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1 Introduction 

 

Historically macromolecular materials have always been ubiquitous. In a societal context naturally occurring 

materials such as fibers made from cellulose (cotton or flax)[1] or proteins (wool and silk)[2] are known for a long 

time. With upcoming of the 19th century, scientist steadily advanced the material science of plastics and discovered 

new materials such as nitrocellulose through Christian Schönbein[3] or Bakelite through Leo Baekland.[4] However, 

scientists still lacked a basic understanding in the microscopic structure of the macromolecules and appropriate 

characterization methods, which led to some tremendous misinterpretations of the polymer features. Yet, the 

understanding for these materials had to remain fragmentary until Hermann Staudinger pioneered the field of 

polymer chemistry in the early 20th century.[5] Already in the year 1922 he postulated macromolecules to be long-

chained molecules that are connected via covalent bonds[6, 7] and established a set of new theories as well as a basic 

understanding for the material properties which was awarded with the Nobel prize in 1953 and still represent the 

foundation for modern polymer chemistry.[7, 8] Since then plastics became omnipresent in the society and are used 

as engineering materials in the automotive industry, in lifestyle products such as electronics and cosmetics, 

packaging materials, textiles, adhesives, coatings and many more parts of everyday life (Figure 1.1).[9]  

 

 

Figure 1.1. Application fields of polymeric materials in Europe sorted by the demand of the respective converter sectors.[9] 

 

Economical-wise, the polymer field emerged to be one of the largest production sectors in the chemical industry 

and took up approximately 20% of the total production value in Germany in 2018 according to the Verband der 

Chemischen Industrie e.V. (VCI) (Figure 1.2).[10] The global market size reached a value of USD 568.9 billion in 

2019.[11]  
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Figure 1.2. Most important production sectors in chemistry in 2018: Washing and body care products (yellow), inorganic basic 
chemicals (brown), petrochemicals (blue), polymers (purple), pharmaceuticals (orange) and special chemicals (dark green).[10] 

 

Consequently, the production of plastics has increased continuously over the course of the last two decades and 

reached a production volume of 359 ∙ 106 metric tons in 2018. However, the production of plastics in Europe 

stagnates at approximately 62 ∙ 106 metric tons.[12] With respect to their production volume, the material properties 

and hence the resulting market prize plastics can be distinguished into three different subtypes that include the so-

called commodities as well as engineering and high-performance plastics (Figure 1.3).[13, 14]  

 

 

Figure 1.3. Illustrations of common plastics according to their production volume in Europe in 2015.[13] Adopted from ref. [13].  

 

The group of stimuli-sensitive polymers are associated with these high-performance plastics and are often referred 

to as smart materials. Materials based on such kinds of polymers are able to respond to external stimuli which can 

be changes in the surrounding temperature, changes of the pH-environment, irradiation of the polymer or 

mechanical stress.[15, 16] The phosphorous-containing poly(vinylphosphonate)s belong to this group of intelligent 

materials and exhibit a thermoresponsive behavior which is characterized by their lower critical solution 

temperature (LCST).[17] 
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2 Theoretical Background 

 

2.1 Synthesis and Properties of Poly(vinylphosphonate)s 

 

Phosphorous-containing polymers are an abundant form of macromolecules in nature and are most prominently 

found as deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) in living organisms. These polymers consist of 

nucleoside units which are connected by phosphate groups.[18] However, the generation of these types of polymers 

via synthetic chemistry proves to be difficult because of the sensitivity of the phosphate linkages towards 

hydrolysis. As a result, the functional groups in synthetic, phosphorous-containing polymers are usually located 

remotely to the main chain which can be either accomplished by the ring-opening polymerization (ROP) of cyclic 

monomers (Figure 2.1, a) or through the chain growth polymerization olefinic monomers (Figure 2.1, b).[17] 

 

 

Figure 2.1. Generation of phosphorous-containing polymers via a) ring-opening polymerization of polar phosphates, 
phosphonates or phostones and b) chain-growth polymerization of unsaturated monomers.[17] Adapted with permission from 
Ref. [17]. Copyright 2016 American Chemical Society. 

 

By synthetic means the use of cyclic monomers is most widespread and enables the generation of phosphorous-

containing polymers. Cyclic phosphate esters which are derived from condensation of 2-chloro-1,3,2-

dixoaphospholane-2-oxide with a plethora of alcohols set the foundation for numerous macromolecular 

substances.[17, 19-23] In this research field the group of Wurm achieved great progress in the polymerization of 

phosphonates and phosphates via ROP,[24, 25] olefin metathesis,[26-29] and ring-opening metathesis 

polymerization.[30] Additionally, the group expanded this field by a substance class called poly(phostone)s which 

proved to have a greater stability towards hydrolysis than the analogue poly(phosphate)s and 

poly(phosphonate)s.[25] Materials that are obtained from vinylphosphonates are structurally related to polymers 

such as poly(methyl methacrylate) (PMMA) with a stable backbone. Similarly, they comprise repeated C-C bonds 

and the phosphonate ester as side groups adjacent to the main chain. These ester functions also remain stable up 

to temperatures between 240 and 280 °C. However, the generation of poly(dialkyl vinylphosphonate)s (PDAVP) 

remains a complex task.[17] 

 



Theoretical Background 

4 
 

2.1.1 Radical and Anionic Synthesis of Poly(vinylphosphonate)s 

 

Naturally, monomers with olefinic groups are commonly available through radical or ionic polymerization 

techniques. However, only few studies exist that solely focus on the radical or ionic polymerization of 

vinylphosphonates. In case of the radical polymerization the formation of stable radical species results in very low 

propagation rates and is accompanied by chain transfer reactions to the monomer and other polymeric species, 

which prevent the reaction from reaching full conversion and leads to materials with low molecular weights.[31] 

This side reaction is characterized by an intramolecular hydrogen transfer from the phosphonate ester to the 

primary vinyl radical. The novel radical can insert into a new monomer and an unstable P-O-C motif is formed 

over the course of the reaction. Eventually, the polymer chain is cleaved at the position of the thermally labile 

P-O-C bond (Scheme 2.1).[17]  

 

 

Scheme 2.1. Radical-induced generation of a labile P-O-C bond mediated by an intramolecular hydrogen transfer and 
subsequent chain scission of the poly(vinylphosphonate).[17] Adapted with permission from Ref. [17]. Copyright 2016 
American Chemical Society. 

 

To date diethyl vinylphosphonate (DEVP) has to be copolymerized with other vinylic monomers, i. e. styrene,[32-34] 

which is the most frequently used co-monomer in the conversion of DEVP, or acrylic monomers such as methyl 

methacrylate (MMA), vinyl acetate, acrylonitrile, or acrylamide. [34, 35] However, only low amounts of the 

phosphonate are incorporated in the copolymer during this process and, therefore, influence the material properties 

marginally. The approach of Jin et al. used cyclic ketene acetals to form copolymers from caprolactone and 

vinylphosphonic acid or dimethyl vinylphosphonate (DMVP), respectively.[36] At a first glance, the anionic 

polymerization turned out to be a more appropriate polymerization approach for this monomer class. It showed 

higher activities which resulted in better monomer conversions and polymers with higher molecular weights but 

does not come without limitations. The main issue for the anionic polymerization can be narrowed down to the 

presence of an acidic proton in the α-vinylic position which concludes in side and termination reactions with 

organolithium, magnesium, or aluminum compounds (Scheme 2.2).[17, 37]  

 

 



Theoretical Background 

5 
 

 

Scheme 2.2. Side reactions occurring during the anionic polymerization of vinylphosphonates: a) Deprotonation of the 
α-vinylic acidic proton. b) Nucleophilic substitution of a phosphonate-bound alcoholate. c) Nucleophilic attack at the β-vinylic 
position.[37] Reprinted with permission from Ref. [37]. Copyright 2012 John Wiley and Sons. 

 

Copolymerization attempts of the α-masked monomer dimethyl 1-methylvinylphosphonate with styrene were 

reported to be not successful using n-butyllithium (n-BuLi). The application of sodium naphthalene as initiator 

though facilitated the incorporation of the monomer in the polystyrene (PS) copolymer to some extent.[38] Back in 

2008, Jannasch and co-workers were able to graft PDEVP on polysulfones in the presence of n-BuLi and 

1,1-diphenylethylene (DPE) as co-initiator.[39] This co-initiator appears to be essential as the polymerization results 

of Leute and Bingöl were drastically improved by this approach because DPE reduces the nucleophilicity as well 

as the basicity of the initiator.[40, 41] The application of DPE also benefited the production of PS-b-PDEVP block 

copolymers via sequential anionic polymerization since the absence of DPE rendered both the co- and 

homopolymerization impossible.[42] These observations coincide with the polymerization results of DMVP and 

diisopropyl vinylphosphonate (DIVP) of similar studies.[43] Although many improvements were achieved in past 

decades, the anionic polymerization is still limited to low degrees of polymerization and broad molecular weight 

distributions (Ɖ > 3).[40, 43] The rare earth metal-mediated group transfer polymerization (REM-GTP) proved to be 

a much more efficient approach in the synthesis of poly(vinylphosphonate)s.  

 

2.1.2 Rare Earth Metal-Mediated Group Transfer Polymerization 

 

REM-GTP combines the beneficial properties of ionic and coordinative polymerization techniques, gives access 

to highly functional polymers, and allows the introduction of polymer chain-end groups.[17] Due to its living 

character REM-GTP exhibits a linear increase of the average molecular weight and yields well-defined materials 

with very narrow polydispersities (Ɖ < 1.1). This polymerization method derived its origin from the so-called silyl 

ketene acetal-initiated group transfer polymerization (SKA-GTP) which was established by Webster and co-

workers at DuPont in the 1980s.[44] This living-type polymerization is characterized by a linear increase of the 

molecular weights with the monomer conversion and gives access to block copolymers by sequential addition of 

the Michael-type monomers.[17] In 1992 this concluded in the work of Yasuda and Collins and Ward who used 

metallocene catalysts in the polymerization of MMA in independent publications and, hence, defined the general 

framework for REM-GTP.[45, 46] While Yasuda used neutral samarocenes like [(C5Me5)2SmH]2, Collins and Ward 

employed an isoelectronic zirconocene catalyst. Such catalyst motifs enabled the generation of highly syndiotactic, 
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high-molecular-weight PMMA with a very narrow molecular weight distribution (Ɖ < 1.05).[46, 47] 

Crystallographic analysis of the samarocene-MMA adduct [(C5Me5)Sm(MMA)2H] confirmed a propagation via 

an ester enolate and corroborated mechanistic proposals which suggested a repeated conjugate addition.[45] In a 

first step the hydrido-bridged dimer dissociates upon the coordination of one MMA molecule (Scheme 2.3, a). 

After formation of the ester enolate through a 1,4-addition of the hydride to MMA, the free coordination site is 

occupied by a new monomer. The ester enolate inserts into the new monomer again via a 1,4 addition under 

formation of an eight-membered transition state (Scheme 2.3, b). Subsequently, the coordinating ester is repeatedly 

replaced by a new MMA molecule and inserted via the same reaction mechanism resulting in the eight-membered 

transition state again (Scheme 2.3, c).[17]  

 

 

Scheme 2.3. Yasuda-type REM-GTP of MMA: a) Dissociation and coordination of MMA. b) Hydride transfer to MMA and 
formation of the eight-membered transition state. c) Repeated conjugate addition of MMA.[17] Adapted with permission from 
Ref. [17]. Copyright 2016 American Chemical Society. 

 

The cationic zirconocene catalysts follow the same propagation pathway but also require co-catalysts which can 

affect the polymerization activity and stereoselectivity.[46, 48, 49] For the polymerization of (meth)acrylates trivalent 

rare earth metals in the oxidation state +III are usually preferred because complexes based on these metal centers 

are reasonably stable, show high activities and are able to initiate the polymerization by a nucleophilic attack on 

the acrylic monomer. As described the formation of defined poly(vinylphosphonate)s by classical radical and 

anionic polymerization strategies remained an unresolved task. However, vinylphosphonates such as DEVP 

strongly resembles other Michael-acceptor monomers (i. e. MMA, 2-vinylpyridne (2VP), or 2-isopropenyl-2-

oxazoline (IPOx)) in structure as well as in their electronic properties (Figure 2.2).[17]  

 

 

Figure 2.2. General structure and examples for typical Michael-type monomers and corresponding zwitterionic resonance 
structure.[17] 
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Rieger and co-workers took advantage of this resemblance and were able to generate high-molecular-weight 

PDEVP in a very controlled fashion with rare earth metallocenes of the type Cp2LnX (Ln = Gd-Lu; X = Cp, Me, 

CH2TMS, Cl).[50, 51] Copolymerization attempts with DEVP and MMA substantiated a GTP-type polymerization 

mechanism. For the initiation, a nucleophilic transfer of a η1-coordinated Cp ligand to vinyl group at the β-position 

was proposed. In a similar fashion to the GTP of MMA, the free coordination site can be occupied by DEVP and 

then inserted via a conjugate addition during the propagation step (Scheme 2.4).[50, 51] 

 

 

Scheme 2.4. Postulated mechanism for the polymerization of DEVP with Cp3Ln.[51] Reprinted with permission from Ref. [51]. 
Copyright 2011 American Chemical Society. 

 

As expected, the REM-GTP of dialkyl vinylphsophonates (DAVP) showed a living behavior and led to products 

with much higher degrees of polymerization and narrow molecular weight distributions. These initial studies have 

already reported a strong influence of the metal center on the polymerization characteristics. Hence, decreasing 

ionic radii (Dy > Tm > Yb > Lu) were beneficial for the polymerization rate and led to higher initiator efficiencies 

as well as lower polydispersities. Therefore, the polymerization mechanism with special focus on the initiation, 

kinetic aspects of the polymerization, the influence of the central metal atom, and the surrounding ligand sphere 

were studied in-depth. 

Peculiarly, chlorido ligands are able to initiate the polymerization of DAVPs which is impossible in the REM-

GTP of other Michael-type monomers due to their low nucleophilicity. Moreover, a complex reaction network is 

caused by the interaction of the strongly basic ligands with the α-acidic proton. As a result, nucleophilic transfers, 

deprotonation of the α-acidic hydrogen, or ligand exchanges can start the polymerization (Scheme 2.5).[52] 

 

 

Scheme 2.5. Complex initiation network of Cp2LnX complexes in the REM-GTP of DAVP.[52] Adapted with permission from 
Ref. [52]. Copyright 2013 American Chemical Society. 

 

To obtain a more cohesive view on the initiation process, Cp2LnX complexes were treated with diethyl 

ethylphosphonate (DEEP) which was used as a surrogate for DEVP since it had a similar steric demand but is not 

polymerizable due to the absence of the olefinic group. These experiments showed a monomer-induced ligand 

exchange which led to an equilibrium between the original species Cp2LnX(DEEP), Cp3Ln(DEEP), and 
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CpLnX2(DEEP)n (Scheme 2.6). Furthermore, the Cp3Y(DEEP) complex as well as Cp2LnCl(DEVP) species were 

isolated and analyzed by crystallography. The crystal structures showed a coordination via the oxygen and not the 

vinyl group of the monomer. In case of the DEVP adduct a S-cis conformation with a pronounced π-overlap 

(torsion angles O=P-C=C of -10.14° and 10.47°) was retained.[52] These structural characteristics meet the key 

feature for the polymerizability of a Michael-type monomer by a repeated conjugate addition or GTP, 

respectively.[48, 50] 

 

 

Scheme 2.6. Equilibrium of the DEEP-induced ligand exchange starting from Cp2LnX(DEEP).[52] Reprinted with permission 
from Ref. [52]. Copyright 2013 American Chemical Society. 

 

The kinetic investigations with DEVP were performed with Cp3Tm to determine the reaction order of the 

polymerization. [Cp2Y(StBu)]2 was used as catalyst for the investigation of the sterically more demanding DIVP. 

In both cases the reaction orders of the catalyst as well as of the monomer were determined to be n = 1 which 

means that the propagation mechanism is independent from the steric demand of the monomer.[52] However, these 

experiments did not explain the strong dependence between the ionic radii of the metal centers and the 

polymerization activity. As mentioned earlier, a reduction of the radius of the central metal atom was accompanied 

by an increase in activity and better initiator efficiencies. Consequently, temperature-dependent kinetic studies 

were performed to determine the activation enthalpy ΔH‡ and entropy ΔS‡. These experiments demonstrated that 

ΔH‡ is not affected by the metal center. Hence, ΔH‡ is neither influenced by the Lewis acidity of the central metal 

atom and the corresponding strength of the Ln-(O=P) bond nor by the size of the lanthanide and the effective ring 

strain of the eight-membered metallacycle.[17, 52] As a consequence, the activation barrier ΔG‡ results from a change 

in the entropy term -TΔS‡ which behaves proportional to the ionic radii of the respective lanthanides. Therefore, 

changes of the steric demand of the side chains and the crowding at the metal center within the pentacoordinated 

intermediate define the activation entropy. It was observed that smaller metal centers led to a more constraint 

eight-membered metallacycle (shorter Ln-Cp, Ln-(O-P), and Ln-(O=P) bonds) and thus a destabilization of the 

propagation ground state and a longer Ln-(O=P) phosphonate. Furthermore, the GTP activity is mainly influenced 

from the steric demand of the growing polymer chain, which destabilizes the transition state by entropic and also 

enthalpic effects.[52, 53] Ultimately, these studies concluded a Yasuda-type, monometallic propagation for the REM-

GTP of vinylphosphonates with rare earth metal complexes as catalysts. The rate-determining step of this reaction 

is the associative exchange of the coordinating polyphosphonate ester with a new monomer (Scheme 2.7).[17, 52]  
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Scheme 2.7. Mechanism for the propagation of DAVPs via REM-GTP.[52] Adapted with permission from Ref. [52]. Copyright 
2013 American Chemical Society. 

 

To that date, only non-metallocenes of the type Ln(NSiHMe2)3(THF)2 were explored in the polymerization of 

DEVP, but obtained materials with high Ɖ’s at low conversions.[40] Consequently, in-depth studies on the steric 

influence of the ligand sphere gave advanced insights into this topic. First experiments with Cp3Y and 

(C5MeH4)3Y(THF) already showed strong improvements in terms of the initiation period, polymerization time and 

initiator efficiency. The structural analogue (C5H4TMS)3Y is also able to start the REM-GTP of DEVP without an 

initiation delay. However, it exhibited a lower activity which was explained by the higher steric demand of the 

TMS group. The densely crowded complex (C5Me4H)3Y showed the best initiator efficiency (IE) (86%) and the 

lowest polydispersity (Ɖ = 1.05).[54] These basic experiments were complemented by studies on the 

thermodynamic parameters ΔH‡ and ΔS‡. Surprisingly, the complexes (C5MeH4)3Y(THF) and (C5H4TMS)3Y 

shared the same activation enthalpy ΔH‡. Hence, deviations in activity were accounted to entropic reasons due to 

changes in the substitution pattern of the Cp ligands. This observation was explained with the high rotational 

freedom of the mono-substituted cyclopentadienyl group which has to be oriented with the highest spacious 

distance to compensate the steric demand of the crowded pentacoordinated intermediate (Figure 2.3, left).[54] 

Temperature-dependent activity measurements with (C5Me4H)3Ln (Ln = Sm, Tb, Y) showed an increase of the 

activation enthalpy since the tetramethyl-substituted ligands are unable to rearrange with maximum distance to the 

active center. This leads to prolonged Ln-(O-P) and Ln-(O=P) bonds to counteract the steric demand of the ligands 

towards the eight-membered metallacycle (Figure 2.3, right).[54] 

 

 

 

Figure 2.3. Orientation of the trimethylsilyl- and the tetramethyl-substituted Cp ligand of a rare earth metal complex during 
the pentacoordinated intermediate.[54] Adapted with permission from Ref. [54]. Copyright 2016 American Chemical Society. 
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2.1.3 C-H Bond Activation with Rare Earth Metal Complexes 

 

As depicted in Scheme 2.5 the initiation step of the GTP of DAVPs proceeds via a complex reaction network 

consisting of different, competing reactions (deprotonation, nucleophilic transfer and ligand exchanges) and delay 

the initial monomer insertion. Studies of Collins and co-workers investigated ester enolates in the zirconocene-

mediated GTP to improve initiator efficiencies and reduce the initiation delay which were observed with alkyl 

initiators.[55] Accordingly, Rieger et al. followed a similar approach and envisioned ester- and enamide-based rare 

earth metallocenes for REM-GTP to have the desired properties for the initiation. However, these complexes were 

inaccessible by protonolysis with a variety of α-CH acidic reagents. Even at elevated temperatures no controlled 

formation was observed which was attributed to a strong kinetic limitation.[56] Beyond that rare earth metals as 

well as transition metals with a d0 electron configuration are prevented from forming new bonds via an oxidative 

addition due to a lack of electrons. In spite of that, σ-bond metathesis represents an attractive approach to generate 

new bonding motifs via intramolecular C-H bond activations of suitable substrates while the oxidation state of the 

metal is retained.[57, 58] Generally speaking, H-H (hydrogen), C-H, and C-C bonds are able to be activated by 

hydrogenolysis or alkanolysis, respectively. The reaction proceeds as a (2σ+2σ) cycloaddition via a four-membered 

transition state whereby a concerted exchange of a metal ligand and the substrate σ-bond takes place 

(Scheme 2.8).[59, 60] 

 

 

Scheme 2.8. Hydrogenolysis and alkanolysis through σ-bond metathesis.[59] 

 

As shown by Teuben et al., group 3 elements show high activity in the σ-bond metathesis and C-H bond activation 

experiments were successfully performed with pyridines, other heteronuclear compounds, and internal alkynes.[61] 

Mashima and co-workers used this approach for the introduction of chain end moieties in the polymerization of 

2VP. In their work, alkylyttrium compounds facilitated the C-H bond activation of non-classical CH-acidic 

substrates such as 2,4,6-trimethylpyridine (sym-collidine) (1), phenylpyridine or 1-trimethylsilyl-1-propyne.[62] 
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Scheme 2.9. C-H bond activation of various, non-classical CH-acidic compounds using alkylyttrium complexes by Mashima 

et al.[62] Adapted with permission from Ref. [62]. Copyright 2011 American Chemical Society. 

 

The applicability of this approach with rare earth metallocenes was successfully verified by treating 

Cp2Y(CH2TMS)(THF) (2) with sym-collidine (1) which yielded the desired complex Cp2Y(CH2(C5H2Me2N)) (3) 

after only 30 minutes in quantitative yield (Scheme 2.10).[56] Both, the in situ generated as well as the isolated 

complex showed the same high activity and molecular weights in the REM-GTP of DEVP. In the same fashion, 

the lutetium complex was treated with initiator 1 but required a prolonged reaction time of 24 hours and 

purification by recrystallization rendering the in situ approach inadequate for the smaller lutetium center.[17, 56] 

 

 

Scheme 2.10. C-H bond activation of sym-collidine (1) with Cp2Y(CH2TMS)(THF) (2).[56] Reprinted with permission from 
Ref. [56]. Copyright 2015 American Chemical Society. 

 

The polymerization with the highly active Cp2Y(CH2(C5H2Me2N)) (3) exhibited a living character, a linear growth 

of the molecular weight with the conversion and good initiator efficiencies. PDEVP produced with 3 showed 

narrow molecular weight distributions (Ɖ = 1.05).[17, 56] 
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Figure 2.4. Conversion-time plot of the REM-GTP of DEVP with catalyst 3 (left) and conversion-dependent plot of the 
molecular weights Mn and corresponding polydispersites Ɖ (right).[56] Reprinted with permission from Ref. [56]. Copyright 
2015 American Chemical Society. 

 

Moreover, the kinetic study ruled out the presence of an initiation delay. Likewise, the lutetium catalyst showed 

no initiation period but a considerably lower IE, which was led back to the formation of a stable dimer. End-group 

analysis by electrospray ionization mass spectrometry (ESI-MS) of DEVP oligomers further confirmed the 

selective incorporation of the initiator at the chain end of the polymer and ruled out competing reactions, i.e. 

deprotonation. Crystallographic analysis of Cp2Y(CH2(C5H2Me2N)) (3) revealed a partial double bond character 

of the methylene group. Therefore, the pyridyl ligand can coordinate via a carbanion or an enamine (Figure 2.5).[56] 

 

 

Figure 2.5. Mesomeric structures of the carbanionic and the enamine form.[56] Adapted with permission from Ref. [56]. 
Copyright 2015 American Chemical Society. 

 

Mechanistic considerations on the initiation process propose a nucleophilic transfer of the pyridine ligand which 

is in accordance with the experimental data. The insertion of the first monomer may proceed via a six-membered 

or an eight-membered transition state (Scheme 2.11).[56] 

 

 

Scheme 2.11. Proposed initiation mechanism for DEVP using species 3.[56] Adapted with permission from Ref. [56]. Copyright 
2015 American Chemical Society. 

 

As a result of the high flexibility of this activation approach, rapid progress was made in this field and polymers 

with selectively introduced, functional end-groups as well as new polymer topologies were accessible. In specific, 

bipyridine-based initiators were used in the synthesis of AB block copolymers (A: 2VP, B: DEVP) and later 

functionalized with Re(CO)5Cl for the reduction of CO2 to CO.[63] Moreover, the binuclear initiator 2,3,5,6-
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tetramethylpyrazine (TMPy) enabled the synthesis of BAB block copolymers which formed defined micelles in 

aqueous solution and proved to be promising candidates for drug delivery.[64] Besides, the C-H bond activation of 

multinuclear initiators with complex 2 also gave access to novel, functional three-arm star-shaped polymers 

generated from IPOx and DEVP.[65] 

 

2.2 GTP-Polymers as Functional Materials  

 

2.2.1 Post-Polymerization Functionalization of Poly(vinylphosphonate)s 

 

The application of these C-H bond activated catalysts in REM-GTP not only allows to control the (co)polymer 

architecture but also the introduction of reactive groups that can be selectively modified via post-polymerization 

functionalization. One efficient approach, which was explored by our group, focused on the end-group 

functionalization of PDEVP via thiol-ene click chemistry. 

 

2.2.1.1 Thiol-Ene Click Chemistry 

 

Among many other reactions, the conversion of thiols with unsaturated carbon-carbon bonds to respective 

thioethers is one example for the so-called click chemistry. Being efficient transformations with a high atom 

economy and often quantitative yields, good regio- and stereospecificity, and a high resistance towards oxygen 

and moisture are typical features of click reactions. Besides, click reactions are performed under mild conditions 

and are often orthogonal to other organic transformations. These reasons rendered click reactions to be a potent 

tool in (bio-)organic and pharmaceutical chemistry because they allow the introduction of new functional moieties 

and formation of new bonding motifs, respectively, in usually highly complex target molecules.[66-68] The term 

click chemistry is most prominently attributed to the Cu(I) catalyzed 1,3-dipolar cycloaddition of azides and 

alkynes, also known as copper-catalyzed azide-alkyne click reaction or CuAAC and was established by Sharpless 

and co-workers. The CuAAC leads to the formation of 1,2,3-triazols and emerged originally from the work of Rolf 

Huisgen on 1,3-dipolar cycloadditions.[66, 67, 69] Besides, Diels-Alder reactions are also considered to be click 

reactions and were used in the functionalization of surfaces and polymers.[68, 69] 

Consequently, thiol-ene click reactions attracted great attention in the past years because of being efficient and 

fast reactions.[68, 70] Because S-H bonds are comparatively weak, thiol-ene reactions can be initiated easily and 

performed under mild conditions. Generally, the reaction is distinguished into the free radical type and the thia-

Michael-type addition to electron-poor olefins. The radical-induced reaction can be either initiated thermally via 

the degradation of initiators such as azobis(isobutyronitrile) (AIBN) or photochemically by irradiation of 

photoinitiators, i.e. benzophenone or 2,2-dimethoxy-2-phenylacetophenone (DMPA). According to mechanistic 

studies the thioether formation proceeds via an alternating, two-step process which starts with the abstraction of a 

hydrogen atom from the mercapto group (Scheme 2.12). During the propagation step the thiyl radical adds to the 

unsaturated bond resulting in the sulfur-carbon bond. In the final step the product is generated by the abstraction 

of a hydrogen atom from a new thiol molecule initiating the reaction cycle again.[66, 68] 
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Scheme 2.12. Reaction cycle of the radical-induced thiol-ene reaction.[68]  

 

Thiol-ene reactions are exotherm and highly selective towards the thioether formation since no 

homopolymerizations of the olefinic monomers were observed. Moreover, a strong relation with the steric demand 

of the used olefin and thiol was detected. Hence, 1,2-disubstituted olefins were found to have a reduced reaction 

rate and showed a reversible addition of thiyl radical to the olefin. For less reactive olefins the propagation step is 

slower and becomes rate-determining.[66, 71]  

In general, acceptor-substituted olefines are not favored in the radical thiol-ene chemistry due to a lower reactivity 

related to electron deficiency of the substrate and the stabilization of the radical.[68] Michael-acceptors, however, 

are convertible through the thia-Michael variation. For this reaction, either weak bases such as triethylamine or 

nucleophilic catalysts, usually phosphines, are suitable to promote high conversions. In case of the base-mediated 

route the thiolate anion is formed which then attacks the acceptor-olefin at the β-position of the double bond 

resulting in the respective enolate. The related carbanion deprotonates a thiol again which yields the product or 

the ammonium ion releasing the base in the course (Scheme 2.13, a). Employing phosphines the olefin is directly 

transferred into the carbanion and able to deprotonate the thiol (Scheme 2.13, b).[66, 68] 

 

 

Scheme 2.13. Reaction cycle of the base- or nucleophile-mediated thiol-ene reaction. Initiation via deprotonation of thiol or 
addition of a phosphine to acceptor olefin.[68]  
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2.2.1.2 Polymer Functionalization via Thiol-Ene Click Chemistry 

 

In the literature a plurality of studies can be found that take advantage of the positive characteristics of these click 

reactions. Some of these are exemplarily presented in the following section to give an impression of the scope for 

the polymer functionalization via thiol-ene click chemistry. Campos et al. used the orthogonality of the CuAAC 

towards the thiol-ene chemistry to their advantage. Prior to the functionalization styrene was polymerized via 

atom-transfer radical polymerization (ATRP) using an alkyne-functionalized ATRP-initiator. Afterwards, the 

bromo function was substituted with sodium azide to obtain the asymmetrically chain-end functionalized 

polystyrene. This substrate was treated in a photo-radical thiol-ene reaction with thioglycolic acid followed by the 

conversion of the azide with propargyl alcohol. The same reaction was also successfully performed in the opposite 

order (Scheme 2.14).[72] 

 

 

Scheme 2.14. Two pathways for the formation of telechelic polystyrene by use of the orthogonal thiol-ene coupling of 
thioglycolic acid and CuAAC with propargyl alcohol.[72] 

 

Hvilsted and co-workers tested a similar approach in the functionalization of telechelic poly(ε-caprolactone) 

(PεCL) which consisted of an alkene and an alkyne end-group. The ROP of εCL was performed with hex-5-yn-1-

ol in the presence of Sn(Oct)2 as catalyst. The hydroxyl chain-end was masked with 4-pentonic acid to insert the 

alkene end-group. First the alkynyl group was converted via CuAAC and followed by the photochemically-

induced conversion of the double bond with thiocholesterol and DMPA (Scheme 2.15).[73] 
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Scheme 2.15. Generation of telechelic PεCL via orthogonal CuAAC and subsequent conjugation of thiocholesterol.[73] 

 

A tailor-made initiator was designed by Rieger et al. who used 2,6-dimethyl-4-(4-vinylphenyl)pyridine (4) in the 

C-H bond activation with Cp2Y(CH2TMS)(THF) (2). In the same fashion as sym-collidine, the in situ activated 

complex (5) polymerized DEVP via REM-GTP in a controlled way (Ɖ = 1.01-1.09) and incorporated the vinyl 

group-bearing initiator in the polymer chain which was confirmed by ESI-MS. In the following, the obtained 

polymers were coupled with thiocholesterol and cysteamine-hydrochloride at the terminal double bond and in case 

of the cysteamine conjugate further modified with folic acid to form the polymer-biomolecule conjugate 

(Scheme 2.16).[74] 

 

 

Scheme 2.16. Formation of biomolecule-polymer conjugates from end-group functionalized PDEVP with thiocholesterol or 
cysteamine and activated folic acid.[74] Adapted with permission from Ref. [74]. Copyright 2018 The Royal Society of 
Chemistry. 

 

Obviously, this reaction is not limited to chain-end modifications but also side group transformations. On that 

score Chen and co-workers generated highly isotactic poly(allyl methacrylate) (it-PAMA) with chiral, ethylene-

bridged ansa-zirconocences. Irradiation at λ = 350 nm in the presence of DMPA facilitated the conversion of 

it-PAMA with 1-adamantanethiol or 4-tert-butylbenzyl mercaptan. Additionally, it-PAMA was cross-linked with 

1,6-hexanedithiol to yield a flexible, translucent material (Scheme 2.17).[75] 
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Scheme 2.17. Side-group modification and cross-linking with 1,6-dithiohexane of it-PAMA by thiol-ene click chemistry.[75] 

 

Wooley and co-workers synthesized block copolymers with a polyphosphoester (PPE) block consisting of alkyne 

side groups and poly(L-lactic acid) (PLLA) by sequential ring-opening polymerization of 2-(but-3-yn-1-yloxy)-2-

oxo-1,3,2-dioxaphospholane (BYP) and L-lactic acid (Scheme 2.18, top). These precursors were employed in the 

thiol-yne reactions with either 3-mercaptopropanoic acid or cysteamine-hydrochloride to yield anionic or cationic 

PPE-b-PLLA, respectively (Scheme 2.18, bottom).[19] The biodegradable, anionic copolymers formed well-

defined, spherical micelles in aqueous solution and were able to be loaded with silver-based antimicrobials. 

Release studies were performed in vitro to evaluate these novel carriers regarding their antimicrobial activity.[76] 
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Scheme 2.18. Sequential ring-opening polymerization of BYP and LLA (top) and post-polymerization functionalization via 
photo-induced thiol-yne chemistry with 3-mercaptopropanoic acid or cysteamine-hydrochloride (bottom).[19, 76] 
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In a similar fashion these studies were complemented with bifunctional AB block PPEs which were generated 

from BYP and 2-ethylbutyl phospholane. Likewise, the resulting copolymers were modified via thiol-yne 

chemistry with different, charged and non-charged thiols. The amphiphilic copolymers were able to form micelles 

featuring predefined surface charge types.[23] 

 

2.2.1.3 Side Group Functionalization of Poly(vinylphosphonate)s 

 

This kind of side group functionalization was also utilized in the generation of defined, stable nanospheres from 

ABB’-type block copolymers for the application as drug delivery carriers. REM-GTP enabled the sequential 

polymerization of 2VP (A), DEVP (B) and diallyl vinylphosphonate (DAlVP) (B’) and, hence, allowed the 

selective introduction of allyl moieties. The dual-responsive nanocarriers were obtained via shell cross-linking of 

the DAlVP block with 3,6-dioxa-1,8-octanedithiol (6) via a thermally induced thiol-ene reaction (Scheme 2.19) 

and exhibited diameters of 35-66 nm according to analysis by dynamic light scattering (DLS). Besides, the 

nanocarriers formed independently from concentration effects and did not exhibit a critical micelle concentration 

(CMC) as the micellar pendants.[77] 

 

 

Scheme 2.19. Cross-linking of ABB’ block copolymers (A: 2VP, B: DEVP, B’: DAlVP) via thiol-ene click reaction with 3,6-
dioxa-1,8-octanedithiol (6).[77] Reprinted with permission from Ref. [77]. Copyright 2018 The Royal Society of Chemistry. 

 

Interestingly, the particle size showed strong dependence on the P2VP block length but was not affected by the 

PDEVP block.[77] The initial motivation and potential of poly(vinylphosphonate)-based delivery vehicles will be 

discussed in detail in section 2.2.3, as these nanoparticles represent the latest iteration of our nanocarriers.  
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Apart from thiol-ene chemistry, it is also feasible to perform polymer-analogous reactions with the phosphonate 

esters. Early studies of our group focused on the generation of poly(vinylphosphonic acid) (PVPA), which 

evidently is inaccessible via REM-GTP due to its acidic nature of the vinylphosphonic acid. One simple approach 

was the thermal treatment of both PDEVP and PDIVP which facilitated the cleavage of the ester functions 

(Scheme 2.20, top).[51] At 280-340 °C a sharp transition was found for PDEVP by thermogravimetric analysis with 

a mass loss that corresponds well to the release of ethylene as elimination product. Traces of ethanol and diethyl 

ether were detected by mass spectrometry as well. For PDIVP such a transition was observed after reaching a 

temperature of 245-270 °C, with propylene being the only cleavage product. Further heating to temperatures above 

460-520 °C indicated the degradation of the polymer backbone. Hence, tempering of PDEVP and PDIVP at 350 °C 

for 30 minutes yielded PVPA.[51] 

One alternative approach by Wagner et al. utilized trimethylsilyl bromide (TMSBr) as a mild cleaving agent in the 

saponification of PDIVP.[43] Accordingly, the approach was adopted for PDEVP: In a two-step process the ethyl 

ester was transferred into its TMS equivalent with TMSBr and subsequently hydrolyzed with acidified methanol 

to yield PVPA in high conversions. Moreover, it was possible to transesterify the silyl ester in the presence of 

tetrabutylammonium fluoride (TBAF) and an alkyl halide (Scheme 2.20, bottom).[51] 

 

 

Scheme 2.20. Thermal treatment of PDEVP and PDIVP to PVPA and TMSBr-mediated formation of PVPA by hydrolysis or 
transesterification with TBAF and an alkyl halide.[51] 

 

However, this route appeared impractical for a quantitative conversion of the ester functions as TBAF had to be 

added in stochiometric amounts relative to the ester motifs rendering the consecutive purification impossible.[51] 

Nevertheless, partial transesterification of the side chains with TMSBr, TBAF, and 1-(bromomethyl)pyrene proved 

to be a viable route towards fluorescent poly(diethyl vinylphosphonate)s (Scheme 2.21) with the polymerizations 

of these being initiated with 2,6-dimethyl-4-(4-vinylphenyl)pyridine (4). In the same fashion as described in 

chapter 2.2.1.2, the fluorescent derivatives were modified with thiocholesterol or folic acid and characterized with 

respect to their photophysical properties. Moreover, in vitro localization studies with the endothelial cell line 

HMEC-1 detected the conjugates at different positions in cells. While the folic acid conjugate was internalized 

into the cell, the cholesterol conjugate was found in the cell membrane.[78]  
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Scheme 2.21. Synthesis of fluorescent PDEVP via partial transesterification of the ethyl esters with TMSBr, TBAF, and 1-
(bromomethyl)pyrene.[78] Reprinted with permission from Ref. [78]. Copyright 2018 John Wiley and Sons. 

 

2.2.2 Thermoresponsive Behavior of Poly(vinylphosphonate)s 

 

In combination with this set of different organic transformations, REM-GTP manifests as a facile method for the 

tailoring of complex materials with intrinsic material properties such as the pH-sensitivity of P2VP or the 

temperature-responsive behavior of PDEVP and complex biological moieties introduced by post-polymerization 

functionalization.  

Basically, the complexity of the poly(vinylphosphonate)s is already reflected in their solution properties. While 

the hydrophilic poly(dimethyl vinylphosphonate) (PDMVP) dissolves almost exclusively in water, poly(di-iso-

propyl vinylphosphonate) (PDIVP) favors organic solvents because of its hydrophobic iso-propyl groups. Between 

these two extremes PDEVP stands out due to its amphiphilic behavior and shows good solubility in both, water 

and organic solvents. As a result, PDEVP features a temperature-dependent solubility in aqueous media which is 

represented by its lower critical solution temperature (LCST). Upon reaching the cloud point Tc = 40-46 °C 

aqueous solutions of PDEVP exhibit a sharp and reversible transition.[17, 51, 53] 

 

 

Figure 2.6. Phase transition of an aqueous PDEVP solution upon heating.[51] 

 

The LCST of PDEVP can be affected by varying parameter such as the polymer concentration or the molecular 

weight. Higher concentrations result in a lower Tc and sharper phase transitions. Likewise, an increase of the 

molecular weight is accompanied by a decrease of the LCST.[51] Moreover, the cloud points of the 

poly(vinylphosphonate) can be precisely tuned in a temperature range from 5-92 °C via the statistical 

copolymerization of DEVP with DMVP or di-n-propyl vinylphosphonate (DPVP) in order to increase or decrease 

the LCST, respectively. Copolymers with DMVP as hydrophilic component result in higher cloud points while the 

incorporation of hydrophobic DPVP shows the opposing trend (Figure 2.7).[53] 
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Figure 2.7. Determination of the cloud points of P(DEVP-DPVP) (0-35 °C), PDEVP (42 °C), and P(DEVP-DMVP) (50-95 °C) 
copolymers in aqueous solution (1.0 wt%).[17] Adapted with permission from Ref. [17]. Copyright 2016 American Chemical 
Society. 

 

Interestingly, the hydrophobic as well as the hydrophilic copolymers showed a linear correlation between the 

measured LCST and the copolymer composition (Figure 2.8).[53] 

 

 

Figure 2.8. Linear dependence of the LCST from the polymer composition of P(DEVP-co-DPVP) and P(DEVP-co-DMVP).[53] 
Reprinted with permission from Ref. [53]. Copyright 2012 American Chemical Society. 

 

A follow-up study took advantage of this dependence and generated micelles with a tunable LCST. In the same 

fashion as above, a hydrophobic P2VP section was combined with a thermoresponsive DAVP block for which 

DEVP was either copolymerized with DIVP or DMVP.[79]  

This solution-dependent behavior can be explained by understanding the events that are taking place on the 

microscopic level. Below its cloud point the polymer chains exist as random coils in aqueous solution and are 

solvated by water. Upon reaching the cloud point the macromolecules perform a so-called coil-to-globule 

transition and precipitate in form of compact particles due to the release of the hydrating water molecules 

(Figure 2.9).[80] 
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Figure 2.9. Illustration of the coil-to-globule transition of a thermoresponsive polymer.[80] Reprinted with permission from 
Ref. [80]. Copyright 2012 Elsevier. 

 

Characterization of concentrated solutions of PDEVP in water (30 wt%) via dynamic scanning calorimetry (DSC) 

corroborated such a transition. During heating a pronounced endothermic transition was observed which was 

associated with a break-up of the hydrogen bonds between water and the solubilized polymers. On the contrary, 

cooling of the polymer solution was accompanied with an exothermic process.[53]  

With respect to a potential application of poly(vinylphosphonate)s in biological and biomedical areas the 

solubilizing media (blood plasma, cell media) usually contain salts and buffers as additives. Hence, the phase 

transition of P(DEVP0.89-co-DPVP0.11) was investigated in the presence of either phosphate-buffered saline (PBS), 

fetal calf serum (FCS) or sodium chloride and calcium chloride. Exemplarily for sodium chloride, a decreased 

cloud point Tc was observed which originates from a salting-out effect because the polymer chains are partially 

dehydrated leading to a decrease by as much as 3 °C (cNaCl = 0-10 mg mL-1).[53, 81] 

 

 

Figure 2.10. Determination of the LCST of P(DEVP0.89-co-DPVP0.11) (1.0 wt%) in aqueous solution at different NaCl 
concentration upon heating. Inset: Determination of the cloud points of P(DEVP0.89-co-DPVP0.11) (1.0 wt%) in deionized water, 
PBS, and FCS medium upon heating.[53] Reprinted with permission from Ref. [53]. Copyright 2012 American Chemical 
Society. 

 

2.2.3 Application of Poly(vinylphosphonate)s in Drug Delivery 

 

In this context it seemed natural to incorporate poly(vinylphosphonate)s in stimuli-responsive drug delivery 

vehicles. With the motivation to create such multi-responsive nanocarriers our group took advantage of the living 

character of REM-GTP and developed novel BAB block copolymers from 2VP and DEVP.[64] Intriguingly, these 

copolymers formed stable and highly defined micelles in water as shown by DLS and transmission electron 
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microscopy (TEM). The loaded micelles also revealed a strong response towards a lower pH and elevated 

temperatures in release experiments with fluorescein (Figure 2.11, left) and proved to be very attractive for the 

delivery of anti-cancer agents. Due to that reason the uptake of the micellar carriers into HeLa cells was conducted. 

Incubation of the cells with Nile red-loaded micelles gave proof for the internalization and the cargo release from 

the micelles as these experiments demonstrated a cytosol-located fluorescence (Figure 2.11, right) which was 

caused by the interaction of Nile red with free cytosolic lipids.[64, 82]  

 

 

Figure 2.11. Exemplary illustration of the micelle properties (cumulative release under varying conditions, determination of 
the CMC, TEM image and DLS measurement) (left) and studies on the cellular uptake of Nile red-loaded micelles (right).[64] 
Reprinted with permission from Ref. [64]. Copyright 2016 John Wiley and Sons. 

 

Moreover, cell viabilities studies substantiated the micelles to be highly biocompatible even at a concentration of 

1 mg mL-1 of the non-loaded micelles. In subsequent localization studies HeLa cells were treated with doxorubicin 

(DOX)-loaded micelles and revealed the doxorubicin-associated fluorescence in the cytosol. After longer 

incubation times doxorubicin was also co-localized in the nuclei (Figure 2.12, left). Cell viability assays with 

DOX-loaded micelles corroborated these findings since considerably lower cell viabilities were observed for the 

DOX-loaded carriers compared to non-encapsulated doxorubicin (Figure 2.12, right).[64] 

 

 

Figure 2.12. Co-localization studies of DOX-loaded micelles after 3 h and 6 h of incubation with HeLa cells (left) and cell 
viabilities of DOX-loaded micelles (■) in comparison to non-encapsulated doxorubicin (■) (right).[64] Reprinted with 
permission from Ref. [64]. Copyright 2016 John Wiley and Sons. 

 

As a matter of fact, micelles form in a concentration-dependent manner and might lose their therapeutic efficacy 

as they are subjected to a high dilution after intravenous injection. Consequently, the micellar carriers can degrade 

and release their cargo prior to reaching the site of disease.[83, 84] To avoid such an issue our group designed 

covalently cross-linked nanocarriers. For that purpose, DAlVP as a third block was introduced which enabled a 

transformation of the unimers to stable, monodisperse particles (compare chapter 2.2.1.3, Scheme 2.19). In a 
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similar manner to the BAB micelles, release studies were performed with the nanoparticles under varying pH and 

temperature levels. The cumulative release of fluorescein from the carrier vehicles was improved significantly 

compared to neutral conditions at room temperature.  

Cell viability assays with MCF-7 and HeLa cell lines tested the toxicity of unloaded carriers as control experiments 

and their DOX-loaded equivalents. For each cell type a composition-dependent toxicity was observed as the 

nanoparticles featuring a 1:1 ratio (2VP/DEVP = 1/1) were less toxic than the nanoparticles comprising a 1:2 ratio 

(2VP/DEVP = 1/2). The treatment of the cells with the DOX-loaded carriers substantially decreased the cell 

growth at higher levels of doxorubicin (Figure 2.13).[77]  

 

 

Figure 2.13. Cell viability of MCF-7 cells after 24 h of incubation with the non-loaded (left; 0.08-5.00 mg mL-1) and the DOX-

loaded samples (right; 0.09-6.00 µg mL-1).[77] Reprinted with permission from Ref. [77]. Copyright 2018 The Royal Society of 

Chemistry. 

 

Fluorescence microscopy imaging localized the loaded nanocarriers at the nucleus of the MCF-7 cells after only 

one hour (Figure 2.14, A). Same results were also obtained with HeLa cells. Additionally, both cell lines were 

incubated with PBS, free doxorubicin or the loaded carriers and analyzed via fluorescence activated cell sorting 

(FACS) to obtain a statistical insight on the uptake dynamics. Already after 10 minutes a slight shift of the 

fluorescence curves was seen which indicated the successful uptake of the nanoparticles by the cells 

(Figure 2.14, B). Flow cytometry measurements including a three-hour incubation period detected an elevated 

uptake level according to the increases in the doxorubicin fluorescence.[77] For MCF-7 cells the uptake level of the 

nanoparticles after 10 minutes and three hours is illustrated in Figure 2.14, C. 
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Figure 2.14. Images of MCF-7 cells after incubation with the loaded nanoparticles and DOX for 1 h at 37 °C taken by 

fluorescence microscopy (left). Mean fluorescence intensities (MFI) of MCF-7 cells incubated with PBS (black), DOX (red) 

and the loaded nanoparticles (blue, green, orange) and a comparison of MFIs of HeLa and MCF-7 cells after incubation for 

10 minutes at 37 °C (right).[77] Reprinted with permission from Ref. [77]. Copyright 2018 The Royal Society of Chemistry. 

 

2.2.4 Copolymers derived from Poly(dimethylsiloxane)-based Macroinitiators 

 

As presented in chapter 2.2.3, REM-GTP represents a facile tool to form defined block copolymers but is limited 

to the application of α,β-acceptor-type monomers. However, the incorporation of non-Michael-type polymers such 

as poly(dimethylsiloxane) (PDMS) might yield novel materials with unprecedented properties as PDMS itself 

features a set of unique qualities due to its Si-O-Si linkage.[85] A high bond energy of 452 kJ mol-1 adds to an 

impressive thermal stability and renders silicone networks chemically inert.[86] Silicones exhibit low glass 

transitions temperatures Tg and very flexible polymer chains as the Si-O bond length (1.64 Å) is increased 

(compared to the C-O analogue (1.43 Å)). Moreover, a low torsion potential as well as an elevated Si-O-Si bond 

angle of 143° are experimentally verified.[85, 87] On a macroscopic scale these properties translate into a high 

hydrophobicity,[88, 89] unparalleled surface-active properties,[85, 87, 90] and a good biocompatibility.[88, 91] Hence, a 

diversity of application fields emerged, ranging from antifoaming agents[92] and medicinal uses,[93, 94] to soft 

lithography[95, 96] and the use in microfluidic devices.[97]  

Driven by these positive characteristics, a plurality of studies reports on the incorporation of PDMS into novel 

copolymers. This can be achieved, e.g. via polymer-polymer conjugations or with PDMS used as a macroinitiator 

for polymerization reactions. Polymer-polymer conjugations on the one hand can be performed by using efficient 

reactions such as thiol-ene click reactions,[98, 99] copper-free azide alkyne click couplings,[100] or 

hydrosilylation.[101, 102] On the other hand, ATRP represents the most widely used approach for which PDMS is 

usually functionalized with 2-bromo-2-methylpropanoyl bromide via condensation (Scheme 2.22, top).[103, 104] The 

modification of H-terminated PDMS via a hydrosilylation reaction represents a viable route as well (Scheme 2.22, 

bottom).[105]  
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Scheme 2.22. Preparation of PDMS macroinitiators for ATRP via condensation (top) or hydrosilylation (bottom).[103-105] 

 

Khoshdel et al. used this approach to generate copolymers from MMA, which exhibited microphase separation, or 

2-dimethylaminoethyl methacrylate, that resulted in water-dispersible PDMS,[105] while the group of Soucek 

polymerized 2-hydroxyethyl methacrylate to form macromolecules with a controlled microstructure.[103] He and 

co-workers generated defined triblock copolymers via ATRP of N,N-dimethylacrylamide. Modification of these 

copolymers with allylamine allowed the cross-linking with Si-H-bearing PDMS yielding amphiphilic co-networks 

with an excellent oxygen permeability and a good water uptake, thus being promising candidates for coatings for 

islet encapsulation.[106] Lyall et al. were able to generate diblock copolymers comprising a PEG-fluoroalkyl-

modified polystyrene compound to produce fluorine-containing coatings and evaluate their performance regarding 

fouling release with Ulva linza macroalgae.[107] Apart from ATRP other polymerization techniques are equally 

viable. Gonsalves et al. simply employed α,ω-hydroxypropyl-terminated PDMS in the ROP of L-lactide with 

Sn(Oct)2.[108] Moreover, the controlled copolymer synthesis via ROP of ε-caprolactone using triethylaluminum as 

catalyst was possible. Depending on the structure of the PDMS substrate used a variety of copolymer topologies 

were realized.[109] A rather exotic approach was taken by Pla and co-workers who developed a synthetic strategy 

towards PA12-b-PDMS-b-PA12 copolymers (Scheme 2.23). Hydroxyl-terminated PDMS was converted with 

4,4'-methylene diphenyl diisocyanate into the respective PDMS-diisocyanate and reacted with two equivalents of 

ε-caprolactam.[110] This macroinitiator was used in the anionic ROP of lauryl lactam to produce a variety of block 

copolymers. It was shown that the content of the soft and the hard block affected the thermal properties drastically. 
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Scheme 2.23. Synthesis of the PDMS macroinitiator modified with terminal ε-caprolactam motifs for the generation of 
PA12-b-PDMS-b-PA12 copolymers.[110] 

 

By turning PDMS into the respective silyl ketene acetal, also GTP becomes accessible (Scheme 2.24).[111] 

Exemplarily, Johnston et al. used such an initiator in the GTP of tert-butyl methacrylate which was hydrolyzed 

into the free methacrylic acid derivative. These copolymers were investigated as stabilizing agent for dispersion 

polymerizations in supercritical CO2.[112] 

 

 

Scheme 2.24. Synthesis of a PDMS-poly(methacrylic acid) block copolymer starting from a GTP macroinitiator.[111]  

 



Aim of this Thesis 

28 
 

3 Aim of this Thesis 

 

In 2010 Rieger and co-workers succeeded in the generation of high molecular-weight PDEVP via REM-GTP using 

lanthanide-based polymerization catalysts.[50] Since this breakthrough, the polymerization process of 

vinylphosphonates[51, 52, 54, 56] as well as their material properties were investigated in detail.[53] Through the 

knowledge gained in these studies,  more application-oriented studies were performed as poly(vinylphosphonate)s 

exhibit intriguing material features. Hence, their application was tested in form of particular drug delivery 

vehicles,[64, 77, 79] flame-retardants,[113] for surface modifications[114, 115] or macromolecular delivery probes.[74, 78] 

The latter studies focused on the functionalization of the poly(vinylphosphonate)s with thiocholesterol and folic 

acid to facilitate the selective delivery of the polymer conjugates to certain cell compartments. This was achieved 

by the incorporation of a tailored initiator, resulting in PDEVP with a terminal vinyl group. However, this 

functionalization approach was limited to thiol-ene chemistry which is why several target structures were 

envisioned as potential initiating substrates to make this functionalization approach more versatile (Figure 3.1). 

Therefore, the introduction of hydroxyl, amino or thiol groups via the initiator is targeted. However, since 

lanthanide complexes used in the REM-GTP show high sensitivity towards protic moieties, the initiators 7-9 need 

to bear protective groups. Hence, tert-butyldimethylsilyl (TBDMS) (7), trityl (8), and 2,5-dimethylpyrrole (9) 

motifs are chosen for the masking of the reactive moieties because simple deprotection procedures are reported 

for these groups (Figure 3.1). 

 

 

Figure 3.1. Target structures of the functional group-bearing initiators 7-9. 

 

These structures shall first be investigated as C-H bond activation substrates with Cp2Y(CH2TMS)(THF) (2) and 

subsequently be employed in the polymerization of DEVP to obtain PDEVP with the respective end-group 

(Figure 3.2). A careful evaluation of the C-H bond activation and the initiators’ capabilities in REM-GTP is then 

required to ensure a selective incorporation of the initiator as end-group and the formation of defined polymers. 

 

 

Figure 3.2. Schematic illustration of the C-H bond activation of the functional initiators and REM-GTP of DEVP. 
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As presented in Figure 3.3 the end-groups need to be deprotected to release the reactive OH, SH or NH2 moieties 

for the use in the post-polymerization functionalizations. Hence, the reaction conditions must be optimized to 

ensure a quantitative removal of the protective groups followed by a detailed analysis of the polymer integrity. 

Eventually, it is the goal to modify these polymers with model compounds such as cholesteryl chloroformate or 

N-phenyl maleimide. Consequently, the covalent linkage of the polymers and the small electrophiles has to be 

evaluated to prove the availability of this synthetic strategy.  

 

 

Figure 3.3. Strategy for the functionalization of PDEVP by removing the protection groups and re-functionalization with an 
electrophilic test substrate. 

 

In case that the C-H bond activation process turns out be resilient towards these kinds of functional groups, a 

follow up study aims for the application of macromolecule-sized initiators because the initiating process of 

REM-GTP has only been studied with low-molecular weight substrates so far. Since PDEVP represents a 

hydrophilic polymer type, the combination with PDMS as hydrophobic counterpart appears especially attractive 

as such a copolymer system might feature a set of unprecedented surface-active properties. Moreover, PDMS is 

already a frequently used component in biomedical applications. Hence, to accomplish this task, the PDMS 

substrates have to be made accessible to σ-bond metathesis. Therefore, it is planned to modify commercially 

available Si-H-bearing PDMS with 4-(allyloxy)-2,6-dimethylpyridine (10) via hydrosilylation (Figure 3.4). These 

substrates shall then be employed in the C-H bond activation experiments with Cp2Y(CH2TMS)(THF) (2). 

Afterwards a detailed analysis of the reaction products is required to verify the conversion of the initiating units 

and the selectivity of this process (Figure 3.4). 

 

 

Figure 3.4. Generation of the macro-sized initiators using H-terminated PDMS and precursor (10) and investigation of these 
substrates in the C-H bond activation with Cp2Y(CH2TMS)(THF) (2). 

 

The subsequent polymerization experiments with the macroinitiators shall generate a library of copolymers. 

Hence, various PDMS feedstocks are employed to adjust the length of the hydrophobic core as well as the 

copolymer topology and different monomer feeds of DEVP. Moreover, the versatility is investigated by using 2VP 

as an alternative Michael-type monomer and by performing the ring-opening polymerization of εCL (Figure 3.5). 
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These new materials have to be examined with respect to their solution behavior as well as their thermal properties 

to obtain basic insights into the material features. 

 

 

Figure 3.5. Application of the activated macroinitiators in the REM-GTP of DEVP or 2VP and ROP of εCL. 

 

Likewise to PDEVP-b-P2VP-b-PDEVP, PDEVP-b-PDMS-b-PDEVP copolymers are suspected to form micelles 

in water. Initial studies by our group substantiated these P2VP-based copolymers to be promising candidates as 

delivery vehicles of anti-cancer agents.[64] But owing to the fact that micelle formation occurs in a concentration-

dependent manner, an unspecific cargo release is highly probable upon an intravenous injection. To optimize these 

carriers for systemic applications, this foundation concluded in the generation of stable nanoparticles based on 

ABB’ (A: 2VP; B: DEVP; B’: DAlVP) block copolymers.[77] The introduction of an additional DAlVP block 

allowed the cross-linking of the allyl shell with a dithiol via thiol-ene click chemistry. Initial characterizations of 

the products by DLS, TEM and surface tension measurements corroborated stable, monodisperse nanoparticles. 

Subsequent release studies with fluorescein concluded a considerably faster release at elevated temperature and 

pH levels compared to standard conditions. The positive characteristics were underlined by good cell viabilities 

for MCF-7 cells after incubation with the non-loaded particles. Accordingly, the cell viabilities decreased 

tremendously after treatment of the MCF-7 cell lines with doxorubicin-loaded particles. Imaging by fluorescence 

microscopy supported these observations since the loaded nanocarriers were localized in the cell interior after 

incubation. In addition, FACS analysis provided a statistical view on the cell uptake of the loaded particles.  

Hence, it seems logical to unite both main features, the BAB copolymer architecture and the shell cross-linking, 

in one carrier system. To guarantee a better comparability of the ABB’ nanoparticles, which were produced with 

the mononuclear species 3, with the desired B’BABB’ pendants a binuclear Cp2Y-based catalyst 11 has to be used. 

Accordingly, the activation of TMPy has to be evaluated with respect to its kinetic behavior (TOF), initiator 

efficiencies IE, and the selective formation of a binuclear species. With a properly defined catalyst a plethora of 

copolymers comprising different feed compositions will be generated to control the particle size and the cross-

linking density (Figure 3.6).  
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Figure 3.6. Synthesis of B’BABB’ block copolymers (A: 2VP; B: DEVP; B’: DAlVP) with binuclear catalyst 11. 

 

After determination of the fundamental polymer properties like the molecular weights Mn and the corresponding 

mass distributions Ɖ, the copolymers are subjected to the shell cross-linking procedure in the next step via thiol-ene 

click chemistry (Figure 3.7, left pathway).  

 

 

Figure 3.7. Cross-linking of the B’BABB’ block copolymers with dithiols and synthetic route towards folic acid modified 
nanoparticles. 

 

Because a significant influence of the zeta potential ζ on the pharmacokinetics is reported in the literature, three 

dithiols with varying polarities are tested to potentially tune ζ. All nanoparticles have then to be evaluated 

according to their spatial features, stability in solution, and their release behavior under varying conditions. Taking 

into account that these nanocarriers are passive drug delivery vehicles, a synthetic strategy shall be envisioned to 

introduce targeting ligands selectively and develop a system for active drug delivery. This complex task can be 

accomplished by turning the cross-linking procedure into a two-step process by coupling cysteamine first followed 

by the saturation of the remaining allyl groups with the dithiol (Figure 3.7, right pathway). In theory, the superficial 

amino groups can be reacted with an activated folic acid derivative. Besides the size-related characterization, it is 

of utmost importance to confirm the covalent conjugation of folic acid to the particle. 

On the basis of these studies a comprehensive view on the versatility of the initiation process as well as a 

diversification of the existing post-polymerization functionalization strategies of GTP-polymer can be achieved. 
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4.2 Summary 

 

Smart polymers are increasingly attracting notice in the scientific community as these materials are able to respond 

to a set of external stimuli, such as changes in temperature or pH, irradiation with light or mechanical stress. Many 

of these materials are based on functional α,β-unsaturated monomers. For the precise polymerization of these 

substrates a wide range of catalytic systems has already been established. In this feature article, special notice was 

put on the rare earth metal-mediated group transfer polymerization (REM-GTP) which is a well-known 

polymerization technique for the fast and controlled conversion of (meth)acrylates. Rieger and co-workers were 

able to expand the scope of this method towards new Michael-type monomers, like the temperature-responsive 

DEVP but also 2VP with new rare earth metal-based complexes.  

With this foundation of REM-GTP catalysts, the synthesis of defined macromolecular materials with newly 

introduced smart functions as well as the combination of different functional monomers were rendered possible. 

Copolymers comprising 2VP and DEVP were found to be promising candidates as dual-responsive drug-delivery 

vehicles, while exhibiting high biocompatibility during cytotoxicity screenings and in vitro studies. Moreover, a 

novel initiation approach allowed the post-polymerization functionalization of PDEVPs and gave access to 

polymer-biomolecule conjugates which were studied as polymeric fluorescent markers. These two features were 

combined in the generation of P(DEVP-co-2VP) with a tailor-made bipyridine initiator. This end-group facilitated 

the complexation of Re(CO)5Cl, resulting in a photocatalytically-active copolymer. 
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5.2 Summary 

 

Due to their high biocompatibility, a thermoresponsive behavior and an option for the selective end-group 

modification with biologically relevant functions polyvinylphosphonates are considered ideal candidates for 

(bio)medical applications. The latter one was initially achieved via C-H bond activation of 2,6-dimethyl-4-(4-

vinylphenyl)pyridine with Cp2Y(CH2TMS)(THF) which facilitated the introduction of a terminal vinyl group in 

PDEVP. However, an efficient conversion of the terminal olefin was limited to thiol group containing substrates 

which potentially require a complex modification strategy prior to the conjugation step. Consequently, novel 

initiator motifs were designed to expand this synthetic platform. Hence, the group tolerance of 

Cp2Y(CH2TMS)(THF) was investigated in the C-H bond activation of three initiators which comprised protected 

functional groups (OH – O-tert-butyldimethylsilyl; NH2 – 2,5-dimethylpyrrole; SH – STrityl). These experiments 

were found to be successful and all activated species were characterized in detail by 1H and 13C nuclear magnetic 

resonance (NMR) spectroscopy. The incorporation of the individual moieties was confirmed through ESI-MS and 

diffusion ordered spectroscopy (DOSY). Following this, DEVP was polymerized by employing these initiators in 

the REM-GTP. All obtained polymers were characterized by 1H-, 31P- and DOSY-NMR as well as gel permeation 

chromatography multi-angle light scattering (GPC-MALS). Hereafter, the polymers were deprotected to release 

the reactive motifs. Analysis of the deprotected substrates via 1H-, 31P-NMR and GPC-MALS verified the integrity 

of the polymers. Post-polymerization functionalization with either cholesteryl chloroformate or N-phenyl 

maleimide proved this approach to be viable for the formation of the respective polymer conjugates. One more 

time, NMR spectroscopy confirmed the covalent coupling of the small molecules to PDEVP. 

As the C-H bond activation showed high flexibility towards the initiator structure, this synthetic strategy is able to 

establish a foundation for sophisticated polymer conjugates comprising complex and highly functional molecules. 
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6.2 Summary 

 

Until today reports on the C-H bond activation with lanthanide complexes were limited to small initiating units, 

i.e. sym-collidine. In this study the substrate scope for the C-H bond activation with Cp2Y(CH2TMS)(THF) was 

expanded towards polymer-sized initiators.  

Herein, we initially focused on the combination of the highly hydrophobic PDMS with a hydrophilic PDEVP block 

as these opposing partners should result in copolymers with intriguing surface-active properties. Hence, 

preliminary studies were used to establish a functionalization route for the PDMS substrates and confirm the 

applicability of this approach in REM-GTP. Therefore, a binuclear initiator was synthesized from 1,1,3,3-

tetramethyldisloxane and 4-(allyloxy)-2,6-dimethylpyridine via hydrosilylation. This model compound was 

successfully employed in the polymerization of DEVP which was confirmed by NMR spectroscopy, end-group 

analysis, and GPC-MALS. Next, two linear as well as one side group functionalized macroinitiator were generated 

from Si-H group bearing PDMS by hydrosilylation. In a similar fashion, the macroinitiators were successfully 

activated in the presence of Cp2Y(CH2TMS)(THF) and converted into the respective graft and block copolymers 

with DEVP. Moreover, this approach was expanded towards 2-vinylpyridine and ε-caprolactone to investigate the 

versatility of this synthetic route. Here too, defined block copolymers were generated. Hence both, alternative 

Michael-type monomers as well as the ROP of εCL were accessible via this approach. In conclusion, the C-H bond 

activation of PDMS-based macroinitiators enables the utilization of a wide array of catalytic systems and 

monomers. 

Characterization of the initial C-H bond activations were performed via NMR spectroscopy. Besides, the resulting 

copolymers were characterized by DOSY-NMR, which corroborated the covalent bonding of the polymer blocks. 

GPC and elemental analysis confirmed the compositions of the resulting copolymers calculated by 1H-NMR 

spectroscopy. Furthermore, differential scanning calorimetry and dynamic light scattering in a variety of solvents 

gave fundamental insights into the material properties. Turbidity measurements of the PDEVP copolymers 

concluded an effect of the PDMS block length on the cloud point of PDEVP.  
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7.2 Summary 

 

The emerging field of nanomedicine provides new perspectives on diseases that are currently difficult to cure and, 

hence, represents a new opportunity for a more effective and patient-friendly treatment.  

Herein, our previously published work, which explored ABB’-based nanoparticles as drug delivery vehicles, was 

expanded towards B’BABB’ block copolymers (A: 2VP, B: DEVP, B’: DAlVP). These copolymers were 

synthesized via REM-GTP with a binuclear catalyst 5 and used as substrates for the formation of stable 

nanocarriers. Complex 5 was characterized by 1H- and 13C-NMR spectroscopy and evaluated in kinetic 

experiments with 2VP. End-group analysis of the respective 2VP oligomers using electrospray ionization 

spectrometry confirmed the incorporation of 2,3,5,6-tetramethylpyrazine. Next, several feed compositions were 

adjusted for the copolymerizations. The obtained copolymers BAB1-5 were analyzed by gel permeation 

chromatography as well as 1H- and 31P-NMR spectroscopy and cross-linked with three different dithiols via thiol-

ene click chemistry to yield the corresponding nanocarriers. The cross-linking process was monitored via 1H-NMR 

and the nanoparticles NP1-7 were analyzed with regard to their size by DLS and TEM and were further 

characterized through zeta potential measurements. Hereby, higher amounts of 2VP and DAlVP resulted in 

particles with a smaller particle size Moreover, the stability of the particles was examined by DLS in chloroform. 

Most importantly, the release behavior was examined at varying conditions (pH and temperature) and exhibited 

higher releases in an acidic environment or at elevated temperatures.  

Following this, a synthesis route towards active targeting vehicles which bear folic acid on their surface was 

established. For that purpose, the cross-linking procedure was turned into a two-step process which contained the 

addition of cysteamine followed by the cross-linking with dithiol 6. Introduction of the amino groups enabled the 

conjugation of an activated folic acid derivative to yield the functionalized particle NP-FA. Likewise to the 

compounds NP1-7, NP-FA was analyzed by DLS, TEM and zeta potential measurements. 1H-NMR exhibited the 

significant signals of the pteridine moiety while UV/Vis spectroscopy showed the characteristic absorption band 

of folic acid. Moreover, DOSY-NMR corroborated the covalent coupling of NP-NH2 with folic acid.  

In conclusion, the combination of REM-GTP and thiol-ene chemistry represents a facile synthesis route towards 

tailor-made drug delivery vehicles with specific surface ligands for active drug targeting. 
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8 Excursus: Synthesis of Poly(vinylphosphonate)-based Hydrogels 

 

8.1 Polymerization  

 

With their ability to swell in aqueous media, hydrogels are highly interesting materials for biomedical 

applications[116] and are used for drug delivery,[117] tissue engineering,[118, 119] wound dressing,[120] or the separation 

of biomolecules and cells.[121] Due to their high biocompatibility poly(vinylphosphonate)s appeared to be 

interesting candidates for such a material.[74, 77, 78] With the intention to synthesize PDEVP-based hydrogels, several 

copolymers with varying feed concentrations (100-600 equiv.) (P1-P3) and DAlVP contents (5-20%) (P3-P5) 

were synthesized to study the effects of the cross-linking density and the polymer length on the swelling behavior 

and stability of the swollen gel (Scheme 8.1). 2,6-Dimethyl-4-(4-vinylphenyl)pyridine (4) was used as initiator to 

allow the calculation of the molecular weight and determination of the polymer composition by referring to the 

initiator-bound vinyl group. 

 

 

Scheme 8.1. Statistical copolymerization of DEVP and DAlVP with complex 5 generated after C-H bond activation with 
2,6-dimethyl-4-(4-vinylphenyl)pyridine (4). 

 

As depicted in Table 8.1, a constant feed ratio of 9/1 was adjusted for copolymers P1-P3 (P1: 100 equiv., P2: 

300 equiv., P3: 600 equiv.). The copolymers exhibited a DAlVP content of 9.85 to 12.5% which matched the 

target value of 10% quite well. The initiator efficiencies were calculated to be between 74 and 89% (Table 8.1, 

entries 1-3). P4 also showed a good initiator efficiency of 72% and a DAlVP content of 25.6% which slightly 

exceeded the desired value of 20% (Table 8.1, entry 4). P5 featured an IE of 63%. The determined DALVP 

proportion coincides with adjusted value of 5% (Table 8.1, entry 5). Moreover, the molecular weights of 

copolymers P3-P5 have similar molecular masses (136-158 kg mol-1; Table 8.1, entries 3-5), which ensures the 

comparability of the materials after cross-linking. 
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Table 8.1. Monomer feed, conversion, calculated ratio of the monomers in the polymer and the DAlVP fraction, 
molecular weights Mn,NMR, initiator efficiencies, and LCST of P1-P5 

 
MDEVP,0/MDALVP,0/cat0

a 
/- 

Conversionb 
/% 

Compositionc 

/equiv. 
DAlVP contentc 

/% 
Mn,NMR

c 
/g mol-1 

IEd 

/% 

TLCST 

/°C 

P1 90/10 >99 99/13 11.6 18 900 89 32.0 

P2 270/30 >99 366/40 9.85 67 800 74 35.5 

P3 540/60 >99 712/102 12.5 136 000 74 33.5 

P4 480/120 >99 613/211 25.6 141 000 72 21.5 

P5 570/30 >99 904/52 5.42 158 000 63 38.5 
aEquivalents monomer per catalyst. bPolymerizations were monitored via 1H- and 31P-NMR and stopped after quantitative conversion was 

detected after the respective reaction time. cThe monomer ratio in the polymer was calculated via 1H-NMR by comparison of the vinyl signal 

of the initiator at 6.80 pmm (I = 1H) and the CH2 signals of DEVP (4.18 ppm, m = I/4) and DAlVP (4.63 ppm, n = I/4). IE = Mn,theo/Mn,exp. 

Mn,exp = 209.29 g mol-1 + m ∙ 164.14 g mol-1 + n ∙ 188.16 g mol-1. 

 

8.2 Formation of the Hydrogels 

 

The cross-linking of polymer P3 was studied on the basis of three different reaction types. First, the hydrosilylation 

with Karstedt’s catalyst and 1,1,3,3-tetramethyldisiloxane (Si2-H2) as cross-linking agent was investigated 

(Scheme 8.2).  

 

  

Scheme 8.2. Cross-linking of polymer P3 via hydrosilylation and illustration of the gelled reaction solution (bottom right).  

 

Hereby, polymer P3 was dissolved in toluene and treated with both components. Immediately, the solution turned 

into a yellowish gel upon heating, indicating the successful formation of a polymer network. The resulting hydrogel 

featured a swelling factor of 158 in water (Table 8.2, entry 1). Unfortunately, it was not possible to differentiate 

between HG3 and polymer P3 by infrared (IR) spectroscopy as there was no characteristic band assignable to the 

hydrogel. Consequently, both spectra were congruent to each other (Figure 8.1). 
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Figure 8.1. IR spectra of polymer P3 prior to cross-linking and hydrogel HG3 after purification. 

 

A similar principle was adopted for the cross-linking with 3,6-dioxa-1,8-octanedithiol (6) via radical thiol-ene 

click chemistry (Scheme 8.3). Here too, the reaction solution gelled after reaching the degradation temperature of 

AIBN. However, the swelling behavior of HG2 was inferior to HG1 formed via hydrosilylation with a swelling 

ratio of only 7.03 (Table 8.2, entry 2). 

 

 

Scheme 8.3. Cross-linking of polymer P3 via thiol-ene click chemistry. 

 

Eventually, cross metathesis over the allyl groups was tested with a Grubbs I catalyst (Scheme 8.4) in 

dichloromethane. Likewise, a thickening of the solution was observed shortly after addition of the catalyst solution.  
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Scheme 8.4. Cross-linking of polymer P3 via cross metathesis. 

 

The reaction was monitored via 1H-NMR spectroscopy in methanol-d4. As shown in Figure 8.2 a new signal at 

5.85 ppm representing the cis- and trans-linkage appeared in the course of the reaction, but traces of the allyl 

groups were also visible after the first reaction control. Hence, the solution was treated with additional catalyst but 

after purification some allyl signals were still visible. Though HG3 was soluble in methanol-d4, a satisfactory 

swelling factor of 19.9 was calculated. However, HG3 lacked mechanical stability and was ruptured easily by the 

application of low force during the removal of excess water (Table 8.2, entry 3). It can be assumed that the 

intramolecular metathesis might be favored over the intermolecular reaction due to the steric hinderance of the 

catalyst and repulsion between the polymer chains and, thus, prevented an approximation of the “distant” allyl 

groups. 

 

 

Figure 8.2. 1H-NMR spectra in MeOD of polymer P3 before and after cross metathesis. 
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Table 8.2. Overview on the hydrogels and the corresponding swelling ratio in varying solvents  

 Polymer Reaction type Linker 
Swelling ratioa 

H2O /- 
Swelling ratioa 

PBS /- 
Swelling ratioa 

 MeCN /- 
Swelling ratioa 

Tol /- 

HG1 P3 Hydrosilylation Si2-H2 158 11.4 4.36 4.62 

HG2 P3 Thiol-ene 6 7.03 n.d. n.d. n.d. 

HG3 P3 Cross metathesis - 19.9b n.d. n.d. n.d. 

HG4 P1 Hydrosilylation Si2-H2 n.a.b n.d. n.d. n.d. 

HG5 P2 Hydrosilylation Si2-H2 n.a.b n.d. n.d. n.d. 

HG6 P4 Hydrosilylation Si2-H2 30.0 6.21 3.23 3.02 

HG7 P5 Hydrosilylation Si2-H2 5.00c n.d. n.d. n.d. 

HG8 P3 Hydrosilylation Si3-H2 63.4 10.7 6.66 3.18 

HG9 P3 Hydrosilylation Si4-H3 50.2 13.5 9.80 4.77 
aDetermination of the swelling ratio by weight comparison of the swollen gel WS and dry gel WD. Swelling ratio (-) = (WS - WD)/WD. bVery 

fragile. Dissolved in water or easily ruptured. cFragile. Determination of the swelling ratio not accurate. 

 

8.3 Characterization of the Swelling Behavior and Stability 

 

Based on fundamental swelling experiments in water, the hydrogels generated from copolymers P1, P2, and P5 

(Table 8.2, entries 4, 5 and 7) showed no swelling behavior and degraded into small particles upon weighing or 

dissolution in water. A possible explanation for this observation might be led back to the polymer composition. 

While the short polymer chains of P1 and P2 might prevent a densely cross-linked network, P5 lacks a sufficient 

amount of allyl groups and resulted an equally loose network.  

Most promising candidates for the cross-linking were polymers P3 and P4 which exhibited swelling factors of 158 

for HG1 and 30 for HG6, respectively, which was explained by the higher cross-linking density. Additionally, 

these hydrogels were kept in PBS buffer, acetonitrile as a polar organic solvent, and toluene as an organic solvent. 

The swelling factors were drastically reduced in these solvents. However, this was expected especially for the PBS 

buffer containing several types of salt. Studies on the stability of the swollen gels exhibited only a slow release of 

water due to evaporation of the water into the surrounding volume (Figure 8.3). 

 

 

Figure 8.3. Swelling behavior in various solvents of the hydrogels based on P3 and P4 cross-linked with Si2-H2 and monitored 
water swelling ratios over a period of 14 days. 
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Moreover, P3 was cross-linked with two alternative silanes, namely 1,1,3,3,5,5-hexamethyltrisiloxane (Si3-H2) 

and 3-((dimethylsilyl)oxy)-1,1,3,5,5-pentamethyltrisiloxane (Si4-H3) (Figure 8.4; Table 8.2, entries 8-9). In 

comparison to HG1 and HG6, lower swelling factors were determined for HG8 and HG9 in water. This behavior 

relates to a higher hydrophobicity introduced by the elongated siloxanes. Likewise, decreased swelling factors 

were observed in PBS buffer, MeCN, and toluene. HG9 demonstrated the highest solvent capacity in PBS buffer 

and acetonitrile with a value of 13.5. Stability measurements showed only subordinate loss of water in a time frame 

of 14 days (Figure 8.4, right). 

 

 

   

Figure 8.4. Swelling behavior in various solvents of the hydrogels based on P3 cross-linked with Si3-H2 (HG8) and Si4-H3 

(HG9) and monitored water swelling ratios over a period of 14 days. 

 

As PDEVP shows thermoresponsive behavior we were interested if these hydrogels also behave sensitive to 

temperature changes. Therefore, the hydrogel samples were heated in regular temperature steps and equilibrated 

at this temperature for five minutes. Afterwards, the hydrogels were weighed after the removal of superficial water. 

In comparison to the sharp phase transition of P3 and P4, the water release from the hydrogels appeared to happen 

in a linear fashion. 
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Figure 8.5. Determination of the cloud point of P3 and P4 and temperature-dependent release of water from the hydrogels. 
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9 Summary and Outlook 

 

Emerging from the initial work of Webster and co-workers in 1983[44] and the advancements that were achieved 

by the groups of Yasuda[45] and Collins and Ward[46] in 1992, Rieger et al. were able to produce high molecular-

weight PDEVP for the first time in 2010 via REM-GTP, using Yb metallocenes.[50] Since this year tremendous 

efforts were put into understanding the polymerization mechanism,[51, 52, 54] exploring a variety of monomers and 

catalytically active substrates for REM-GTP,[17, 51, 52, 54, 56, 122-125] and gaining insights on the polymer  

properties.[51, 53] Application-oriented studies led to halogen-free polymeric flame-retardants,[113] sophisticated 

drug delivery vehicles[64, 77, 79] or fluorescent, macromolecular conjugates for cell targeting[74, 78] and highlighted 

the potential for medicinal applications (e.g. tissue engineering or cell culture techniques) that demand for highly 

specialized materials. 

To consider this factor, one objective of this thesis was dedicated to increasing the versatility of the 

functionalization strategy. Inspired by the structure of 2,6-dimethyl-4-(4-vinylphenyl)pyridine which was 

successfully employed in the REM-GTP of DEVP,[74] three complex initiators were designed which contained a 

2,6-dimethylpyridyl motif for σ-bond metathesis and the functional groups (-OH, -NH2, -SH) protected by an 

appropriate protection group. All initiators were successfully employed in the C-H bond activation. However, the 

complexes could not be crystallized due to the steric demand and flexible orientation of the protective groups, and 

thus required the activation to be in situ.  

As shown by end-group analysis, all initiators were integrated in the polymers. The complexes generated with 

these initiators featured a fast conversion of DEVP (60-240 s) and exhibited a linear growth of the molecular 

weights and narrow polydisperities (Ɖ < 1.30). This basis enabled the generation of defined PDEVP with good 

initiator efficiencies (IE = 33-42%, 25 equiv. DEVP; IE = 61-82%, 100 equiv. DEVP) for the subsequent 

deprotection and functionalization studies. With exception of one pyrrole-bearing derivative, the protective groups 

were removed quantitatively under the chosen reaction conditions. Moreover, the integrity of PDEVP was verified 

by GPC analysis which revealed similar molecular weights and polydispersities compared to their protected 

pendants. Interestingly, the LCST of the short PDEVP derivates (25 equiv. DEVP) was heavily affected by the 

state of the end-group (protected vs. deprotected). Eventually, the released, functional groups of the short chain 

substrates were (re)functionalized with either cholesteryl chloroformate (-OH, -NH2) or N-phenyl maleimide (-SH) 

(Scheme 9.1). Ultimately, the success of these reactions gives access to a plurality of new polymer conjugates 

which can take application-specific requirements into account. All data are presented in chapters 5 and 12.1. 
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Scheme 9.1. Table of content of the publication presented in chapter 5 and 12.1: “Synthesis and Application of Functional 
Group-Bearing Pyridyl-Based Initiators in Rare Earth Metal-Mediated Group Transfer Polymerization”. 

 

With this new level of complexity, the question has risen if macromolecular initiators based on PDMS are 

applicable to REM-GTP as well. Similar approaches were already taken for ATRP,[103-107] ROP,[109, 110] as well as 

GTP[111] and gave access to new materials. Because PDMS is used in many medicinal fields[93-97] and PDEVP has 

proved its value in a variety of application-driven studies[64, 74, 77-79] it seemed logical to combine these two polymer 

types in one material class (Scheme 9.2).  

To obtain basic insights into the polymerization procedure with such a siloxane system we investigated a binuclear 

model initiator comprising a disiloxane bridge. These preliminary studies revealed the C-H bond activation to be 

a quantitative and selective process. Time-dependent polymerization experiments confirmed a defined propagation 

(Ɖ = 1.09-1.25; linear increase of Mn) while the end-group analysis by ESI-MS and NMR showed the covalent 

linkage of the initiator to the polymer chain. Subsequent REM-GTP of DEVP featured very good initiator 

efficiencies (IE = 71-85%) and low polydispersities (Ɖ = 1.11). However, the GPC traces showed a bimodal 

character due to the binuclear structure of the initiator leading to the formation of AB- and ABA-type polymers in 

statistical fashion. On this basis three macroinitiators where synthesized from Si-H containing PDMS via 

hydrosilylation with 4-(allyloxy)-2,6-dimethylpyridine. In all cases, NMR and elemental analysis (EA) 

corroborated a successful conversion. C-H bond activation experiments were performed in situ and were found to 

proceed with high selectivity which was shown by 1H-NMR through comparison of the macromolecular species 

with the small analogue, as well as by 13C-NMR and DOSY. Likewise, REM-GTP yielded defined block and graft 

copolymers whose composition was analyzed by NMR, DOSY and EA. The IEs were found to be 40-88% for the 

block copolymers and 27-28% in case of the graft copolymers. However, only the graft copolymers were subjected 

to GPC analysis (Ɖ ≈ 1.40) whereas the block copolymers formed micelles in THF/H2O rendering GPC 

measurements impossible. This is why PDEVP-b-PDMS-b-PDEVP was treated with HBr to cleave the ether 

linkages and release the PDEVP block. Analysis by GPC-MALS corroborated a defined polymerization since the 

determined Mn matched the calculated mass of the respective PDEVP block. The polymerization studies were then 

complemented with the REM-GTP of 2VP and the ROP of εCL. Both polymerizations yielded defined block 

copolymers with good IEs and narrow molecular weight distributions (2VP: IE = 80%, Ɖ =1.13; εCL: IE = 94%, 

Ɖ =1.39). The formation of PεCL proceeded extremely fast and was terminated after only 60 minutes. All 

polymers were evaluated regarding their solution and thermal properties by DLS and DSC. Hereby, DLS revealed 

a strong dependence of the micelle formation from the copolymer architecture and the solvent. PDEVP block 

copolymers formed micellar structures in water (d = 45.0-88.0 nm) and THF/water (50/50) (d = 62.0-248 nm) 
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while the P2VP and PεCL copolymers were found to form micelles in aqueous HCl or DMF, respectively. In 

addition, the PDEVP-containing copolymers were also examined regarding their LCST behavior which was 

lowered in case of copolymers with a more dominant PDMS block. All data are presented in chapters 6 and 12.2. 

 

 

Scheme 9.2. Table of content of the publication presented in chapter 6 and 12.2: “Precise Synthesis of Poly(dimethylsiloxane) 
Copolymers through C-H Bond Activated Macroinitiators in the Yttrium-Mediated Group Transfer Polymerization and 
Ring-Opening Polymerization”. 

 

Not only the connection of two opposing polymer families provides access for novel material types, but also well-

established approaches can be developed further into new directions. Hence, evolution of our cross-linked 

nanocarriers[77] resulted in the development of B’BABB’ based carriers in style of the original work from 2016[64] 

as well as a simple, facile route towards folate-bearing nanoparticles (Scheme 9.3). To ensure comparability with 

the ABB’ nanoparticles a new binuclear catalyst was investigated derived from the activation of TMPy with 

Cp2Y(CH2TMS)(THF). Extensive evaluation of this complex by NMR confirmed the exclusive formation of a 

single, binuclear species. Subsequent analysis of 2VP oligomers by ESI-MS confirmed the incorporation of TMPy 

in the polymer chain, while kinetic experiments concluded a TOF of 192 h-1 for the polymerization of 2VP. This 

value was twice as high as the value calculated with sym-collidine (TOF = 90 h-1) but both were slower than the 

related bisphenolate systems by a factor of three to ten.[64, 122] With the binuclear catalyst several defined 

copolymers with varying feed compositions (2VP: 100-300 equiv.; DEVP: 200-300 equiv.; DAlVP: 6-20 equiv.), 

high IEs (80-99%) and low polydispersities (Ɖ ≤ 1.10) were prepared. In the following the polymers were cross-

linked with three different dithiols via thiol-ene click chemistry. All nanoparticles were analyzed by DLS and TEM 

and revealed defined, almost spherical particles. Diameters ranged between 21.1 and 51.9 nm (PDI = 0.13-0.22) 

depending on the length of the 2VP block and the cross-linking density. Zeta potential measurements revealed a 

slight negative surface charge (-6.3 to -22 mV) which was seemingly affected by the polarity of the cross-linking 

agent. Consequently, release experiments with fluorescein evidenced a positive effect of elevated temperature and 

pH levels which accelerated the cargo release considerably. Overall, best results were achieved at pH = 4.5, 

especially in combination with a pronounced 2VP section. Temperature-wise, nanoparticles with a high DAlVP 

content (20 equiv.) exhibited a good differentiation of the release behavior between 37 °C and 42 °C. This study 

was complemented by introducing a synthetic route towards folate-bearing nanoparticle to fulfil a prerequisite for 

actively targeting drug carriers. Therefore, a part of the allyl groups was converted with cysteamine while the 

remaining allyl groups were saturated with 3,6-dioxa-1,8-octanedithiol. The superficial amine groups were then 
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reacted with an activated derivative of folic acid. Besides NMR spectroscopy, the reaction was able to be monitored 

by zeta potential measurements which showed a change from -18 mV (cysteamine conjugate) to -11 mV (with 

conjugated folic acid). Moreover, DOSY-NMR corroborated a covalent linkage between folic acid and the 

precursor particle. Analysis by DLS and TEM confirmed uniform particles.  

In conclusion, the combination of this study with our previous work provides a facile synthetic fundament. It gives 

control over the particle size and its composition, can be used to tweak the release behavior, tune the surface 

charge, and gives access to ligand-modified particles for active drug targeting. All data are presented in chapters 7 

and 12.3. 

 

 

Scheme 9.3. Table of content of the publication presented in chapter 7 and 12.3: “Synthesis, Characterisation and 
Functionalisation of BAB-type Dual-Responsive Nanocarriers for Targeted Drug Delivery: Evolution of Nanoparticles based 
on 2-Vinylpyridine and Diethyl Vinylphosphonate”. 

 

These results underline how variable the generation process of poly(vinylphosphonate)s and other REM-

GTP-derived polymers is. Functional motifs or reactive groups are introduced precisely during the 

initiation/polymerization via the (macro)initiator or the functional monomer and, thus, represents the prerequisite 

for a rich functionalization chemistry after polymerization (thiol-ene click chemistry, condensation reaction, 

Michael-addition, hydrosilylation). Altogether, this work implies the high potential of poly(vinylphosphonate)s 

for various biomedical applications. Besides the use as sophisticated macromolecular imaging probes or tailored 

drug delivery vehicles with specific targeting ligands, novel materials for bioseparation, tissue engineering, or as 

semipermeable membranes capable of islet encapsulation can be envisioned through the combination of respective 

post-polymerization functionalizations. 

In the short run the horizon of this synthetic toolbox can be expanded to supramolecular materials, conjugation of 

complex biomolecules, or catalytically active hybrid-materials. Inspired by the helical structure of DNA nucleic 

acids and nucleotides are interesting coupling candidates for poly(vinylphosphonate)s as such modified polymers 

might self-assemble due to the formation of respective nucleobase interactions. These supramolecular structures 

might find application in molecular recognition,[126] aptamer-assisted delivery,[127, 128] or used as macromolecular 

binders.[129] In this context, the conjugation of more complex biomolecules appears logical. Currently, our group 

works on the incorporation of the RGD sequence (R: arginine, G: glycine, D: aspartic acid). Due to the binding 

properties of the RGD motif to extracellular receptors polymer-based materials for cell adhesion are 

conceivable.[130] Furthermore, an encapsulation of catalytically active substrates in micelles or nanoparticles is 

possible in which the catalyst is protected from environmental influences and the activity is controlled by a 

thermoresponsive block. 
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In the long run an in-depth evaluation of the nanocarriers should be of interest. Hereby, their biocompatibility and 

circulation times in vivo, or the renal clearance represent important pharmacokinetic parameters that have to be 

investigated. If those characteristics are found to be positive, the nanocarriers can be further optimized with regard 

to their potential application fields: Hyperthermia treatments can require a precisely adjusted LCSTs owing to the 

locally elevated temperatures of the malignant tissue. Formulations applied through local injections might demand 

an adjustment of the cross-linking stability since less stable particles are favored for this purpose. Besides, novel 

targeting ligands can be considered which are selective for certain disease-specific receptors.[131] 

Clearly, this synthetic basis adds new levels of complexity to poly(vinylphosphonate)s and transforms this smart 

polymer class into multi-functional, application-tailored materials. Consequently, an employment of 

poly(vinylphosphonate)s in related biomedical fields is a given in the near future. 
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10 Zusammenfassung und Ausblick 

 

Ausgehend von der Arbeit von Webster und Mitarbeitern im Jahr 1983[44] und den darauf aufbauenden 

Weiterentwicklungen, die durch die Gruppen von Yasuda[45] und von Collins und Ward[46] 1992 erzielt wurden, 

konnten Rieger et al. im Jahr 2010 zum ersten Mal hochmolekulares Poly(diethylvinylphosphonat) (PDEVP) 

mittels der seltenerdmetall-mediierten Gruppentransferpolymerisation (englisch: rare earth metal-mediated group 

transfer polymerization, REM-GTP) unter Zuhilfenahme von Yb-Metallocenen erzeugen.[50] Seitdem wurden 

enorme Anstrengungen unternommen, um ein besseres Verständnis über den Polymerisationsmechanismus zu 

erhalten[51, 52, 54], eine Vielzahl an Monomeren und katalytisch aktiven System für die REM-GTP untersucht[17, 51, 

52, 54, 56, 122-125] und Erkenntnisse über Polymereigenschaften gewonnen.[51, 53] Anwendungsorientierte Studien 

führten zu halogenfreien, makromolekularen Flammschutzmittel,[113] komplexen Transportvehikeln für den 

Einsatz in der Wirkstoffverabreichung[64, 77, 79] oder fluoreszente, makromolekulare Konjugate zur Adressierung 

von Zellen.[74, 78] Entsprechend lässt sich das große Potential für medizinische Anwendungen (z.B. Tissue 

Engineering oder Zellkulturtechniken) erkennen, wofür hochspezialisierte Materialen notwendig sind. 

Um diesen Umstand miteinzubeziehen, war ein Ziel dieser Arbeit, die Variabilität der Funktionalisierungsstrategie 

zu erhöhen. Inspiriert von der Struktur des Initiators 2,6-Dimethyl-4-(4-vinylphenyl)pyridin, welcher erfolgreich 

in der REM-GTP eingesetzt wurde,[74] wurden drei neue, komplexe Initiatoren entwickelt, die sowohl über eine 

2,6-Dimethylpyridyl-Funktion für die σ-Bindungsmetathese als auch die mit passenden Schutzgruppen maskierten 

funktionellen Gruppen (-OH, -NH2, -SH) verfügen. All diese Initiatoren konnten erfolgreich in der C-H-

Bindungsaktivierung eingesetzt werden. Die dabei resultierenden Komplexe konnten jedoch aufgrund des hohen 

sterischen Anspruchs und der flexiblen Orientierung der Schutzgruppe im freien Raum nicht kristallisiert werden, 

weshalb die Aktivierung in-situ durchgeführt werden musste.  

Alle Initiatoren wurden in die Polymerkette integriert, was mittels Endgruppenanalytik bewiesen worden ist. Die 

mit diesen Initiatoren erzeugten Komplexe zeichneten sich durch eine schnelle Umsetzung von DEVP (60-240 s) 

aus und sind durch ein lineares Wachstum des Molekulargewichts und geringe Polydispersitäten (Ɖ < 1.30) 

charakterisiert. Auf Basis dieses Fundaments wurde definiertes PDEVP mit guten Initiatoreffektivitäten erhalten 

(IE = 33-42%, 25 Äquiv. DEVP; IE = 61-82%, 100 Äquiv. DEVP), das in den darauffolgenden 

Entschützungstudien zum Einsatz kam. Mit Ausnahme eines pyrrol-modifizierten Substrates konnten die 

Schutzgruppen unter den gewählten Bedingungen in allen Fällen quantitativ abgespalten werden. Außerdem wurde 

mittels GPC-Analyse die Integrität der entschützten PDEVP-Substrate verifiziert, da diese im Vergleich zu ihren 

geschützten Gegenstücken ähnliche Molekulargewichte und Polydispersitäten vorweisen. Interessanterweise 

wurde die LCST der kurzkettigen PDEVP-Substrate (25 Äquiv. DEVP) in großem Maße durch die Art der 

Endgruppe (geschützt gegenüber entschützt) beeinflusst. Schließlich wurden die kurzkettigen Substrate über die 

freigesetzte, funktionelle Gruppe entweder mit Cholesterolchloroformat (-OH, -NH2) oder N-Phenylmaleimid 

(-SH) (re-)funktionalisiert (Schema 10.1). Mit dem Erfolg dieser Funktionalisierungsreaktionen steht 

schlussendlich die Tür zu einer Vielzahl an neuartigen Polymer-Konjugaten offen, mit welchen 

anwendungsspezifische Anforderungen besser berücksichtigt werden können. Alle Daten wurden in den Kapiteln 

5 und 12.1 präsentiert. 

 



Zusammenfassung und Ausblick 

100 
 

 

Schema 10.1. Graphische Zusammenfassung der Publikation mit dem Titel: “Synthesis and Application of Functional Group-
Bearing Pyridyl-Based Initiators in Rare Earth Metal-Mediated Group Transfer Polymerization”. Diese wird in den Kapiteln 5 
und 12.1 präsentiert. 

 

Dieses neue Komplexitätslevel warf die Frage auf, ob makromolekulare, PDMS-basierte Initiatoren ebenfalls für 

den Einsatz in der REM-GTP geeignet sind. Ähnliche Verfahren wurden schon über ATRP,[103-107] ROP,[109, 110] 

oder auch mittels GTP[111] durchgeführt und verschafften den Zugang zu neuen Materialien. Daher erschien es 

konsequent diese beiden Polymerarten in einem Material zu vereinen (Schema 10.2), da zum Einen PDMS in 

vielen medizinischen Bereichen verwendet wird[93-97] und zum Anderen PDEVP seinen Wert in einer Vielzahl an 

anwendungsorientieren Studien unter Beweis gestellt hat.[64, 74, 77-79] 

Daher wurde ein binuklearer Initiator entwickelt, welcher über einer Disiloxan-Brücke verbunden ist, um 

grundlegende Einblicke in den Polymerisationsprozess mit siloxan-basierten Systemen zu erlangen. In hierzu 

gehörigen Vorstudien konnte eine quantitative wie auch selektive C-H-Bindungsaktivierung bestätigt werden. 

Zeitabhängige Polymerisationsexperimente demonstrierten außerdem einen definierten Propagationsprozess 

(Ɖ = 1.09 -1.25; lineares Wachstum von Mn), während über die Endgruppenanalytik mittels ESI-MS und NMR 

die kovalente Verknüpfung zwischen Initiator und Polymerkette bestätigten. Hierauf folgend wurde die REM-

GTP von DEVP durchgeführt, welche in Polymere mit guten Initiatoreffektivitäten (IE = 71-85%) und niedrigen 

Polydisperistäten (Ɖ = 1.11) resultierte. Die zugehörigen GPC-Messungen zeigten jedoch eine bimodale 

Verteilung, was sich auf die binukleare Struktur des Initiators zurückführen lässt, was zur Bildung von AB- und 

ABA-artigen Polymeren führte. Basierend auf diesen Vorarbeiten wurden aus 4-(Allyloxy)-2,6-dimethylpyridin 

und drei entsprechenden Si-H-haltigen PDMS die Makroinitiatoren mittels Hydrosilylierung hergestellt. Für alle 

Makroinitiatoren konnte nach NMR-Analyse und Elementaranalyse eine erfolgreiche Umsetzung nachgewiesen 

werden. Die Experimente zur C-H-Bindungsaktivierung wurden in-situ durchgeführt und verliefen mit hoher 

Selektivität, was über einen 1H-NMR-Vergleich der makromolekularen Spezies und dem Modelinitiator, sowie 

13C- und DOSY-NMR nachgewiesen wurde. Die REM-GTP mit den Makroinitiatoren führte ebenfalls zu 

definierten Block- und Pfropf-Copolymeren deren Zusammensetzung über NMR, DOSY und EA analysiert wurde. 

Die IEs lagen bei 40-88% für die Block-Copolymere und bei 27-28% im Fall der Pfropf-Copolymere. Eine Analyse 

mittels GPC war jedoch nur bei den Pfropf-Copolymeren möglich (Ɖ ≈ 1.40), während die Block-Copolymere in 

THF/H2O zur Bildung von Mizellen neigten. Über die Behandlung von PDEVP-b-PDMS-b-PDEVP mit HBr 

konnte außerdem die Etherverbrückung gespalten und damit der PDEVP-Block freigesetzt werden. Über die 

nachfolgende Analyse durch GPC-MALS konnte ein präziser Polymerisationsvorgang bewiesen werden, da das 

gemessene Molekulargewicht Mn genau mit der berechneten Masse des PDEVP-Blocks im Copolymer 

übereinstimmten. Die Polymerisationsstudien wurden noch durch REM-GTP von 2VP und der ROP von εCL 

komplementiert. Auch hier führten die Polymerisationen zu definierten Block-Copolymeren mit guten IEs und 
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engen Molekulargewichtsverteilungen (2VP: IE = 80%, Ɖ =1.13; εCL: IE = 94%, Ɖ =1.39). Die Bildung von 

PεCL verlief dabei sehr schnell und konnte schon nach 60 Minuten Reaktionszeit beendet werden. Alle Polymere 

wurden außerdem in Hinblick auf ihr Löslichkeitsverhalten und die thermischen Eigenschaften mittels DLS 

beziehungsweise DSC untersucht. Anhand der DLS-Messungen wurde ein großer Einfluss der Copolymer-

Architektur und des Lösungsmittels auf die Mizellbildung verdeutlicht. PDEVP-Block-Copolymere bildeten 

mizellare Strukturen in Wasser (d = 45.0-88.0 nm) und THF/H2O (50/50) (d = 62.0-248 nm) während die P2VP- 

und PεCL-Copolymere in wässriger Salzsäure beziehungsweise DMF als Mizellen vorlagen. Darüber hinaus 

wurde das LCST-Verhalten der PDEVP-haltigen Copolymere untersucht, wobei bei einem höheren Anteil des 

PDMS-Blocks eine Absenkung der LCST beobachtet werden konnte. Alle Daten sind in den Kapiteln 6 und 12.2 

präsentiert. 

 

 

Schema 10.2. Graphische Zusammenfassung der Publikation mit dem Titel: “Precise Synthesis of Poly(dimethylsiloxane) 
Copolymers through C-H Bond Activated Macroinitiators in the Yttrium-Mediated Group Transfer Polymerization and 
Ring-Opening Polymerization”. Diese wird in den Kapiteln 6 und 12.2 präsentiert.  

 

Nicht nur die Vereinigung dieser gegensätzlichen Polymerklassen gewährt den Zugang zu neuen Materialien, 

sondern auch schon bei bestehenden Ansätzen können die Materialien in neue Richtungen weitergeführt werden. 

In Anlehnung an unsere Ursprungsstudien des Jahres 2016[64]  resultierte die Weiterentwicklung der quervernetzten 

Nanoträger[77] in Trägervehikel, die aus B’BABB’-strukturierten Copolymeren aufgebaut sind, sowie einer einfach 

Syntheseroute hin zu folsäure-tragenden Nanopartikeln (Schema 10.3). Um hierbei die Vergleichbarkeit mit den 

ABB’-Nanopartikeln zu gewährleisten, wurde ein bifunktionaller Katalysator eingesetzt, der über die C-H-

Bindungsaktivierung von TMPy mit Cp2Y(CH2TMS)(THF) erhalten wurde. Die Untersuchug dieses Komplexes 

mittels NMR-Spektroskopie bescheinigte, dass sich ausschließlich eine bifunktionelle Spezies gebildet hatte. 

Durch die daran anschließende Endgruppenanalytik von 2VP-Oligomeren über ESI-MS konnte der Einbau des 

Initiators TMPy in die Polymerkette festgestellt werden. Indessen wurden kinetische Experimente zur 2VP-

Polymerisation durchgeführt, wobei eine TOF von 192 h-1 bestimmt wurde. Dieser Wert ist damit zweimal so hoch 

wie die Aktivität, die mit sym-Collidin ermittelt wurde (TOF = 90 h-1). Allerdings fallen die ermittelten Aktivitäten 

gegenüber den verwandten Bisphenolat-Systemen um einen Faktor von 3-10 niedriger aus als.[64, 122] Mit dem 

binuklearen Katalysator wurden definierte Copolymere mit verschiedenen Monomerzusammensetzungen (2VP: 

100-300 Äquiv.; DEVP: 200-300 Äquiv.; DAlVP: 6-20 Äquiv.), bei gleichzeitig hohen IEs (80-99%) und 

niedrigen Molmassenverteilungen (Ɖ ≤ 1.10) hergestellt. Im Folgenden wurden die Polymere unter Verwendung 
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der Thiol-En-Klick-Chemie mit drei Dithiolen quervernetzt. Die herbei generierten Nanopartikel wurden mittels 

DLS und TEM analysiert, wobei definierte, beinahe sphärische Partikel nachgewiesen wurden. Die Durchmesser 

bewegten sich zwischen 21.1 und 51.9 nm (PDI = 0.13-0.22) und zeigten große Abhängigkeit von der Länge des 

2VP-Blocks. Außerdem belegten Zeta-Potential-Messungen eine leicht negative Oberflächenladung 

(-6.3 bis -22 mV), welche anscheinend durch die Polarität des Quervernetzers beeinflusst werden kann. Unter 

erhöhten Temperaturen und pH-Werten ließ sich ein positiver Einfluss auf das Freisetzungsverhalten von 

Fluorescein nachgewiesen, wobei die Freigabe des transportierten Stoffes deutlich beschleunigt war gegenüber 

den Standardbedingungen. Dabei wurden die besten Resultate bei pH = 4.5 erzielt, insbesondere in Experimenten 

mit Partikeln, die einen hohen 2VP-Anteil vorweisen. Auf die Temperatur bezogen zeigten die Partikel mit einem 

hohen DAlVP-Anteil (20 Äquiv.) eine deutliche Abgrenzung beim Freisetzungsverhalten zwischen 37 °C und 

42 °C. Die Etablierung einer Syntheseroute zu folsäure-modifizierten Nanopartikeln komplementierte diese 

Studie, um damit eine Grundvoraussetzung für die aktive-gerichtete Wirkstoffverabreichung zu erfüllen. Für 

diesen Zweck wurde zuerst ein Teil der Allylgruppen mit Cysteamin umgesetzt. Die übrigen Allylgruppen wurden 

anschließend mit 3,6-Dioxa-1,8-octandithiol gesättigt und die oberflächlichen Aminogruppen mit aktivierter 

Folsäure umgesetzt. Neben dem Einsatz der NMR-Spektroskopie wurde diese Reaktionssequenz über Zeta-

Potential-Messungen nachvollzogen, die eine Änderung von -18 mV (Cysteamin-Konjugat) zu -11 mV (nach 

Folsäure-Kopplung) zeigten. Außerdem bekräftigten zugehörige DOSY-Messungen eine kovalente Bindung 

zwischen Folsäure und dem Vorläuferpartikel. Mit der Charakterisierung durch DLS und TEM wurde das 

Vorhandensein uniformer Partikel bestätigt.  

In Kombination mit unseren vorangegangenen Arbeiten bietet diese Studie eine einfach zugängliche 

Synthesebasis. Folglich lässt sich die Partikelgröße und die Partikelzusammensetzung kontrollieren. Außerdem 

kann hiermit das Freisetzungsverhalten optimiert und das Oberflächenpotential eingestellt werden und macht 

zielmolekül-modifizierten Transportvehikeln für die aktive Wirkstoffverabreichung zugänglich. Alle Daten sind 

in den Kapiteln 7 und 12.3 präsentiert. 

 

 

Schema 10.3. Graphische Zusammenfassung der Publikation mit dem Titel: “Synthesis, Characterisation and Functionalisation 
of BAB-type Dual-Responsive Nanocarriers for Targeted Drug Delivery: Evolution of Nanoparticles based on 2-Vinylpyridine 
and Diethyl Vinylphosphonate”. Diese wird in den Kapiteln 7 und 12.3 präsentiert. 

 

Diese Ergebnisse unterstreichen wie variabel der Erzeugungsprozess der Polyvinylphosphonate und anderer 

Polymere, die mittels REM-GTP erzeugt wurden, ist. Funktionelle oder reaktive Gruppen werden präzise während 

des Initiationsschritts beziehungsweise der Polymerisation über den (Makro-)Initiator oder das funktionelle 

Monomer eingeführt, welche somit die Grundvoraussetzung für die Funktionalisierungschemie nach der 

Polymerisation darstellen (Thiol-En-Klick-Chemie, Kondensationen, Michael-Additionen, Hydrosilylierung). 
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Zusammenfassend impliziert diese Arbeit das hohe Potential der Polyvinylphosphonate in verschiedenartigen 

biomedizinischen Anwendungen. Neben dem Einsatz als makromolekulare Bildgebungssonden oder 

maßgeschneiderte Transportvehikel für die Wirkstoffverabreichung mit zielspezifischen Liganden, sind neuartige 

Materialien für die Bioseparation, das Tissue Engineering, oder semipermeable Membranen (für die sogenannte 

Islet Encapsulation) durch Kombination entsprechender Post-Polymerisations-Funktionalisierungen vorstellbar. 

Auf kurze Sicht kann der Horizont dieses synthetischen Instrumentariums in Richtung der supramolekularen 

Chemie, der Kopplung hochkomplexer Biomoleküle oder katalytisch aktiver Hybrid-Materialien erweitert werden. 

Bezogen auf die helikale Struktur der DNA erscheinen Nukleobasen oder auch Nukleotide als interessante 

Kopplungspartner für die Polyvinylphosphonate, da ein derartig modifiziertes Polymer aufgrund der Interaktionen 

entsprechender Nukleobasenpaare zur Selbstassemblierung neigen sollte. Solche supramolekularen Strukturen 

könnten in der molekularen Erkennung,[126] der aptamer-gestützten Wirkstoffverabreichung,[127, 128] oder als 

makromolekulare Bindungsmittel eine Anwendung finden.[129] In diesem Zusammenhang stellt die Kopplung 

komplexerer Biomoleküle ebenfalls eine Option dar. Unsere Arbeitsgruppe untersucht derzeit die synthetische 

Anbindung der RGD-Sequenz (R: Arginin, G: Glycin, D: Asparaginsäure) an die Polyvinylphosphonate. Wegen 

der Bindungseigenschaften der RGD-Funktionalität zu extrazellulären Rezeptoren sind polymer-basierte 

Materialien, die auf die Zelladhäsion abzielen, denkbar.[130] Darüber hinaus ist der Einschluss katalytisch aktiver 

Substrate in Mizellen oder Nanopartikeln möglich, die den Katalysator von äußeren Umwelteinflüssen abschirmen 

und dessen Aktivität über einen thermoresponsiven Block gesteuert werden kann. 

Langfristig sollte eine tiefgehende Evaluierung der Nanoträger erfolgen. Hierunter fällt die Untersuchung 

wichtiger pharmakokinetische Kenngrößen wie der Biokompatibilität sowie den Zirkulationszeiten in-vivo, oder 

auch die Ausscheidung über die Nieren. Sollten sich diese Merkmale als positiv herausstellen, können die 

Nanoträger in Hinblick auf mögliche Anwendungszwecke optimiert werden: Hyperthermia-Behandlungen können 

nach einer präzise eingestellten LCST verlangen, welcher sich am lokal erhöhten Temperaturniveau des malignen 

Gewebes orientiert. Formulierungen, die über lokale Injektionen verabreicht werden, müssen unter Umständen 

hinsichtlich ihrer Vernetzungsstabilität angepasst werden, da für derartige Zwecke weniger stabile Partikel 

bevorzugt sind. Außerdem können neue zielgerichtete Moleküle in Betracht gezogen werden, welche selektiv mit 

bestimmten krankheitsspezifischen Rezeptoren interagieren.[131] 

Dieses synthetische Fundament hievt die Polyvinylphosphonaten auf ein neues Komplexitätsniveau und 

verwandelt diese intelligente Polymerklasse in multi-funktionelle, anwendungsbezogene Materialien. 

Dementsprechend erscheint eine Anwendung der Polyvinylphosphonate in der nahen Zukunft in den 

entsprechenden biomedizinischen Feldern als gesichert. 
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11.1 Precise Synthesis of Thermoresponsive Polyvinylphosphonate-Biomolecule Conjugates 

via Thiol-Ene Click Chemistry 

 

Title:  “Precise Synthesis of Thermoresponsive Polyvinylphosphonate-Biomolecule Conjugates via 

Thiol-Ene Click Chemistry.” 
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Link/DOI: https://doi.org/10.1039/C7PY01796K 

Authors: Christina Schwarzenböck, Andreas Schaffer, Philipp Pahl, Peter J. Nelson, Ralf Huss, and 

Bernhard Rieger 

Abstract 

A polymerisation type only recently attracting notice is the rare earth metal-mediated group transfer polymerisation 

(REM-GTP). This living-type polymerisation is able to conquer the limitations faced by classical anionic and 

radical polymerisations. REM-GTP enables the synthesis of biocompatible, water-soluble and thermoresponsive 

polymers with narrow polydispersities and controlled molecular weights. Furthermore, this technique renders the 

introduction of a functional end-group via the initiating molecule. Our group was able to synthesise a new multi-

functional pyridine derivative and apply it as a highly active and efficient initiator in the polymerisation of 

diethylvinylphosphonate (DEVP). This novel end-group opens the door to various post-polymerisation 

modifications. In the present study, the thiol–ene click reaction, a fast, selective and well-established coupling 

method, was applied to link poly-DEVP and a biomolecule. The incentive for this investigation was to create a 

polymer platform, that can easily address a multiplicity of applications through facile alterations of the coupled 

biomolecule entities. Herein, we present for the first time the functionalisation of polyvinylphosphonates with 

biologically relevant motifs, namely cholesterol and folic acid. 
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Abstract 

To date, many poly(ethylene glycol) (PEG) and poly(N‐isopropylacrylamide) (PNIPAAm) biomolecule 

conjugates have been described, but they often show long response times, are not bio‐inert, or lose function in 

biological fluids. Herein, we present a modular synthetic approach to generate polyvinylphosphonate biomolecule 

conjugates. These conjugates exhibit a sharp phase transition temperature even under physiological conditions 

where few other examples with this property have been described to date. Furthermore, it was feasible to add 

biological functions to the polymers via the conjugation step. The polyvinylphosphonate cholesterol constructs are 

attached to the cellular membrane and the folic acid anchored polymers are shuttled into the cells. This is an 

exceptional finding through a straightforward synthetic approach. 

 

 

 

The abstract was reprinted with permission from C. Schwarzenböck, A. Schaffer, E. Nößner, P. J. Nelson, R. Huss, 

B. Rieger, Chem. Eur. J. 2018, 24, 2584-2587. Copyright 2018 John Wiley and Sons. 
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11.3 Heteronuclear, Monomer-Selective Zn/Y Catalyst Combines Copolymerization of 
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Abstract 

Terpolymerizations of cyclohexene oxide (CHO), CO2, and the Michael-type monomer 2-vinylpyridine (2VP) are 

presented. The combination of two distinct polymerization mechanisms was enabled by the synthesis of a 

heterobifunctional complex (3). Its β-diiminate zinc moiety allows the ring-opening copolymerization of CHO and 

CO2, whereas the yttrium metallocene catalyzed the rare earth metal-mediated group-transfer polymerization of 

the polar vinyl monomer. Both units were connected via the CH-bond activation of a pyridyl-alkoxide linker. 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) revealed the 

successful transfer of the linker to the end-group of the respective homopolymers poly(cyclohexene carbonate) 

(PCHC) and poly(2VP) (P2VP) being the prerequisite for copolymer formation. Aliquot gel-permeation 

chromatography (GPC) analysis and solubility behavior tests confirmed the P2VP-block(b)-PCHC terpolymer 

formation via two pathways, a sequential and a one-pot procedure. Furthermore, the versatility of the method was 

demonstrated by introducing 2-isopropenyl-2-oxazoline (IPOx) as the second Michael-type monomer that yielded 

the terpolymer poly(IPOx)-b-PCHC. 

 

 

 

The abstract was reprinted with permission from A. Denk,‡ S. Kernbichl,‡ A. Schaffer, M. Kränzlein, T. Pehl, B. 

Rieger, ACS Macro Lett. 2020, 9, 571-575. Copyright 2020 American Chemical Society. 

 

‡These authors contributed equally. 

  



Publications Beyond the Scope of this Thesis 

109 
 

Reprint Permission Copyrighted Content 

 

 

  



Publications Beyond the Scope of this Thesis 

110 
 

11.4 C–H Bond Activation of Silyl-Substituted Pyridines with Bis(Phenolate)Yttrium Catalysts 

as a Facile Tool towards Hydroxyl-Terminated Michael-Type Polymers 

 

Title:  “C–H Bond Activation of Silyl-Substituted Pyridines with Bis(Phenolate)Yttrium Catalysts as a 

Facile Tool towards Hydroxyl-Terminated Michael-Type Polymers.” 

Status:  Full Paper, Published: 22 April 2020 

Journal: Catalysts, 2020, 10, 448 

Publisher: MPDI 

Link/DOI: https://doi.org/10.3390/catal10040448 

Authors: Thomas M. Pehl,‡ Moritz Kränzlein,‡ Friederike Adams,‡ Andreas Schaffer, and Bernhard 

Rieger  

Abstract 

Herein, silicon-protected, ortho-methylated hydroxy-pyridines were reported as initiators in 2-aminoalkoxy-

bis(phenolate)yttrium complexes for rare earth metal-mediated group-transfer polymerization (REM-GTP) of 

Michael-type monomers. To introduce these initiators, C−H bond activation was performed by reacting 

[(ONOO)tBuY(X)(thf)] (X = CH2TMS, thf = tetrahydrofuran) with tert-butyl-dimethyl-silyl-functionalized α-

methylpyridine to obtain the complex [(ONOOtBuY(X)(thf)] (X = 4-(4′-(((tert-

butyldimethylsilyl)oxy)methyl)phenyl)-2,6-di-methylpyridine). These initiators served as functional end-groups 

in polymers produced via REM-GTP. In this contribution, homopolymers of 2-vinylpyridine (2VP) and diethyl 

vinyl phosphonate (DEVP) were produced. Activity studies and end-group analysis via mass spectrometry, size-

exclusion chromatography (SEC) and NMR spectroscopy were performed to reveal the initiator efficiency, the 

catalyst activity towards both monomers as well as the initiation mechanism of this initiator in contrast to 

commonly used alkyl initiators. In addition, 2D NMR studies were used to further confirm the end-group integrity 

of the polymers. For all polymers, different deprotection routes were evaluated to obtain hydroxyl-terminated 

poly(2-vinylpyridine) (P2VP) and poly(diethyl vinyl phosphonate) (PDEVP). Such hydroxyl groups bear the 

potential to act as anchoring points for small bioactive molecules, for post-polymerization functionalization or as 

macroinitiators for further polymerizations. 
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Abstract 

 

With their tunable lower critical solution temperature, high biocompatibility of homo- and copolymers, and a broad 

foundation for post-synthetic modifications, polyvinylphosphonates are highly promising candidates for 

(bio)medical applications. In contrast to our previous accomplishments which mainly focused on the selective 

introduction of single, terminal functionalities, we explored polymer-analogous transformations with statistical 

polyvinylphosphonates comprising diethyl vinylphosphonate (DEVP) and diallyl vinylphosphonate (DAlVP). The 

unsaturated C=C double bonds of P1 were used as a starting point for a cascade of organic transformations. 

Initially, reactive functions were successfully introduced via bromination in P2, epoxidations with OXONE to P5a 

and mCPBA to P5b, or thiol-ene click chemistry with methyl thioglycolate (6) to form P11. The obtained 

substrates were then employed in a variety of consecutive reactions depending on the introduced functional motif: 

1) The brominated substrates were converted with sodium azide to enable the copper-mediated alkyne-azide 

coupling with phenylacetylene (1). 2) The epoxides were reacted with sodium azide for an alkyne-azide click 

coupling with 1 as well as small nucleophilic compounds (phenol (2), benzylamine (3), and 4-amino-2,1,3-

benzothiadiazol (4)). Afterwards the non-converted allyl groups of P6b and P8 were converted with thiochloesterol 

(5) to form complex polymer conjugates. 3)  An acid-labile hydrazone-linked conjugate P13 was formed in a two-

step approach starting from P11. The polymeric substrates were characterised by NMR, FTIR, and UV/Vis 

spectroscopy as well as elemental analysis and gel permeation chromatography to monitor the structural changes 

of the polymeric substrates and to prove the success of this modification approaches 
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12 Appendix 

 

12.1 Supporting Information of the Manuscript “Synthesis and Application of Functional 

Group-Bearing Pyridyl-Based Initiators in Rare Earth Metal-Mediated Group Transfer 

Polymerization” 
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12.2 Supporting Information of the Manuscript “Precise Synthesis of Poly(dimethylsiloxane) 

Copolymers through C-H Bond Activated Macroinitiators in the Yttrium-Mediated Group 

Transfer Polymerization and Ring-Opening Polymerization” 
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Functionalisation of BAB-based Dual-Responsive Nanocarriers for Targeted Drug Delivery: 

Evolution of Nanoparticles based on 2-Vinylpyridine and Diethyl Vinylphosphonate” 
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12.4 Experimental Section for Chapter 8 

 

General Consideration 

All air- and moisture sensitive reactions were carried out in heat dried glassware under an oxygen-free and dry 

argon atmosphere (Argon 4.6, Westfalen AG) using standard Schlenk or glovebox techniques. For that purpose, all 

glassware was heat-dried under high vacuum prior to use. Dichloromethane and toluene were dried using a 

SPS-800 solvent purification system (MBraun) and were stored over molecular sieves (3 Å). HPLC grade THF 

was purchased from Sigma-Aldrich. and were used without further purification steps. The precursors 

Y(CH2TMS)3(THF)2, LiCH2TMS, and complex the Cp2Y(CH2TMS)(THF) (1) as well as the initiator 2,6-

dimethyl-4-(4-vinylphenyl)pyridine (4) were synthesized according to published procedures.[52, 74, 132-134] C-H bond 

activations for the polymerizations were performed as described in the literature.[56, 74] DEVP and DAlVP were 

prepared according to procedures found in the literature.[77, 131, 135] The monomers were dried over CaH2 and 

distilled prior to use. 

 

Infrared Spectroscopy 

Fourier transform infrared spectra (FTIR) were recorded a Vertex 70 FTIR (Bruker) equipped with a Platinum ATR 

from Bruker. 

 

Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectra were recorded on a Bruker AVIII 400 HD (400 MHz) or an AVIII 500 cryo 

(500 MHz). Deuterated solvents were purchased from Sigma-Aldrich. For moisture-sensitive substances the 

solvents were dried and stored over 3 Å molecular sieve. Spectroscopic chemical shifts δ are reported in ppm and 

calibrated to the residual proton signals of the used solvents. 

 Benzene-d6: δ (ppm) = 7.16 (1H-NMR). 

 Dimethyl sulfoxide-d6: δ (ppm) = 2.50 (1H-NMR). 

 Methanol-d4: δ (ppm) = 3.31 (1H-NMR)). 

Unless otherwise stated coupling constants J are mean values and refer to coupling between two protons. For the 

assignment of the signals the signal multiplicities were abbreviated accordingly: s – singlet, d – duplet, t – triplet, 

m – multiplet.  

 

Determination of the Lower Critical Solution Temperature 

Lower critical solution temperatures were determined on a Cary 50 UV/Vis spectrophotometer (Varian) equipped 

with a Peltier thermostat using conventional glass cuvettes (4 mL). The polymer solutions (2.5 mg mL-1 in 

deionized water) were heated at rate of 1 K min-1 followed by a five-minute-long equilibration period. The cloud 

points Tc was defined as a 10% decrease of transmittance at a wavelength of 500 nm. 

 

Swelling Experiments 

Swelling experiments were performed in water, PBS buffer, acetonitrile, and toluene. The mass of the dry hydrogel 

sample was determined, covered with the respective solvent, and kept in a sealed vial for 24 hours. Hereafter, the 
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swollen hydrogel was taken off the solvent, superficial solvent was removed, and the sample was weighed again. 

The swelling factor was calculated according to following formula: Swelling ratio = (Ws-Wd)/(Wd) ∙ 100 %. 

 

Stability Experiments 

In a similar manner to the swelling experiments, the hydrogels were swelled in water for 24 hours. Excess water 

was removed, and the swollen samples were freed from superficial water. Hereafter, the sample was weighed in a 

tared vial in regular time intervals to monitor the water loss. 

 

Water Release Experiments 

In a similar manner to the stability experiments, the hydrogels were swelled in water for 24 hours. Excess water 

was removed, and swollen samples were freed from superficial water. Hereafter, the samples were kept in a tared, 

sealed vial and the surrounding temperature was risen in regular steps until the dry mass was reached. The samples 

were equilibrated for five minutes for each temperature point and weighed after removing surface water.  

 

General Procedure for the Statistical Copolymerization of DEVP and DAlVP 

The polymerization procedure was adopted from reference [74].[74] When the C-H bond activation had reached 

full conversion, the reaction solution was diluted with absolute toluene (7.00 mL) and a solution of DEVP and 

DAlVP in absolute toluene (1.00 mL) was added in one portion. After 12 hours 31P-NMR spectroscopy revealed 

full monomer conversion. The reaction was terminated with methanol (500 µL), the polymer was precipitated in 

excess pentane, and the supernatant solvent was decanted off. The crude polymer was dried, dissolved in water, 

and lyophilized thereof. 

 

1H-NMR (500 MHz, MeOD-d4, 300 K): δ (ppm) = 7.76 (s, CHAr,Initiator), 7.61 – 7.30 (m, CHAr, Initiator), 6.80 (dd, 

3J = 10.8, 17.3 Hz, CHVinyl,Initiator), 6.04 (s, CHAllyl), 5.88 (d, 3J = 17.3 Hz, CHVinyl,Initiator), 5.42 (d, 3J = 16.3 Hz, 

CHAllyl), 5.28 (s, CHAllyl), 4.62 (s, POCH2), 4.19 (s, POCH2), 2.92 – 1.19 (m, PDAVP backbone), 1.38 (s, 

POCH2CH3). 

31P-NMR (203 MHz, MeOD-d4, 300 K) δ (ppm) = 33.2. 

IR (ATR): ῦ (cm-1) = 3476 (br m), 2982 (m, νC-H), 2934 (m, νC-H), 2907 (w, νC-H), 2870 (w, νC-H), 1655 (m), 1479 

(w, δC-H), 1443 (m, δC-H), 1392 (m, δC-H), 1369 (w, δC-H), 1221 (st, νP=O), 1161 (m, νC-O), 1097 (w), 1044 (w, νP-O), 

1015 (st, νP-O), 949 (st), 779 (st). 

 

General Procedure for the Hydrosilylation 

Prior to use the copolymer was kept under high vacuum for several minutes. The polymer was dissolved in absolute 

toluene (15 mL solvent per 500 mg polymer) after refilling the reaction flask with argon. The siloxane (one Si-H 

motif per allyl motif) and three drops of Karstedt’s catalyst were added to the solution and heated to 110 °C. After 

the gel formation had started, the reaction was kept an additional hour at this temperature, cooled to room 

temperature and was separated from the solvent in vacuo. The residue was washed several times with pentane, 

diethyl ether and, iso-propanol to purify the hydrogel. Eventually, the crude hydrogel was treated with water and 

freeze-dried. 
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1H-NMR (400 MHz, DMSO-d6, 300 K): δ (ppm) = 4.03 (br s, POCH2), 2.79 – 0.87 (m, PDAVP backbone), 1.24 

(s, POCH2CH3), 0.16 – -0.14 (br m, Siloxane). 

31P-NMR (162 MHz, DMSO-d6, 300 K) δ (ppm) = 33.1. 

IR (ATR): ῦ (cm-1) = 3466 (br m), 2979 (m, νC-H), 2933 (m, νC-H), 2911 (w, νC-H), 2870 (w, νC-H), 1714 (m), 1653 

(m), 1479 (w, δC-H), 1445 (m, δC-H), 1392 (m, δC-H), 1367 (w, δC-H), 1221 (st, νP=O), 1162 (m, νC-O), 1096 (w), 1043 

(w, νP-O), 1015 (st, νP-O), 950 (st), 781 (st). 

 

Procedure for the Thiol-Ene Click Reaction 

Prior to use the copolymer (250 mg, 1.83 µmol, nAllyl = 187 µmol) was kept under high vacuum for several 

minutes. The polymer was dissolved in THF (7 mL) after refilling the reaction flask with argon. 3,6-Dioxa-1,8-

octanedithiol (6) (34.1 mg, 187 µmol; one equivalent dithiol per DAlVP unit) and catalytic amounts of AIBN were 

added to the solution. The solution was degassed by repeatedly drawing vacuum and refilling with argon 

(20 iterations), heated to 70 °C, and was kept at this temperature for one hour. After the gel formation had started, 

the reaction was heated for an additional hour and then cooled to room temperature. The solvent was removed in 

vacuo and the residue was washed several times with pentane, diethyl ether, and iso-propanol to purify the 

hydrogel. Eventually, the crude hydrogel was treated with water and freeze-dried. 

 

1H-NMR (400 MHz, DMSO-d6, 300 K): δ (ppm) = 4.01 (s, POCH2), 2.88 – 1.03 (m, PDAVP backbone), 1.23 (s, 

POCH2CH3). 

31P-NMR (162 MHz, DMSO-d6, 300 K) δ (ppm) = 33.2. 

 

Procedure for the Cross Metathesis 

Prior to use the copolymer (300 mg, 2.20 µmol, nAllyl = 449 µmol) was kept under high vacuum for several 

minutes. The polymer was the dissolved in absolute dichloromethane (10 mL) and treated with the Grubbs I 

catalyst (5.00 mg, 6.08 µmol, 1.35 mol% respective to allyl groups). The reaction mixture was refluxed for 

48 hours. The progress of the reaction was checked by 1H- and 31P-NMR in MeOD. New Grubbs I catalyst 

(2.50 mg) was added, and the mixture was refluxed for another 24 hours to reach full conversion of the allyl groups. 

Eventually, dichloromethane was removed by a rotary evaporator and the residue was washed several times with 

pentane, diethyl ether and iso-propanol to purify the hydrogel. The crude hydrogel was treated with benzene and 

freeze-dried. 

 

1H-NMR (400 MHz, MeOD-d4, 300 K): δ (ppm) = 6.04 (s, CHAllyl), 5.85 (s, CH=CHcis/trans), 5.43 (dd, J = 18.4, 7.0 

Hz, CHAllyl), 5.27 (s, CHAllyl), 4.63 (s, CH2,Allyl), 4.18 (s, POCH2), 2.92 – 1.00 (m, PDEVP backbone), 1.38 (s, 

POCH2CH3). 

31P-NMR (162 MHz, MeOD-d4, 300 K) δ (ppm) = 33.2. 
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