stacking gel buffer (pH 6.8) 

TRIS-base 15.14 g 

SDS 1.00 g 

Water 250.0 mL 

Separating gel buffer (pH 8.8) 

TRIS-base 45.43 g 

SDS 1.00 g 

Water 250.0 mL  

Electrophoresis buffer solution 

TRIS-base 30.20 g 

Glycin 144.20 g 

SDS 10.00 g 

Water 1000.0 mL 

Staining solution 

Coomassie brilliant blue R250 29.00 mg 

Ethanol 40.0 mL 

Acetic acid (conc.) 10.0 mL 

Water 50.0 mL 

 

Kinetic study of the aza-Michael addition reaction with piperidine  

For the investigation of the reaction kinetics of the aza-Michael addition between the acrylate 

functionalized polymers and the secondary amine group of piperidine as small model molecule, 

150.0 mg of the respective polymer (1.0 eq; 0.075 mmol mPEG2000-AA; 0.049 mmol PMOx35-

AA; 0.037 mmol PEtOx24-AA) were dissolved in 3.0 mL of deuterated chloroform. The reaction 

was then started by the addition of 1.0 eq. piperidine (7.4 μL piperidine to mPEG2000-AA; 

4.9 μL piperidine to PMOx35-AA; 3.6 μL piperidine to PEtOx24-AA) to the solution followed by 

stirring of the reaction mixture at room temperature. For each 1H NMR measurement, 0.6 mL 
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of the reaction mixture were withdrawn shortly before the chosen time period, filled into a NMR 

tube and analyzed immediately.  
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6  Conclusions and Outlook  

 

This work was focused on the synthesis and potential application of various well-defined, end-

group functionalized poly(2-oxazoline)s (POx) with different chain lengths, solubilities and 

number of reactive end-groups. The obtained findings demonstrate the versatility of tailor-

made POx with regard to their functionalization possibilities and applicability in amphiphilic 

conetworks or biocatalysis.  

 

In the first part of this study, two novel families of amphiphilic polymer conetworks (APCNs) 

were synthesized via copolymerization of the hydrophobic poly(2-(1-ethylpentyl)-2-oxazoline) 

(PEPOx) as the macromeric cross-linker and with one of the hydrophilic monomers 

2-hydroxyethyl acrylate (HEA) or N,N-dimethylacrylamide (DMA) with varying polymer 

compositions, respectively. The obtained APCNs were respectively swollen in the solvents 

water, toluene, and n-heptane, and characterized using gravimetrical swelling experiments and 

small-angle X-ray scattering (SAXS). While the gravimetrical swelling experiments showed 

similar swelling behavior of the two APCN families PHEA-l-PEPOx and PDMA-l-PEPOx, with 

higher PEPOx contents leading to increased swelling ratios in the hydrophobic solvents for 

both APCN families, SAXS analysis revealed significant differences in the nanostructural 

behavior of the conetworks upon solvent uptake as depicted in Figure 6.1.  

 

 

Figure 6.1 Schematic depiction of the nanophasic behavior of PHEA-l-PEPOx conetworks upon 

solvent uptake.121  

 

The solvent-induced change of the volume ratios of the nanophases in the PDMA-l-PEPOx 

APCNs caused alterations in the determined nanostructures, especially when swollen in 
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toluene, as it induced the loss of distinct peaks in the respective SAXS traces for all conetwork 

compositions. Contrary to this, the HEA-based APCNs with PEPOx contents of 50 to 90 wt% 

showed no significant changes in their nanophases upon swelling in the chosen phase-

selective solvents, representing the first reported APCN family with ideal nanostructural 

swelling characteristics. Thereby, it was assumed that the formation of hydrogen bonds both 

inside the PHEA phase and between the PHEA and PEPOx phase stabilizes the nanostructure 

of the dry APCNs, retaining this structure even in the swollen state. Beyond that, this study 

successfully demonstrated the potential of SAXS analysis for the characterization of 

nanophasic materials and their structural alterations caused by solvent uptake.  

 

The second chapter of this work presented an investigation of the nanostructural 

characteristics of segmented polymer networks composed of the purely hydrophilic polymeric 

components polyethylene glycol (PEG) and either poly(2-methyl-2-oxazoline) (PMOx) or 

poly(2-ethyl-2-oxazoline) (PEtOx). Since all chosen polymers exhibit similar structure and 

polarity, the potential formation of nanophases in these novel materials were examined. For 

this, respective polymers with bifunctional acrylate end-groups were copolymerized under 

variation of polymer compositions and characterized by SAXS analysis in the dried and swollen 

state. While these measurements of synthesized PEG-PEtOx-SPNs indicated no intrinsic 

nanophase separation, presumably owing to the partial miscibility of the two polymers as 

confirmed by differential scanning calorimetry (DSC), distinct nanophase separation was 

observed for analogously prepared PEG-PMOx-SPNs. This nanostructure was detectable in 

the dry state and even retained upon swelling in toluene as a selective solvent for the PEG 

phase, leading to approximately similarly increased long-periods d*. Furthermore, the 

reduction of the degree of cross-linking of equally composed PEG-PMOx-SPNs led to the 

absence of SAXS-detectable nanophases in case of a network composition of 50:50 wt% in 

dried or water swollen network samples. Interestingly, it was possible to induce a distinguished 

nanophase separation through the uptake of the PEG-selective solvent toluene. It was found 

by DSC, X-ray diffraction, and atomic force microscopy (AFM), that this observation is caused 

by PEG crystals formed across the nanophases and thus limiting the formation of ordered 

morphologies, which can also be overcome by melting these crystals resulting in nanophasic 

separation as well. This way, a novel SPN family was created, which offers the opportunity to 

control their nanostructural behavior depending on their composition and via the influence of a 

selective solvent or elevated temperature as illustrated in Figure 6.2. Additionally, a possible 

application for these materials is demonstrated in the form of an easily prepared stabilizing 

matrix for the immobilization of the enzyme horseradish peroxidase (HRP), which was then 

employed as a biocatalyst in the organic solvent toluene with retained enzymatic activity.  
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Figure 6.2 Illustration of the influence of a selective solvent or elevated temperature on the 

nanoscale morphology of the investigated LC-PEG-PMOx-SPNs (50:50 wt%) determined by 

SAXS analysis.  

 

In the final part of this work, numerous POx-based polymers (PMOx and PEtOx) with varied 

molar masses and reactive acrylate end-groups were successfully synthesized, characterized 

and applied as conjugation agents for the modification of proteins, here lysozyme as a model 

protein. This was conducted in order to evaluate the potential of both, the applicability of water-

soluble POx for the modification of proteins as an alternative to the typically chosen PEG, and 

the aza-Michael addition reaction as a promising tool for the formation of polymer-protein-

conjugates. For this, conjugation reactions were performed at two different pH values (pH 8.0 

and 9.8) and under variation of chain length and type of acrylate functionalized polymer. 

Subsequent characterization of the prepared polymer-lysozyme conjugates revealed only low 

conjugation efficiency for the POx-based polymers, while both PEG-acrylates showed higher 

coupling efficiency up to fully modified lysozyme. Based on this finding, kinetic studies 

determining the end-group reactivity of the respective acrylate functionalized polymers and 
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piperidine as model substrate were conducted and analyzed via 1H NMR spectroscopy, 

demonstrating significantly higher acrylate conversions for both POx-based polymers. 

Therefore, it was assumed that interactions between bound POx and the protein surface cause 

the lower conjugation efficiency, as it was reported by HIJAZI et al.258  

 

In this thesis, several applications of well-defined poly(2-oxazoline)s with functional end-

groups in different polymer conetworks with unique properties are demonstrated. This class of 

polymers represents an exceptionally versatile toolbox in the field of segmented polymer 

networks and nanostructured materials in general. Future work in this field could focus more 

on the variation of polymer chain lengths, type of monomer, or even utilize copolymers for the 

synthesis of segmented polymer networks and study the effect of the respective parameter on 

the nanostructural behavior of the materials in the dry and swollen state or under additional 

external stimuli. For this, the polymeric components could be chosen based on the availability 

of orthogonal solubility or further specifications to develop additional conetworks with ideal 

swelling behavior of other interesting characteristics. Furthermore, the properties inducing the 

ideal swelling behavior in the PHEA-l-PEPOx conetworks should be further explored by 

utilizing additional hydrophilic, hydrogen bond forming monomers.  

For the application of POx-based conjugation agents in Michael-type addition reactions, further 

investigations of the interactions between the polymers and the protein surface are expected 

to provide deeper insights into this promising approach. Based on these results, the polymer 

compositions, such as (block-)copolymers, and chain lengths could be varied for a better 

conjugation efficiency to achieve the goal of organosoluble and stabilized enzymes for 

biocatalytic applications. Furthermore, the optimization of the conjugation reaction parameters 

and the isolation of unmodified proteins after the conjugation step, e.g. via fast protein liquid 

chromatography (FPLC)260, are expected to improve the modification and characterization 

possibilities. As a tool for a more detailed analysis of the conjugation products and binding 

sites, further investigations using Edman degradation with subsequent mass spectrometry 

characterization of the individual amino acids could be conducted.244 
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8  List of Abbreviations 

 

Abbreviation Definition 

1M2P 1-Methoxy-2-propanol 

AA Acrylic Acid 

AFM Atomic force microscopy 

APCN Amphiphilic polymer conetwork 

BSA Bovine serum albumin 

CDCl3 Deuterated Chloroform 

CROP Cationic ring-opening polymerization 

CT Α-Chymotrypsin 

DA Diacrylate 

DBB 1,4-Dibromo-2-butene 

DMA Dynamic mechanical analysis 

DMA N,N-Dimethylacrylamide 

DMAP-MAA N-[3-(Dimethylamino)-propyl]-methacrylamide 

DMPDA N,N-dimethyl-p-phenylene diamine 

DF Degree of functionalization 

DP Degree of polymerization 

DSC Differential scanning calorimetry 

EPOx (2-(1-Ethylpentyl)-2-oxazoline) 

eq. Molar equivalents 

EtOx 2-Ethyl-2-oxazoline 

FRET Fluorescence resonance energy transfer 

HC Highly cross-linked 

HEA 2-Hydroxyethyl acrylate 

1H NMR Proton nuclear magnetic resonance spectroscopy 

HRP Horseradish peroxidase 

IDA 2,2’-Imino diacetic acid 

ITC Isothermal titration calorimetry 

LC Lowly cross-linked 

LCST Lower critical solution temperature 

Lys Lysozyme 

MOx 2-Methyl-2-oxazoline 

mPEG Monomethoxy poly(ethylene glycol) 

MW Molecular weight 
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MWCO Molecular weight cut-off 

NMR Nuclear magnetic resonance 

PADA Pyromellitic acid dianhydride 

PCL Poly(ε-caprolactone) 

PDMA Poly(N,N-dimethylacrylamide) 

PDMS Poly(dimethyl siloxane) 

PEG Poly(ethylene glycol) 

PEhAc Poly(2-ethylhexyl acrylate) 

PEPOx Poly(2-(1-ethylpentyl)-2-oxazoline) 

PEtOx Poly(2-ethyl-2-oxazoline) 

PHEA Poly(2-hydroxyethyl acrylate) 

PMMA Poly(methyl methacrylate) 

PMOx or PMeOx Poly(2-methyl-2-oxazoline) 

POx Poly(2-oxazoline) 

PPFPA Poly(N-pyridin-4-yl)acrylamide) 

PTFE Poly(tetrafluoroethylene) 

RT Room temperature 

SAXS Small-angle X-ray scattering 

SANS Small-angle neutron scattering 

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SEC Size exclusion chromatography 

SEM Scanning electron microscopy 

SPN Segmented polymer network 

TEA Triethylamine 

TEM Transmission electron microscopy 

THF Tetrahydrofurane 

TRIS Tris(hydroxymethyl)aminomethane 

TTEGDA Tetra(ethylene glycol) diacrylate 

UV-VIS Ultraviolet-visible 

Wt% Weight percent 

XRD X-ray diffraction 

 


