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Abstract 

 

Since the polymer sciences were established in the beginning of the 20th century, the need 

for functionalized polymers is undeniable, potentially gaining even more importance in the 

future. Inspired by nature, the ability to control the monomer sequence in such materials 

offers great opportunities in the manipulation of intramolecular interactions, influencing the 

polymeric microstructure and thus resulting in interesting macroscopic properties. The 

development of controlled polymerization techniques has laid a robust foundation in order 

to achieve these goals. As such, ring-opening metathesis polymerization (ROMP) offers a 

versatile platform to synthesize functionalized and sequence-controlled polymers. 

In the first part of this thesis, a robust method to synthesize a variety of functionalized 

polymers is described. Here, carboxylic acid–functional norbornene derivatives are reacted 

with different aldehydes and isocyanides in the Passerini three-component reaction (P-3CR), 

generating a variety of bifunctional monomers capable of undergoing ROMP. Furthermore, 

the influence of the monomer structure on their polymerizability and their respective 

polymerization kinetics are determined. The thermal properties of the obtained functional 

polymers are evaluated by differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA). 

In the second part of this thesis, different ROMP-based synthesis procedures are investigated 

to obtain graft polymers. Therefore, norbornene-based macromonomers are synthesized via 

atom transfer radical polymerization (ATRP) and examined regarding their homo- and 

copolymerizability. The influence of the macromonomer structure on the ROMP kinetics and 

the polymerization control are investigated using standard analytical methods. Additionally, 

the synthesis of sequence-controlled graft copolymers by reacting different macromonomers 

in an iterative manner is examined and further discussed, as well as the introduction of a 

novel strategy to synthesize graft copolymers from bifunctional macromonomers derived 

from the P-3CR. 

In the third part of this thesis, the synthesis of sequence-controlled graft copolymers is 

investigated, whereby norbornene-based macromonomers are added consecutively into an 

ongoing ROMP. The delayed addition of fast-propagating exo norbornene–based 

macromonomers to a relatively slow polymerization of an endo norbornene monomer leads 



 

 VIII 

to the targeted insertion of macroblocks along the polymeric backbone. By applying this 

kinetic approach, the effect of the macromonomer structure on the ROMP kinetics and the 

polymerization control is investigated using standard analytical methods. Here, 

sequence-controlled graft copolymers are successfully synthesized in a controlled fashion, 

whereby diblock- and triblock-like architectures with variable molar fractions are obtained by 

using different macromonomers. 

Overall, the applied methodologies were found successful, albeit the widely reported 

sequential addition of (macro)monomers onto a “living” polymer was found the least efficient 

and the most limited by the structural characteristics of the employed monomer. 

Nonetheless, the use of a largely overlooked catalyst for the same purpose and by taking 

advantage of the kinetic quirk that norbornene isomers present, a versatile method to 

prepare sequence-controlled polymers was identified. Moreover, the use of a 

multicomponent reaction was successful in introducing bifunctional monomers into a 

sequence-controlled polymer. 
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Kurzzusammenfassung 

Seit dem Aufkommen der Polymerchemie, zu Beginn des zwanzigsten Jahrhunderts, steigt die 

Nachfrage nach funktionalisierten Polymeren kontinuierlich an. Des Weiteren werden hoch 

spezialisierte Polymere zukünftig vermutlich weiter an Bedeutung gewinnen. Die Natur dient 

in vielen Forschungsbereichen als Vorbild, so auch in der Polymerchemie. Die Kontrolle über 

die Monomersequenz in synthetischen Materialien, inspiriert von der definierten Abfolge von 

Nukleinbasen in der Desoxyribonukleinsäure (DNA), ermöglicht die Beeinflussung von 

intramolekularen Wechselwirkungen und damit der polymeren Mikrostruktur. Diese Struktur 

hat weiterhin einen Einfluss auf potenziell interessante makroskopische Eigenschaften des 

Polymers. Die Entwicklung von kontrollierten Polymerisationstechniken hat eine stabile 

Grundlage geschaffen, um sequenzkontrollierte Makromoleküle zu synthetisieren und 

entsprechende Forschungsziele zu erreichen. Als solche stellt die Ringöffnungsmetathese 

Polymerisation (ROMP) eine vielseitige Plattform dar, um funktionalisierte und 

sequenzkontrollierte Polymere zu synthetisieren. 

Im ersten Abschnitt dieser Dissertation wird eine Vielzahl an funktionalisierten Polymeren 

synthetisiert, wobei sich die verwendete Methode durch ihre Robustheit und Vielseitigkeit 

auszeichnet. Dabei werden Norbornen-funktionalisierte Carbonsäurederivate mit 

unterschiedlichen Aldehyden und Isocyaniden in einer Passerini-Dreikomponentenreaktion 

(P-3KR) umgesetzt. Die resultierenden bifunktionellen Monomere werden anschließend in 

einer ROMP zu den entsprechenden Polymeren umgesetzt. Des Weiteren wird der Einfluss 

der Monomerstruktur auf deren Polymerisierbarkeit und die Polymerisationskinetik 

untersucht. Die thermischen Eigenschaften der synthetisierten Polymere werden 

anschließend mit Hilfe dynamischer Differenzkalorimetrie (DDK) und thermogravimetrischer 

Analyse (TGA) ermittelt. 

Im zweiten Abschnitt der Dissertation werden verschiedene ROMP-basierte 

Synthesemethoden untersucht, um Pfropfcopolymere zu erzeugen. Hierfür werden zunächst 

Norbornen-funktionalisierte Makromonomere durch radikalische Polymerisation unter 

Atomtransfer (ATRP) synthetisiert und anschließend deren Homo- und Copolymerisierbarkeit 

mittels ROMP untersucht. Der Einfluss der Makromonomerstruktur auf die 

Polymerisationskinetik und die Polymerisationskontrolle wird mit Hilfe grundlegender 

Analysemethoden erforscht. Außerdem wird die iterative Synthese von 
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sequenzkontrollierten Pfropfcopolymeren durch die Copolymerisation von unterschiedlichen 

Makromonomeren mittels ROMP untersucht und diskutiert. Zuletzt wird eine neue Strategie 

zur Synthese von bifunktionellen Makromonomeren mittels P-3KR vorgestellt, die einen 

einfachen Zugang zu ROMP-basierten Pfropfcopolymeren bietet. 

Im dritten Abschnitt dieser Dissertation wird die Synthese von sequenzkontrollierten 

Pfropfcopolymeren erforscht, wobei Norbornen-funktionalisierte Makromonomere 

nacheinander zu einer kontinuierlich fortschreitenden ROMP gegeben werden. Die 

verzögerte Zugabe von exo Norbornen-funktionellen Makromonomeren, die hohe 

Polymerisationsgeschwindigkeiten aufweisen, zu der relativ langsamen Polymerisation eines 

endo Norbornenderivates führt zu dem gezielten Einbau eines makromolekularen Blocks in 

das polymere Rückgrat. Hierbei wird der Einfluss der Makromonomerstruktur auf die 

Polymerisationskinetik und die Polymerisationskontrolle erforscht. Mit Hilfe dieses 

kinetischen Ansatzes können sequenzkontrollierte Pfropfcopolymere synthetisiert werden. 

Die Verwendung von verschiedenen Makromonomeren führt zu diblock-, sowie 

triblockartigen Architekturen und ermöglicht die Variation der entsprechenden 

Molfraktionen auf kontrollierte Weise. 

Insgesamt wurden die angewendeten Methoden erfolgreich durchgeführt, obgleich der 

vielfach berichtete sequenzielle Einbau von (Makro)monomeren in ein „lebendes“ Polymer 

als die ineffizienteste und am stärksten limitierte Methode identifiziert wurde. Ein weitaus 

vielversprechenderer Ansatz wurde mit Hilfe eines (in diesem Bereich) größtenteils 

übersehenen Katalysators erarbeitet. Dieser Ansatz nutzt die speziellen kinetischen 

Eigenschaften von Norbornen-Isomeren aus und stellt ein vielseitiges Verfahren zur Synthese 

von sequenzkontrollierten Pfropfcopolymeren dar. Außerdem wurden 

Multikomponentenreaktionen erfolgreich zur Synthese von bifunktionellen Monomeren 

verwendet, die anschließend in sequenzkontrollierte Polymere umgewandelt wurden. 
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1 Introduction 

 

Since centuries, nature has inspired generations of scientists by its complexity, versatility, and 

adaptivity. Within the last 300 years, modern chemistry has gained more and more 

importance by exposing the secrets of nature.1-4 In the early 20th century, H. Staudinger 

established the field of macromolecular chemistry, which has had a major impact to the 

present day.5-7 Furthermore, discoveries such as the double-helical structure of 

desoxyribonucleic acid (DNA) and the investigation of other biopolymers, such as proteins, 

have emphasized the importance of structure-property relationships and thus revealed the 

hidden potential of well-defined macromolecules.8-12 

In recent years, the development of controlled polymerization techniques has enabled the 

synthesis of copolymers comprising controlled monomer sequences.13-16 In relevance to this 

work, ring-opening metathesis polymerization (ROMP) has been established as a powerful 

tool for the preparation of such materials due to its kinetically controlled character,17 high 

tolerance toward functional groups and high polymerization rates.18-20 Especially the ROMP 

of norbornene derivatives provides a straightforward method to synthesize a variety of 

polymers in a “living” fashion.21-23 Norbornene monomers possess many advantages, 

including a high reactivity and stability in ROMP,24 and an easy preparation via Diels-Alder 

reactions.25,26 Furthermore, the functionalization of such monomers is achievable by various 

methods,27-29 including multicomponent reactions (MCRs) which provide a high degree of 

versatility by introducing a wide range of functional groups.30 Recently, MCRs have been used 

to synthesize a range of monomers with peptide-like side groups, whereby subsequent ROMP 

yielded the corresponding polymers in a controlled fashion.31 Since the Passerini 

three-component reaction (P-3CR) is well-established in the polymer sciences, for instance 

for the preparation of sequence-defined oligomers,32-34 it provides a versatile and robust 

platform to generate highly functionalized monomers without the necessity of 

post-polymerization functionalization. Subsequent ROMP enables the straightforward 

synthesis of peptoid-functional polymers with the potential to hydrogen bond, an interesting 

feature, e.g., in the field of drug delivery.35 
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In order to increase the structural complexity in polymeric materials, graft copolymers are 

prepared from macromonomers via “living” polymerization techniques.36,37 As such, 

macromonomers comprise a polymerizable moiety and a polymeric chain and are synthesized 

e.g. via anionic polymerization.38 Atom transfer radical polymerization (ATRP) has been 

shown to be a suitable method due to the ability to synthesize low dispersity polymers with 

precisely controlled molecular weights and diverse functionalities.39,40 Additionally, the 

synthesis of graft copolymers enables the generation of well-defined structures which exhibit 

gradient,41 block,42 hyper-branched,43 and dendritic topologies.44 Recently, the synthesis of 

graft copolymers from norbornene-based macromonomers via ROMP has gained attention, 

obtaining sequence-controlled polymers that exhibit interesting micro- and macroscopic 

properties, including the ability to self-assemble into periodic structures.45,46 Hereby, 

Grubbs-type catalysts are extensively employed.47-49 These systems provide a high degree of 

control and yield multiblock copolymers via sequential addition of macromonomers.50 

While the story of sequence-controlled polymers has just begun, future achievements in 

mimicking and replicating nature are supposed to have a large influence and bring significant 

advantages on several areas of life.51-53 
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2 Theoretical background 

Parts of this chapter are adapted from my master thesis:54 

D. Barther, Master thesis, KIT 2018. 

 

2.1 Sequence-control: from natural to synthetic macromolecules 

 

Inspired from the precise synthesis of peptides in the middle of the 20th century,12,55 and the 

decoding of the first human gene in 1977,56 intensive efforts have been made in 

understanding and controlling the monomer sequence in synthetic polymers.57-59 With the 

emergence of controlled polymerization techniques and the development of designed 

catalysts,60-64 research in this field of science intensified in recent years, revealing the 

potential of sequence-control in synthetic polymers (Figure 2.1). 

 
Figure 2.1. Number of search results per year associated with the term “sequence-controlled 
polymers” (2000 - 2021) available via Google Scholar (date of excess: 06.03.2022). 
 

In a review article published in 2013, Lutz, Ouchi, Liu, and Sawamoto proposed the following 

definition: 

 

“Sequence-controlled polymers are macromolecules in which monomer units of different 

chemical nature are arranged in an ordered fashion.”65 
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Although this definition appears to be generic, since it includes precisely ordered biopolymers 

such as DNA,8,66,67 and less defined polymers like periodic and aperiodic copolymers,68,69 it 

has proven to be an important first step in the evaluation of controlled polymeric systems 

(Figure 2.2). 

 
Figure 2.2. Schematic representation of the terms “sequence-controlled polymers” and 
“sequence-defined polymers”. Reprinted with permission (https://onlinelibrary.wiley.com 
/doi/ full /10.1002/marc.201700582).70 
 

In order to emphasize the differences in the structural ordering, the terms “disperse” and 

“uniform” were introduced,71,72 whereby polymeric compounds are categorized by their 

dispersity (Ð) as sequence-controlled or sequence-defined polymers. Macromolecules with a 

disperse chain-length distribution (Ð > 1) are termed non-uniform or polydisperse, whereas 

macromolecules which are strictly defined in size and composition (Ð = 1) are termed uniform 

or monodisperse (Figure 2.2).73  

In recent years, the accessibility to uniform macromolecules or polymers has been enabled 

by iterative synthesis procedures,74 and the replication of biochemical processes.75-78 The 

application of uniform biopolymers in the pharmaceutical industry is crucial,79 and potentially 

becomes even more important in the future e.g. in the production of ribonucleic acid 

(RNA)-based therapeutics.80 However, the commercial application of synthetically generated 

uniform macromolecules is limited to date, while offering unique opportunities in 

understanding structure-property relationships and thus being potentially important in the 

production of highly specialized materials.81-83 
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The accessibility of sequence-controlled polymers has been achieved by copolymerizing 

monomers which show different kinetic behaviors, such as in the case of monomers unable 

to undergo homopolymerization but readily copolymerize (Figure 2.3).84-86 

 
Figure 2.3. Representative examples for the kinetic approach in the synthesis of 
sequence-controlled polymers, using ATRP (top) and ROMP (bottom).87,88 
 

In 2007, Lutz et al. used this kinetic approach to control the monomer sequence distribution 

in a reversible-deactivation radical polymerization (RDRP) using styrene and different 

N-substituted maleimides as monomers (Figure 2.3, top).87 It has been further shown that the 

chemical structure of the maleimide comonomers influences the reactivity ratios, and thus 

the microstructure of the generated polymers.89,90 Similarly, monomers with different kinetic 

profiles have been employed in other types of polymerizations, such as anionic 

polymerization,91,92 or ROMP (Figure 2.3, bottom),93-96 to prepare sequence-controlled 

polymers. The synthesis of the latter has also been shown using e.g. iterative processes in 

chain-growth polymerizations,97-99 as well as in step-growth polymerizations.100-102 The ability 

of polymeric materials with spatially periodic structures to organize into complex 

morphologies enables, for instance, the manipulation of light propagation and is thus 

potentially interesting in the preparation of photonic materials.103-105 Potential biomedical 

applications include targeted drug delivery,106 phototherapy,107 or biosensing.108 
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2.2 Tools in organic chemistry 

2.2.1 Multicomponent reactions (MCRs) 

 

In classic synthesis approaches, most reactions require two reactants which will be converted 

to the desired product.109-111 To synthesize more complex molecules, it is often necessary to 

perform a stepwise synthesis.112 In contrast, multicomponent reactions (MCRs) facilitate the 

formation of a single product by combination of three or more components and thus enable 

the generation of highly diverse products.113 Furthermore, most examples entail simple 

synthesis procedures and generate products with excellent yields.114 In the following section, 

an overview about typical MCRs is given, whereas isocyanide-based multicomponent 

reactions (IMCRs) are discussed in more detail in chapter 2.2.3. 

The Hantzsch synthesis of 1,4-dihydropyridines represents a famous example and was 

reported for the first time in 1881 by A. R. Hantzsch.115 Here, an aldehyde component, a 

nitrogen donor and two equivalents of a β-keto ester form a 1,4-dihydropyridine (1,4-DHP) 

which is then oxidized to the respective pyridine derivative (Scheme 2.1).116 

 
Scheme 2.1. Representative Hantzsch synthesis of 1,4-dihydropyridines (1,4-DHPs) and 
subsequent oxidation yielding 1,4-disubstituted pyridines.115,116 
 

The reaction exhibits a high robustness and was performed e.g. in a one-pot fashion in 

refluxing water using iron(III) chloride and potassium permanganate as oxidizing agents.117 In 

order to avoid harsh reaction conditions and long reaction times, 1,4-DHPs are e.g. 

synthesized under acidic catalysis in aqueous micelles under ultrasonication.118 The Hantzsch 

synthesis is important in the development of drugs, since the obtained 1,4-DHPs were found 

to be bioactive, exhibiting a high affinity for binding calcium channels.119 1,4-DHPs are further 

used e.g. as anticonvulsants and in the treatment of vasodilation.120,121 Current research 

includes the enantioselective and asymmetric Hantzsch synthesis,122,123 as well as more 
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sustainable approaches to obtain bioactive 1,4-DHP derivatives and modified 

three-component Hantzsch protocols.124,125  

Another MCR capable of generating heterocyclic compounds was developed in 1891 by the 

Italian chemist P. Biginelli.126 This hitherto referred to as Biginelli reaction was first performed 

utilizing urea, benzaldehyde, and ethyl acetoacetate. The acid-catalyzed reaction results in 

the formation of 3,4-dihydropyrimidine-2(1H)-one (DHPM, Scheme 2.2).127 

 
Scheme 2.2. Synthesis of 3,4-dihydropyrimidine-2(1H)-one from urea, benzaldehyde, and 
ethyl acetoacetate via the Biginelli reaction.126,127 
 

However, the Biginelli reaction is not limited to the above-mentioned components. Instead 

of urea it is also possible to use substituted urea and thiourea derivatives.128 Furthermore, 

the aldehyde component is adjustable and the ethyl acetoacetate is exchangeable with a 

variety of other β-keto esters.129 The variation of these three components leads to a large 

number of possible pyrimidine derivatives. Comparable to 1,4-DHPs, DHPMs act as calcium 

antagonists, lowering the intake of calcium ions by muscle cells.130 Hence, DHPM-containing 

drugs are used in the therapy of hypertension, cardiac arrhythmias, and other diseases of the 

coronary vessels.131 Current research examines the antitumor bioactivity of DHPMs,132 

whereby Biginelli-based polymers were synthesized and found to efficiently inhibit the 

growth of cancer cells.133 Beside pharmaceutical applications, the Biginelli reaction is 

commonly used in polymer sciences, e.g. in the synthesis of polycondensates with tunable 

thermal properties and in the synthesis of UV-protective polymers from biobased 

resources.134,135 
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2.2.2 Isocyanide chemistry 

 

In the following section, the synthesis, properties, and applications of isocyanides are 

described, since they are essential reactants in IMCRs, which are described in chapter 2.2.3. 

Isocyanides are a nitrogen-containing class of organic compounds with the chemical formula 

R-NC and were first reported by W. Lieke in 1859.136 In contrast to nitriles, the organic moiety 

in isocyanides is attached to the nitrogen atom. The chemical structure of isocyanides is best 

described by two resonance structures, a zwitterionic and a carbenoid structure (Scheme 

2.3).137 

 
Scheme 2.3. Resonance structures of isocyanides: zwitterionic (left) and carbenoid (right).137 
 

Although isocyanides are known to have a “penetrating and extremely unpleasant odour”,136 

they have been extensively used as electrophiles and nucleophiles in organic chemistry and 

polymer sciences,138,139 as shown by several examples later within this section. 

Since the first report of isocyanides, different synthesis procedures have been developed e.g. 

starting from amines,140,141 formamides,142-144 epoxides,145 or organic halides (Scheme 2.4).136 

 
Scheme 2.4. Representative isocyanide synthesis strategies.136,141,142,145 
 

The dehydration of formamides using different dehydrating agents, such as phosphoryl 

trichloride (POCl3),142 phosgene,146 or a mixture of triphenylphosphine (PPh3) and iodine,144 is 

nowadays commonly used to synthesize isocyanides (Scheme 2.4). Recently, Meier et al. 

reported a variation of the Ugi strategy by exchanging highly reactive and corrosive POCl3 with 
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p-toluenesulfonyl chloride (p-TsCl) and further improved the reaction in terms of 

sustainability.143 

As mentioned earlier in this section, isocyanides act as both electrophiles and 

nucleophiles,138,139 and thus are extensively used in organic syntheses (Scheme 2.5). 

 
Scheme 2.5. Representative applications of isocyanides in organic syntheses.147-149 
 

Due to their electrophilicity, isocyanides are well-known to undergo Lewis and Brønsted acid–

catalyzed insertion into C-O (Scheme 2.6),147 C-S,150 C-Si,151 and B-Si152 bonds. Furthermore, 

several transition metal–catalyzed insertions are known, including insertion into S-H and N-H 

bonds by using copper complexes,153,154 and insertion into Si-Si and S-S bonds by using 

palladium catalysis.155,156 Recently, the synthesis of thiolocarbamates has been performed in 

a one-pot fashion starting from the formamide, where the isocyanide is formed in situ and 

subsequently converted to the respective thiolocarbamate.149 Isocyanides are further used in 

IMCRs, which are discussed in chapter 2.2.3. In polymer chemistry, isocyanides have been 

used since half a century,157,158 whereby a recent example represents the catalyst-free 

multicomponent polymerization of diisocyanides, diamines, and sulfur, yielding 

poly(thiourea)s.159 
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2.2.3 Isocyanide-based multicomponent reactions (IMCRs) 

 

In contrast to the Hantzsch synthesis and the Biginelli reaction, IMCRs usually yield linear 

peptoid-like products with a high degree of structural diversity.160 The Ugi four-component 

reaction (U-4CR) and the P-3CR are the most famous representatives of this reaction type and 

are discussed in more detail within this section. 

The U-4CR was first reported by I. Ugi in 1959.161 The four components involved in this 

reaction are a carboxylic acid, a primary amine, an oxo-component such as a ketone or an 

aldehyde, and an isocyanide. These four components react in a condensation reaction to form 

an α-amino acylamide (Scheme 2.6).161 

 
Scheme 2.6. U-4CR and commonly accepted mechanism involving a carboxylic acid, a primary 
amine, an aldehyde, and an isocyanide.160-162 
 

The commonly accepted reaction mechanism involves the formation of a Schiff base by 

condensation of the amine and the aldehyde as an initiation step. Subsequent protonation of 

the Schiff base by the carboxylic acid forms an iminium ion. In the next step, the isocyanide 

simultaneously acts as a nucleophile toward the electrophilic center of the iminium and as an 

electrophile toward the carboxylate (α-addition).160 This reaction step likey proceeds in a 

concerted fashion. Subsequently, an intramolecular Mumm rearrangement forms the 

α-amino acylamide (Scheme 2.6).163  
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The U-4CR offers a versatile platform for the combination of bifunctional reaction 

components, leading to structurally interesting products (Scheme 2.7). 

 
Scheme 2.7. Representative U-4CR variations: Ugi-Diels-Alder and Ugi-Smiles.164,165 
 

In the recent literature, Ugi-Diels-Alder reactions were performed by the synthesis of U-4CR 

products capable of undergoing intramolecular Diels-Alder reactions, yielding highly 

substituted tricyclic lactams.164 Another famous example is represented by the Ugi-Smiles 

reaction, where the carboxylic acid component is replaced by an electron poor phenol 

derivative and the Smiles rearrangement represents the final reaction step.165,166  

Due to the straightforward synthesis procedure in a one-pot fashion and the structural variety 

of the peptoid-like products, the U-4CR is extensively used to establish chemical 

libraries.167,168 Therefore, the involved components and their composition are varied, based 

on the principles of combinatorial chemistry. This method is widely used in the field of 

pharmaceutical research, whereby new biologically active substances are synthesized, 

examined, and optimized in a relatively small amount of time.169 Hereby, the peptoid-like 

structure of the products obtained by the U-4CR enables their application e.g. in the synthesis 

of tubulysins, which exhibit potent anti-proliferative activities against human cancer cells 

(Scheme 2.8).170 

 
Scheme 2.8. Possible application areas of the U-4CR: medical and polymer chemistry.170,171 
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Furthermore, the U-4CR is extensively used in polymer chemistry, generating polypeptoidic 

structures and in the formation of sequence-defined oligomers with potential application in 

data storage or cryptography (Scheme 2.8).171-173 Since classical U-4CRs generate racemic 

product mixtures, current research includes the introduction of enantioselectivity by using 

e.g. conformationally restricted chiral phosphoric acids as organocatalysts.174,175 

Furthermore, the U-4CR is currently used in the synthesis of catalytic systems capable of 

performing CO2 fixation reactions, yielding cyclic carbonates.176 

The P-3CR was reported for the first time by M. Passerini in 1921.177 As the U-4CR, the P-3CR 

is an isocyanide-based multicomponent reaction, which involves a carboxylic acid, an 

oxo-component, such as a ketone or an aldehyde, and an isocyanide. These three components 

react to form an α-acyloxy amide (Scheme 2.9).178 

 
Scheme 2.9. P-3CR involving a carboxylic acid, an aldehyde, and an isocyanide, and non-ionic 
reaction mechanism in aprotic solvents postulated by I. Ugi.162,177,178 
 

First kinetic studies conducted by Baker and Stanonis indicated a trimolecular reaction 

process between the carboxylic acid, the oxo-component, and the isocyanide. The postulated 

reaction mechanism involves two separate steps, which both follow first order kinetics. In the 

first step, the isocyanide and the oxo-component are assumed to form a reversible transition 

state which reacts with the carboxylic acid in an irreversible second step to the desired 

α-acyloxy amide.179 The reaction mechanism of the P-3CR was described for the first time by 

I. Ugi. It has been shown that the reaction rate increases in aprotic solvents, such as 
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tetrahydrofuran (THF). It was also observed that high concentrations of the reagents and 

performing the reaction at room temperature dramatically increase the yield.180 

As a result of his work and the previous kinetic investigations done by Baker and Stanonis, Ugi 

postulated a non-ionic reaction mechanism (Scheme 2.9).162 Initially, the carboxylic acid and 

the aldehyde form a six-membered ring transition state. At this point, the formation of 

hydrogen bonds is essential. Within the six-membered ring transition state, the carbonyl 

group of the aldehyde is more polar and is consequently more prone to be attacked by a 

nucleophile. In the next step, the free electron pair of the isocyanide attacks the carbonyl 

group of the aldehyde, while the acid component simultaneously attacks the isocyanide in a 

nucleophilic manner (α-addition). A seven-membered ring transition state is formed and 

finally in an irreversible step, an intramolecular Mumm rearrangement forms the α-acyloxy 

amide.162 

Since the products of the P-3CR are structurally highly versatile due to the variation of the 

used components, replacement of the carboxylic acid component further increases the 

versatility of the P-3CR. As an example, alcohols and hydrazoic acid are used to generate 

α-alkoxy amide derivatives and 5-(1-hydroxyalkly)tetrazoles, respectively (Scheme 

2.10).181,182 

 
Scheme 2.10. Representative P-3CR variations: replacement of the carboxylic acid by an 
alcohol to obtain α-alkoxy amides and by hydrazoic acid to obtain 
5-(1-hydroxyalkly)tetrazoles.181,182 
 

A straightforward synthesis procedure in a one-pot fashion as well as the possibility to obtain 

peptoid-like compounds in a highly diverse and enantioselective fashion offers a wide 

application range in the area of medical chemistry,170,183 including the buildup of chemical 

libraries using combinatorial methods.168 As an example, the P-3CR is applied in the synthesis 

of pharmaceutical products such as Casodex® (Scheme 2.11), a leading drug in the treatment 

of prostate cancer.170  
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Furthermore, linear and star-shaped amphiphilic copolymers obtained by the P-3CR are 

potentially interesting in the field of drug delivery,184,185 whereby the release of the 

encapsulated drug is influenced by physiological conditions, such as temperature and pH.186 

 
Scheme 2.11. Possible application areas of the P-3CR: medical and polymer chemistry and the 
synthesis of sequence-defined macromolecules.170,187,188 
 

Similar to the U-4CR, the P-3CR is used in the synthesis of sequence-defined macromolecules 

using iterative synthesis procedures, i.e. the reaction of isocyanides which bear a benzyl 

ester–protected carboxylic acid moiety with different aldehydes and an initial carboxylic acid 

(Scheme 2.11).187 Using different iterative procedures, the synthesis of highly branched 

sequence-defined macromolecules, such as dendrimers and star-shaped amphiphilic block 

copolymers, has been recently performed by combining the P-3CR with olefin metathesis and 

copper(I)-mediated azide-alkyne cycloaddition (CuAAC),189,190 respectively, and further 

demonstrates the versatility and robustness of the P-3CR. 

The application of the P-3CR in polymer chemistry is well-known in the literature, generating 

macromolecules with polypeptoidic structures.191 Therefore, different synthesis approaches 

are used, ranging from simple monomer synthesis and subsequent polymerization e.g. using 

acyclic diene metathesis (ADMET),192 toward the step-growth polymerization of bifunctional 

monomers via the P-3CR (Scheme 2.11),188,193,194 and post-polymerization modification.195 
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The P-3CR is currently applied in a variety of different research areas, including one-pot 

cascade polycondensations for the synthesis of functional polyesters,196 the functionalization 

of cellulose,197 and the examination of the Passerini four-component reaction (P-4CR), which 

enables direct use of CO2 in MCRs.198,199 

 

2.2.4 Azide chemistry 

 

The azide anion has the chemical formula N3- and represents the conjugated base of hydrazoic 

acid (HN3, Scheme 2.12).200 

 
Scheme 2.12. Chemical structure of the azide anion (left),201 representative inorganic azide 
compounds (middle),202 and representative azidation of organic compounds by nucleophilic 
substitution using sodium azide and the resonance structure of the obtained organic azide 
(right).203 
 

Inorganic azides have a broad scope of applications, sodium azide (NaN3) for instance is used 

for airbag inflation and lead(II) azide is used as a shock-sensitive detonator (Scheme 2.12).204 

Most inorganic azides are toxic and nearly all of them are explosive.203 

Beside a variety of inorganic azides,205,206 organic azides have been synthesized via 

nucleophilic substitution, e.g. using NaN3 and an organohalide (Scheme 2.12).203 Since azides 

are excellent nucleophiles, even compounds bearing weak leaving groups easily undergo 

nucleophilic substitution. Other methods include the nucleophilic aromatic substitution of 

electron-poor aromatic systems,207 the reaction of nitrosoarenes with hydrazoic acid,208 the 

diazotization of hydrazines,209 1,4-addition reactions of α,β-unsaturated carbonyl 

compounds,210 and the radical azidation of C-H bonds.211 The resulting organic azides exhibit 

a broad field of applications, serving as photoaffinity labels,212 cross-linkers in 

photoresistors,213 reactants in the total synthesis of natural products,214 and as efficient 

protecting groups for amine and alcohol functionalities.215 
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In recent years, a large number of reactions involving organic azides were developed, 

including the synthesis of heterocycles by intramolecular cycloaddition of nitrenes to 

olefins,216 the insertion into C-H bonds,217 and the formation of tri- and tetrazoles (Scheme 

2.13).218,219 

 
Scheme 2.13. Different reactions of organic azides. Reprinted with permission 
(https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/ejoc.201601390).220 
 

An important application of organic azides is represented by the Huisgen 1,3-dipolar 

cycloaddition (Scheme 2.13), named by R. Huisgen who intensively studied this type of 

cycloaddition in the middle of the 20th century.221 In principle, the latter describes the reaction 

between a 1,3-dipole and a dipolarophile, with 1,3-dipolar compounds exhibiting delocalized 

electrons distributed over three atoms, and electrophilic dipolarophiles usually comprising 

double or triple bonds.222 The term “Huisgen 1,3-dipolar cycloaddition” is often used equally 

to describe the reaction between organic azides and terminal alkynes yielding 1,2,3-triazoles. 

Since the reaction was found to be relatively slow and had to be performed under harsh 

conditions,223 its application was limited e.g. with respect to biological systems. These issues 

were tackled by Sharpless et al. and Meldal et al. in 2002, who independently developed a 

copper(I)-mediated version of the Huisgen 1,3-dipolar cycloaddition (Scheme 2.14).224,225 
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Different catalysis strategies have been reported, including the in situ reduction of copper(II) 

salts with sodium ascorbate under aqueous conditions or the direct use of copper(I) salts with 

amine bases or N-heterocyclic carbenes (NHCs) as ligands in organic solvents.224,226,227 

 
Scheme 2.14. Representative copper(I)-mediated azide-alkyne cycloaddition (CuAAC) yielding 
1,4-disubstituted 1,2,3-triazoles, and mononuclear mechanism proposed by Sharpless 
et al.228 
 

Further research has been focused on the mechanism of the copper(I)-mediated azide-alkyne 

cycloaddition (CuAAC), whereby Sharpless et al. proposed a reaction mechanism in 2002 

(Scheme 2.14).228 According to the proposed mechanism, the reaction starts with the 

formation of a stabilized copper-acetylide, followed by coordination of the azide. Subsequent 

ring-closing leads to a metallacycle whose rearrangement generates a copper-coordinated 

1,2,3-triazole. Cleavage of the catalytic complex finally yields the 1,4-disubstituted product. 

In recent years, the mechanism of CuAAC has been extensively examined.229-231 

The CuAAC has been used in a wide range of applications e.g. in the labelling of DNA and 

RNA,232 the synthesis of antimicrobial peptides,233 the development of 

radiopharmaceuticals,234 the synthesis of polymeric networks,235 and in the synthesis of 

end-on-end linearly assembled fibers.236  
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2.3 Polymerization techniques 

2.3.1 Basic techniques 

 

Polymerization reactions are divided into two main groups, step-growth and chain-growth 

polymerizations. The former is characterized by the absence of an initiator, a non-linear 

relationship between the molecular weight of the forming polymeric chains and the monomer 

conversion, and the random growth within the reaction mixture.237 Hereby, multifunctional 

monomers, e.g. equimolar amounts of two different bifunctional monomers (AA/BB-type) or 

one bifunctional monomer with two different functionalities (AB-type), react to form small 

oligomers. Due to the step-like process, the monomers are rapidly consumed merely yielding 

low molecular weights. Further reaction between oligomers leads to the formation of higher 

DP oligomers, eventually generating macromolecules at high monomer conversion. In order 

to obtain high molecular weights, it is essential to reach nearly quantitative monomer 

conversion. This behavior is described by the Carothers equation, which was proposed to 

evaluate the degree of polymerization (Xn) attainable in a step-growth polymerization for a 

given fractional monomer conversion (p).238 Considering a linear step-growth polymerization 

using AB-type monomers, it is represented by: 

 !! =
1

1 − % (2.1) 

with the monomer conversion being calculated from the number of monomers initially 

present (N0) and the number of monomers present after a defined time (N) according to: 

 % = &" − &
&"

 (2.2) 

As an example, a monomer conversion of 95% (p = 0.95) is required to obtain polymers with 

an Xn of 20, whereas a monomer conversion of 99.5% (p = 0.995) is required to obtain 

polymers with an Xn of 200 (Figure 2.4). 

 



 2 Theoretical background 
 
 

 19 

 
Figure 2.4. Graphical representation of the Carothers equation for (A) linear AB-systems and 
(B) linear AA/BB-systems.238 
 

When applying a mixture of monomers in a step-growth polymerization, e.g. using 

AA/BB-type monomers, one monomer can be present in excess and the Carothers equation 

becomes: 

 !! =
1 + (

1 + ( − 2(% (2.3) 

with r being the stoichiometric ratio of the reactants. If equimolar amounts of monomers are 

used, then r = 1 and the equation reduces to the AB-type equation above (Equation 2.1, 

Figure 2.4).239 

In non-linear AB-systems, e.g. in the synthesis of branched polymers, the Carothers equation 

is modified, leading to: 

 !! =
2

2 − %*#$
 

(2.4) 

with p being calculated from: 

 % = 2(&" − &)
*#$&"

 
(2.5) 

with fav being the average functionality per monomer unit, fi being the number of 

functionalities of monomer i, and Ni being the amount of monomer i.240 

 *#$ =
∑&%*%
∑&%

 
(2.6) 

 

 



 2 Theoretical background 
 
 

 20 

In step-growth polymerizations, one type of reaction is responsible for polymer formation, 

while no termination is required and thus the chain ends remain active. Depending on the 

used monomers, linear, branched, or crosslinked polymers are attainable via step-growth 

polymerization techniques.237 

Step-growth polymerizations are further divided into polycondensation and polyaddition 

reactions,241 both usually acid or base catalyzed,242-244 where the former is characterized by 

the release of a small molecule such as water as by-product.237 In order to increase the 

monomer conversion and thus reach high molecular weights in polycondensation reactions, 

the chemical equilibrium is shifted toward the product side by continuous removal of the 

by-product. Therefore, polycondensation reactions are often carried out at high 

temperature.237 Polycondensation reactions are of great importance in the chemical industry, 

e.g. in the production of polyesters, polyamides, polysiloxanes, and others (Scheme 2.15).245 

 
Scheme 2.15. Representative step-growth polymerizations.246-248 
 

Since the synthesis of polyurethanes (PUs) via the polyaddition of diisocyanates and diols was 

first reported by O. Bayer in 1937 (Scheme 2.15),248 extensive research has been conducted 

on this topic.249 Due to the environmentally and sanitarily harmful industrial synthesis of 

isocyanates using phosgene and their toxic potential in the production of PUs,250-252 recent 

research focuses on the synthesis of non-isocyanate PUs (NIPUs),253 e.g. by replacing 

isocyanates with cyclic carbonates.254-256 
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In contrast to step-growth polymerizations, chain-growth polymerizations are characterized 

by the presence of an initiator and thus a limited number of active sites, the polymer growth 

by monomer addition at one end or both ends of the chain, and the presence of different 

reaction steps during the polymerization process.257 The first reaction step is called chain 

initiation, in which an active site is formed e.g. by an initiator molecule, by radiation, or by 

thermal initiation. In the next step, chain propagation occurs by recurring reactions of the 

active site with the monomers to form longer molecules with new active sites. Deactivation 

of the active sites leads to chain termination. During chain transfer, the active site of a 

polymer is exchanged with the atom of another molecule, potentially leading to a new 

growing polymer chain.257 Additionally, intramolecular chain transfer can occur, so-called 

backbiting.258 An exemplary reaction mechanism of a controlled chain-growth 

polymerization, namely ATRP, is depicted in chapter 2.3.2 (Scheme 2.17). 

Chain-growth polymerizations are divided into different classes which are defined by the 

involved chain carrier.258 This includes coordination polymerization, as well as ionic, radical, 

reversible-deactivation, and ring-opening polymerization (ROP, Scheme 2.16). 

 
Scheme 2.16. Representative chain-growth polymerization techniques.259-263 
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In the following section, a brief overview and the basic description on commonly used 

chain-growth polymerizations is given, however, there are smooth transitions between the 

different approaches. Extensive research was conducted for all herein presented 

polymerization techniques.264-269 

Coordination polymerization is catalyzed by transition metal salts and their complexes,270-272 

with the monomer preliminarily coordinating to the transition metal center, followed by the 

formation of a four-membered ring transition state, and subsequent insertion of the 

monomer into the transition metal-carbon bond.273 Typical monomers include vinyl 

compounds or epoxides.273,274 An important example represents the polymerization of 

1-alkenes using Ziegler-Natta catalysts, such as triethylaluminium (Scheme 2.16).263,275 

Ionic polymerizations are divided into cationic and anionic polymerizations, whereby the 

active site bears a positive or a negative charge, respectively.257 For both, a variety of initiation 

strategies have been developed in recent years, including initiation with Lewis acids,276 

carbenium ion salts,277 and ionizing radiation in cationic polymerizations,278 and initiation by 

electron transfer and reactive anions in anionic polymerizations (Scheme 2.16).279,280 Typical 

monomers include e.g. vinylic compounds for cationic polymerization and heterocycles for 

anionic polymerization.281-284 

In radical polymerization, the active site comprises a radical which is generated using different 

strategies, e.g. by the thermal decomposition or photolysis of chemical initiators (Scheme 

2.16).285-288 Typical monomers in radical polymerizations include acrylates,289 

methacrylates,290 styrene,260 and vinylic olefins.291 Radical polymerization processes are used 

for a wide range of application in industry, e.g. in the production of superabsorbent polymeric 

networks in diapers or in the production of electrically conductive polymer glasses.292,293 

In ring-opening polymerization, the chain propagation is associated with the ring-opening of 

cyclic monomers, such as lactides or lactams (Scheme 2.16).261,294 Here, the active site is 

either radical,295 anionic,294 cationic,296 or netrual.297 Since cyclic monomers are used in this 

approach, the polymerization is usually driven by the relief of the ring-strain, generating a 

negative change in enthalpy and thus favors ring-opening.298 An important type of 

ring-opening polymerization is represented by ROMP, whereby unsaturated polymers are 

obtained from cyclic olefins.268 The basic principles of ROMP are discussed in more detail 

within chapter 2.3.3. 
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Reversible-deactivation polymerizations are characterized by an equilibrium between an 

active and a dormant species, leading to a controlled polymerization process. The most 

important variation is the RDRP, including polymerizations such as ATRP,299 the reversible 

addition-fragmentation chain transfer (RAFT) polymerization,300 and the nitroxide-mediated 

radical polymerization (NMP).301 

 
2.3.2 Atom transfer radical polymerization (ATRP) 

 

As mentioned in chapter 2.3.1, ATRP is a chain-growth polymerization and is further assigned 

to the class of RDRPs involving a radical as chain carrier.258 ATRP was independently reported 

by Sawamoto et al. and Matyjaszewski et al. in 1995,302,303 while research on this topic was 

strongly influenced by the latter. ATRP is described as a kinetically controlled radical 

polymerization and exhibits an equilibrium between the propagating radicals and the 

dormant species (Scheme 2.17).302 It is noted that the following section focuses on 

copper-mediated ATRP. 

 
Scheme 2.17. Reaction mechanism of copper-mediated ATRP with termination via (A) 
combination, (B) disproportionation, and (C) chain transfer.302 
 

An ATRP is typically mediated by a copper(I) complex (CuI-X/L), namely the activator. The 

latter reacts reversibly with an initiating alkyl halide species (R-X) which is the dormant 

species. During this reaction, characterized by the rate constant of activation (kact), the 
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copper(I) salt is oxidized to its copper(II) species (CuII-X2/L), namely the deactivator, among 

transfer of the alkyl-bonded halide, forming an alkyl radical (R*) which is the propagating 

species. During the chain propagation, the alkyl radical irreversibly reacts with a monomer 

(M) to form a growing radical (Pn*), whereby the reaction is characterized by the rate constant 

of propagation (kp). The reverse reaction between the deactivator and the propagating 

radicals re-forms the dormant species (Pn-X) and the activator and is characterized by the rate 

constant of deactivation (kdeact). The equilibrium between the activation and the deactivation 

process is described by the equilibrium constant (KATRP = kact/kdeact), which determines the 

concentration of radicals. In order to perform a controlled polymerization, large kact and kdeact 

are required to ensure a reasonable polymerization rate, while kact ≪ kdeact. The equilibrium 

between the propagating radicals and the dormant species is maintained until irreversible 

chain termination occurs, characterized by the rate constant of termination (kt).304,305 

Different termination mechanisms have been reported, including combination, radical 

disproportionation, and chain transfer.306 During combination (Scheme 2.14A), the two 

propagating radicals (Pn* and Pm*) react to form one deactivated species (Pn+m).307 

Interactions of the propagating radicals with e.g. oxygen or other impurities potentially trigger 

termination by combination.308,309 During radical disproportionation (Scheme 2.14B), a 

hydrogen atom is abstracted from the chain end of another propagating species, leading to 

the formation of two deactivated polymer chains with one having a saturated and the other 

an unsaturated chain end.310 Both termination processes are characterized by the loss of the 

propagating radicals. As a third possibility, termination by chain transfer describes the 

reaction of a propagating radical with a molecule by abstracting a hydrogen or another atom 

and thus transferring the radical character (Scheme 2.14C).311 Chain transfer potentially 

involves solvent molecules,312 polymer chains,306 or monomers.313 In contrast to combination 

and disproportionation, chain transfer retains the total number of radicals. 

Even though copper complexes are most often used in ATRP,314-316 other transition metals, 

such as Ru,303 Fe,317 Mo,318 and Os,319 have been studied. The selection of a certain transition 

metal has an influence on KATRP. Here, different equilibria are involved such as the oxidation 

of the metal complex, describing the ability to perform an electron transfer, the reduction of 

a halogen to a halide ion which is determined by its electron affinity, and the association of 

the halide ion to the higher oxidation state metal complex.320 Research on this topic indicated 
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twice the reducing potential for Cu compared to Ru and Os, whereas the halide affinity of Ru 

and Os was suggested to be seven to nine orders of magnitude higher than Cu.320 

Furthermore, KATRP is influenced by the relative homolytic bond strengths of the metal-halide 

bond, which decreases in the order F > Cl > Br > I, whereas the catalytic reactivity increases in 

this order.321 

Another important contribution to KATRP is described by the nature of the used ligand. 

Typically, multidentate nitrogen ligands are used to complex the copper ion (Figure 2.5),322-

324 since phosphorus, oxygen, and sulfur ligands are less effective due to e.g. unfavorable 

binding constants.325,326 

 
Figure 2.5. ATRP activation rate constants (kact) for different bidentate (red), tridentate 
(black), and tetradentate (blue) ligands with ethyl α-bromoisobutyrate in the presence of 
copper(I) bromide in acetonitrile at 35 °C. Reprinted with permission 
(https://pubs.acs.org/doi/full/10.1021/ma0609634).326 Copyright 2006 American Chemical 
Society. 
 

Several copper complexes with nitrogen-based ligands were compared, whereby the kacts 

were determined applying standardized reaction conditions. It was found that the activity of 

the catalyst increases with an increasing stability of the copper(II) state provided by the 

complexing ligand.327  
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Hence, kact decreases in the following order: tetradentate (cyclic-bridged) > tetradentate 

(branched) > tetradentate (cyclic) > tridentate > tetradentate (linear) > bidentate ligands.326 

Furthermore, the chemical environment of the nitrogen atoms influences the activity of the 

respective copper complex, thus kact decreases in the following order: pyridine ≥ aliphatic 

amine > imine.326 

In another study, the effect of the used ATRP initiator was examined, applying standardized 

reaction conditions, ensuring comparability of the determined kacts (Figure 2.6). 

 
Figure 2.6. ATRP activation rate constants (kact) for different tertiary (red), secondary (blue), 
and primary (black) alkyl initiators with CuI-X/PMDETA (X = Cl or Br) in acetonitrile at 35 °C. 
Reprinted with permission (https://pubs.acs.org/doi/full/10.1021/ma062897b).328 Copyright 
2007 American Chemical Society. 
 

Here, several alkyl (pseudo)halides were examined, and it was found that the activity of the 

alkyl group is defined by its ability to stabilize a formed radical by electronic effects. Thus, the 

activity decreases in the following order: tertiary > secondary > primary alkyl, and phenyl ester 

> cyanide > ester > benzyl > amide.328 Furthermore, the (pseudo)halide affects the activity of 

the ATRP initiator, depending on its ability to act as a leaving group and the stability of the 

formed species. Thus, the activity decreases in the following order: I ≥ Br > Cl ≫ SCN ≈ NCS.328 

The activity trends for the herein presented nitrogen ligands and ATRP initiators were further 
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confirmed by the determination of the respective KATRP, considering the contribution of kdeact 

on the catalytic activity.329 

In recent years, extensive research has been conducted on ATRP variations which tackle 

disadvantages assigned to the classic copper(I)-mediated ATRP, such as the catalyst poisoning 

by oxygen and the relatively high catalyst concentration needed.330 In order to minimize the 

required copper concentration in ATRP, so-called activator regeneration methods have been 

developed, which provide sufficient activity with low amounts of copper and enable 

polymerization in protic and aqueous media. Prominent examples are ARGET (activators 

regenerated by electron transfer) ATRP,331-333 ICAR (initiators for continuous activator 

regeneration) ATRP,334-336 and SARA (supplemental activator and reducing agent) ATRP.337-339 

Other ATRP variations are based on the photo-induced reduction of the transition metal 

complex or the generation of the copper(I) activator by electrochemical processes.340,341 

Current research on ATRP includes the development of organocatalysts for metal-free 

ATRP,342 the surface-initiated ATRP of bio-based monomers,343,344 the compatibility between 

different controlled radical polymerization techniques in the synthesis of polymeric 

networks,345 and the preparation of biomolecule-polymer conjugates.346 
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2.3.3 Ring-opening metathesis polymerization (ROMP)  

 

ROMP is a variation of the olefin metathesis reaction and was first reported in a patent by 

Du Pont,347 describing the metal-mediated polymerization of norbornene. The mechanism of 

ROMP was explained based on the olefin metathesis mechanism proposed by Chauvin in 1971 

(Scheme 2.18).348 

 
Scheme 2.18. ROMP mechanism based on the related olefin metathesis mechanism proposed 
by Chauvin,17,348 with metal alkylidene (1) and metallacyclobutane intermediate (2). 
 

In the first step, the metal alkylidene (1) coordinates to the cyclic olefin and reacts in a 

[2+2] cycloaddition, leading to the formation of the metallacyclobutane intermediate (2). The 

following cycloreversion is usually driven by the relief of the ring strain of the intermediate 

and results in the generation of the metathesis product and a new metal alkylidene, which 

exhibits a comparable reactivity toward the coordination and metallacyclobutane formation. 

The presence of an excess of cyclic olefin and typically the release of ring strain of the latter 

leads to propagation and thus to the generation of a polymeric chain. It is important to note 
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that the propagating metal center attached to the growing polymer chain is either found in 

the metal alkylidene or the metallacyclobutane form.17 Termination is usually initiated by an 

olefinic compound capable of undergoing a cross metathesis reaction with the propagating 

chain end. This process is called chain transfer and results in the formation of a terminated 

polymer chain and a deactivated metal complex. A propagating polymer chain may undergo 

an intramolecular chain transfer reaction, resulting in the formation of a cyclic polymer and 

the regeneration of the initial metal alkylidene. This process is called backbiting and strongly 

depends on the used monomer.62 

Since ROMP is a variation of olefin metathesis which is characterized by reversibility, there 

were discussions about whether to denote ROMP as a “living” polymerization technique. The 

term “living” was defined by M. Szwarc in 1956,349 and describes a polymerization which is 

characterized by the absence of chain termination and irreversible chain transfer, as well as 

by the rate of initiation being fast compared to the rate of propagation.258 In addition to this 

definition, a ROMP reaction is described as “living and controlled” if there is (1) fast and 

complete initiation, (2) a linear relationship between the degree of polymerization (DP) and 

the monomer consumption, and (3) dispersity values lower than 1.5 for the obtained 

polymers.350,351 Hence, the “living” nature and the efficiency of ROMP is ultimately defined by 

the choice of monomer and catalyst. 

Potential monomers for ROMP usually exhibit a ring strain higher than 5 kcal/mol as for 

example norbornene, cyclobutene, cyclopentene, and cyclooctene.352 Six-membered rings 

are not likely to undergo ring-opening due to their low ring strain energies, e.g. -0.84 kcal/mol 

for cyclohexene.352 Since the success of a reaction is not only influenced by enthalpic factors, 

but depends on the Gibbs free energy, the activation energy for ROMP can also be generated 

by a negative entropy term.353 This variation is called entropy-driven ROMP (ED-ROMP) and 

is discussed later within this section. 

As shown in the reaction mechanism (Scheme 2.18), ROMP is usually a metal-mediated 

polymerization technique. Initially, heterogeneous catalysts were prepared by mixing Ti, W, 

or Mo halides with Lewis acidic Al co-catalysts.17 However, the ROMP of cyclic olefins gained 

commercial importance after Calderon et al. reported the preparation of a homogeneous 

catalyst by in situ activation of WCl6 using EtAlCl2 in ethanol.354 In the following years, the 

development of new olefin metathesis catalysts was intensified, utilizing a wide range of 
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transition metals.355-357 Schrock et al. focused on Mo- and W-based imido alkylidenes,358,359 

whereas Grubbs et al. established Ru-based vinylidene and benzylidene complexes 

(Scheme 2.19).360,361 

 

 
Scheme 2.19. Commonly used Ru-, Mo-, and W-based ROMP catalysts.362 
 

It is important to mention that the activity, stability, and functional group tolerance depends 

on the used transition metal and on the attached ligands. Thus, both factors are of great 

importance to conduct a successful ROMP. As an example, Schrock-type W-based imido 

alkylidenes (W1, Scheme 2.19) show high activity in ROMP, leading to polymers with a narrow 

molecular weight distribution.363 The functional group tolerance of the catalyst and its 

stability toward moisture, water, and air was further improved by exchanging the W with 

Mo.364 These Mo-based alkylidenes (S1, Scheme 2.19) enable the controlled polymerization 

of cyclic olefins with demanding functional groups, such as imines,365 cyanides,366 or 

halides.367 

Comparable to the Schrock-type catalysts, Ru-based vinylidene complexes show a high 

tolerance toward functional groups and are capable of polymerizing norbornene and 

cyclobutene derivatives.360 These complexes were found to be highly stable in the solid state, 

as well as in degassed and dry organic solvents.360 Further optimization led to the introduction 

of tricyclohexyl phosphine ligands and a benzylidene functionality, resulting in the so-called 
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Grubbs first generation catalyst (G1, Scheme 2.19).368,369 In recent years, different Grubbs-like 

catalysts such as the Noels catalyst (N1, Scheme 2.19),370 and the Grubbs second and third 

generation catalysts (G2 and G3, Scheme 2.19) were developed.371,372 The latter comprise 

NHC ligands introduced through a phosphine exchange–type reaction (Scheme 2.20A).373  

 
Scheme 2.20. (A) Relationship between the commonly used Grubbs catalysts and (B) initiation 
phase using the G1 or the G2 catalyst with kinetic constants k1, k-1, k2, k-2, k3 and k-3.17,374 
 

As mentioned earlier within this section, the attached ligands have a strong influence on the 

reactivity of the respective catalyst in ROMP. Concerning the phosphine-containing catalysts, 

the reaction which forms the activated species is governed by the rate of phosphine 

dissociation (k1, Scheme 2.20B).374 Comparing the G1 and the G2 catalyst, they differ 

structurally on account of one ligand, with the PCy3 ligand of the G1 catalyst exhibiting better 

dissociation ability, compared to that of the NHC-stabilized G2 catalyst [k1(G1) > k1(G2)].375 

The catalytic activity is quantified as the ratio of the rate of olefin coordination (k2) and the 

rate of phosphine association (k-1). The NHC ligand shows the ability of being an σ-donor 

without being a π-acceptor, resulting in a higher affinity of the catalyst regarding the 

coordination of olefinic substrates [k2(G1) < k2(G2)]. As a result, the combination of a sterically 

demanding and basic ligand (NHC) with a labile ligand (e.g. PCy3) shows the best properties 

regarding a high catalytic activity in olefin metathesis and thus in ROMP.374,375 

However, relatively slow initiation rates and the presence of competing secondary metathesis 

reactions in the G2-mediated ROMP usually leads to uncontrolled polymerizations and broad 
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molecular weight distributions. In order to increase the initiation rates of ROMP, labile 

pyridine ligands have been introduced through a phosphine exchange–type reaction (Scheme 

2.20A).376 Different pyridine derivatives were used, with the 3-bromopyridine ligated catalyst 

(G3) exhibiting the highest initiation rates.377 In the solid state, the G3 catalyst appears as the 

di-pyridine complex, which is denoted as the precatalyst. In solution, one pyridine ligand is 

fully dissociated while forming the catalytically active mono-pyridine species. Furthermore, 

G3-mediated ROMP was found to exhibit an apparent zero-order rate dependence of the 

catalyst.377 

Since ROMP is considered a “living” polymerization, termination must be induced by the 

addition of a potent chain transfer agent (CTA). In order to ensure an efficient termination 

process, a high affinity of the added compound toward the cross-metathesis reaction with 

the propagating chain end is required. Here, an excess of CTA is usually added to ensure 

sufficient termination. The termination via chain transfer further leads to the ω-chain end 

functionalization of the polymer.378 Vinyl ethers have shown to be suitable to serve as CTAs,379 

ethyl vinyl ether (EVE) being commonly used to quench Ru-based ROMP reactions. As a result, 

an olefin-terminated polymer and a catalytic inactive Fischer carbene are obtained.380 A 

variety of different CTAs have been used to specifically functionalize the ω-chain end of 

polymers synthesized via ROMP, including acrylates,381 alcohols,382 aldehydes,383 RAFT 

agents,384 and many others.385,386 

In the following, the applications of the Grubbs-type catalysts in polymer chemistry are 

discussed, whereby different monomers and monomer combinations have been used to 

synthesize a variety of homo- and copolymers. Furthermore, a brief overview concerning 

ROMP variations, such as the metal-free ROMP (MF-ROMP) and the ED-ROMP, is given. 

As mentioned earlier in this section, ROMP is a highly versatile and robust polymerization 

technique, which shows a “living” nature under optimized reaction conditions. Among others, 

the synthesis of dendronized polymers has been performed in a “living” fashion using 

Ru-based catalysts.387 As an example, azobenzene-based dendrons capable of photoinduced 

bending motion show potential use in controllable wireless actuators and light-switchable 

logic devices.388 Furthermore, challenging ROMP in aqueous media has been successfully 

performed by the addition of chloride sources, such as HCl, NaCl and tetrabutylammonium 

chloride (TBACl), preventing the formation of unstable and metathesis-inactive Ru-(OH)n 
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complexes.389 DNA-polymer conjugates were further synthesized under aqueous conditions 

by copolymerizing DNA- and poly(ethylene glycol) (PEG)-based macromonomers,390 whereas 

protein-like polymers were synthesized in various solvents via grafting-to and 

grafting-through approaches.391 Another interesting field of research represents the synthesis 

of mechanoactive polymers comprising bicyclic cyclopentene derivatives, which undergo 

chemical transformations induced by mechanical stress, e.g. during sonification or stirring of 

the polymer solution, and grinding of the polymer solid.392,393 Furthermore, noticeable 

research is currently conducted in the synthesis of more sustainable polymers via ROMP. This 

includes the polymerization of bio-based monomers such as lactones and pinenes,394,395 the 

synthesis of bio-derived self-healing polymers,396 or the synthesis of photodegradable 

copolymers.397,398  

Since the synthesis of sequence-controlled polymers has been denoted as the next “holy 

grail” of polymer chemistry,399 various approaches have been investigated to precisely 

introduce monomers and monomeric sequences via ROMP.94,400-402 An interesting concept 

was reported by O’Reilly et al. in 2014 (Figure 2.7).93 

 
Figure 2.7. The G1-mediated ROMP of kinetically different norbornene-based monomers, 
generating copolymers with relatively controlled monomer sequences. Reprinted with 
permission (https://pubs.rsc.org/en/content/articlelanding/2014/sc/c4sc00752b).93 
 

In this approach, norbornene-based monomers with different kinetic behavior were 

copolymerized using the G1 catalyst. Here, a slow homopolymerization was performed using 

an endo norbornene, followed by the addition of rapidly polymerizing exo monomers after 

defined reaction times (Figure 2.7). This technique was found to be compatible with the 
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“living” nature of ROMP and further generated copolymers containing up to four different 

functionalities at controllable positions along the polymeric backbone.93 

Beside the polymerization of relatively small monomers, the ROMP of macromonomers has 

been performed for nearly two decades,403 whereupon the development of the fast-initiating 

G3 catalyst revealed the opportunities of this strategy in order to obtain narrow dispersity 

graft polymers.404,405 Since then, macromonomers have been synthesized using various 

controlled polymerization techniques, e.g. via anionic polymerization,406 ATRP,407 RAFT,408 

ROP,409 and others.390,410  

As an example, Matson et al. synthesized norbornene-functional macromonomers with 

molecular weights up to 10,000 g/mol via the ATRP of styrene (Figure 2.8).411 

 
Figure 2.8. G3-mediated synthesis of symmetric and unsymmetric bottlebrush polymers using 
a sequential addition of macromonomers strategy. Reprinted with permission 
(https://pubs.acs.org/doi/full/10.1021/acsmacrolett.7b00724).411 Further permissions 
related to the material excerpted must be directed to the ACS. 
 

Subsequent G3-mediated ROMP resulted in symmetric and unsymmetric bottlebrush 

polymers. The latter was synthesized using a sequential addition of macromonomer strategy. 

It was further possible to visualize the obtained polymers via atomic force microscopy (AFM), 

where the cone-shaped polymer showed an end-to-end gradient in height of ca. 0.2 nm.411 

Since the G3-mediated ROMP of macromonomers represents a feasible method to synthesize 

graft polymers in a controlled fashion, iterative copolymerization of different 

macromonomers has been performed to obtain sequence-controlled block-like graft 

copolymers with the ability to self-assemble into well-defined structures.50,412,413 These 

materials are further interesting for the use in photonics.414 Current research includes the 
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ROMP-induced self-assembly (ROMPISA), leading to the in situ preparation of nano-objects, 

such as spherical or worm-like micelles.415 

Although metal-mediated ROMP has proven to be highly versatile and robust, the used 

transition metal initiators remain a problem in certain applications, such as in the field of 

biomedicine,416 as removal of the metal is rather challenging.417 Therefore, investigations 

toward MF-ROMP have been conducted. As an example, the photoredox-mediated 

cyclobutane formation using visible light is a promising alternative to avoid transition metal 

catalysts.418,419 The use of pyrylium and thiopyrylium photo-oxidants further enabled the 

successful ROMP of norbornene.420 MF-ROMP is a relatively new field of research and thus 

has the potential of gaining importance in the future. 

Another ROMP variation that is recently studied is the ED-ROMP. As mentioned earlier within 

this section, a classic ROMP is driven by the relief of the ring strain of cyclic olefins, resulting 

in a decreasing enthalpy upon ring-opening.17 Although macrocycles with more than 14 ring 

atoms exhibit negligible ring stain and thus ring-opening is enthalpically not favored,421 the 

latter is achieved by an increasing entropic factor. This factor is influenced by the entropy of 

mixing and by an increasing conformational entropy due to the ring-opening of the 

macrocycle, assuming its linear form.422,423 ED-ROMP is typically initiated by classic metathesis 

catalysts, such as the G2 catalyst.424 Since these catalysts usually exhibit only low selectivity 

toward the olefin moieties present,425 different metathesis reactions are competing: 

ring-opening, ring-closing, and cross metathesis. In order to favor ring-opening, the reactions 

have to be optimized carefully, e.g. by choosing high monomer and low catalyst 

concentrations or by increased polymerization temperatures.424 ED-ROMP was recently used 

in the synthesis of cleavable multiblock copolymers,426 shape memory polymers,427 and 

metalated poly(pseudorotaxane)s.428 
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3 Aim 

 

The aim of this thesis is to investigate the ROMP behavior of functionalized norbornenes using 

Grubbs-type catalysts and reveal the macro- and microscopic properties of the corresponding 

functional polymers. The resulting polymers are further interesting regarding their highly 

versatile structure and their wide range of possible applications, e.g. in photonics.429 

The thesis is divided into three main topics: in the first chapter of the results and discussion 

part (Chapter 4), the synthesis and polymerizability of bifunctional norbornene-based 

monomers is investigated focusing on the ROMP kinetics and the thermal properties of the 

resulting polymers. For the monomer synthesis, exo and endo norbornenes are functionalized 

using the well-established P-3CR. The attached functional groups are varied according to the 

used components in a straightforward fashion, influencing the macroscopic characteristics of 

the functional polymers obtained via subsequent ROMP. Furthermore, the effects of the 

monomer structure on the polymerization and copolymerization kinetics are examined. 

In the second results and discussion chapter (Chapter 5), the synthesis of exo norbornene–

based macromonomers via ATRP is investigated, resulting in different polymers carrying a 

norbornene-moiety and thus capable of undergoing ROMP. The polymerization conditions 

are optimized to enable controlled ROMP while the resulting architectures are graft polymers. 

Additionally, the iterative polymerization of macromonomers is investigated through the 

influence of the catalytic system and focusing on the chain-extension process. Furthermore, 

the synthesis of bifunctional macromonomers by combining P-3CR, ATRP and CuAAC to 

connect two different polymer chains to a polymerizable exo norbornene moiety is shown. 

Subsequent ROMP results in Janus graft copolymers obtained in a controlled fashion. 

In the third chapter of the results and discussion part (Chapter 6), the synthesis of 

sequence-controlled graft copolymers by the delayed addition of macromonomers during a 

ROMP process is investigated. The differences of exo and endo norbornenes in the ROMP 

kinetics are examined and enable the precise introduction of graft-like repeat units into a 

growing poly(norbornene) (PNB) chain. Here, the effect of the applied polymerization 

conditions and the macromonomer structure on the ROMP kinetics, as well as the grafting 

density (σ) and the architecture of the resulting graft copolymers are examined. 
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In summary, this thesis stives for the sequence-controlled polymerization of 

norbornene-based monomers via ROMP using Grubbs-type catalysts, resulting in block-like 

architectures and highly versatile polymeric materials. 
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4 Functional poly(norbornene)s via a combination of ROMP and P-3CR 

Parts of this chapter contain results that have already been published: 

D. Barther, D. Moatsou, Macromol. Rapid Commun. 2021, 42, 2100027. 

 

4.1 Abstract 

A robust method to synthesize a variety of functionalized polymers is described in this 

chapter. Furthermore, the influence of the monomer structure on their polymerizability and 

their respective polymerization kinetics are determined. The monomer structures are varied 

with special interest on sterically demanding groups, their distance to the polymerizable unit 

and the used isomers. Exo and endo norbornene derivatives are used as precursors and 

further functionalized via the Passerini three-component reaction (P-3CR). Therefore, the 

norbornenes are introduced as carboxylic acid components, whereby aldehyde and 

isocyanide components are varied utilizing sterically demanding pyrene and adamantane 

groups or aliphatic propane and pentane side groups. The polymerizations are performed via 

ring-opening metathesis polymerization (ROMP) using the Grubbs first generation (G1) 

catalyst and monitored by no-line 1H nuclear magnetic resonance (NMR) spectroscopy to 

determined kinetic parameters, describing the polymerization processes. Furthermore, the 

molecular weight distributions of the obtained polymers are determined by size exclusion 

chromatography (SEC) and the thermal properties are evaluated by differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA). 

 

4.2 Introduction 

The synthesis of functional polymers exhibiting precise macro- and microscopic properties is 

a major task in polymer science, often accomplished either by post-polymerization 

modification methods or by directly polymerizing the respective functionalized monomer.430-

432 Depending on the functional groups used, steric effects as well as electronic effects or 

unfavorable interactions between catalyst and monomer has been shown to hamper 

controlled polymerization processes.433,434 Therefore, robust, versatile, and straightforward 

synthesis procedures need to be developed. ROMP is used in the polymerization of cyclic 

molecules exhibiting high ring strain using organometallic complexes as catalysts, e.g. 
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ruthenium-based Grubbs-type complexes and molybdenum-based Schrock-type 

complexes.17 ROMP is widely used due to its well-controlled kinetics and its high tolerance 

toward functional groups.435 In chapter 2.3.3 of the theoretical background, more detailed 

information and mechanistic insights regarding ROMP are given. The synthesis of functional 

materials via ROMP is limited by the used monomers precursor, whereas functionalization of 

e.g. norbornene derivatives often results in monofunctionalized monomers.436 The synthesis 

of bifunctional monomers is typically accomplished by complex, multistep synthesis 

procedures.410 The resulting multifunctional polymers are interesting, e.g. serving as potent 

electrolytes in batteries.437 

The combination of controlled ROMP and monomer preparation via multicomponent 

reactions (MCRs) has emerged as an alternative method to introduce multiple functionalities 

along the polymeric backbone, leading to a variety of functional materials. Recently, the 

U-4CR was used to modify a carboxylic acid–functionalized norbornene, using a variety of 

different aldehydes. The obtained monomers exhibited dipeptide-like functional groups and 

were successfully polymerized by ROMP, obtaining, among others, chiral polymeric 

materials.31 Partials derived from chiral polymers are well-known in the recent literature, 

exhibiting a wide range of applications, e.g. in asymmetric catalysis.438 Another versatile MCR 

is the P-3CR where an oxo component, such as an aldehyde or a ketone, reacts with a 

carboxylic acid and an isocyanide forming an α-acyloxy amide,177,178 thus bifunctional 

monomers are accessible in a straightforward one-step process. More detailed information 

regarding MCRs and the P-3CR are given in chapters 2.2.2 and 2.2.3 of the theoretical 

background. The resulting polymers have the ability to form hydrogen bonds, both inter- and 

intramolecular, making them interesting, e.g. in the field of drug delivery.439 

Hence, in this chapter, the synthesis of bifunctional norbornene-based monomers via the 

P-3CR is introduced, as well as their subsequent polymerization using ruthenium-catalyzed 

ROMP. The polymerization was further monitored by on-line 1H nuclear magnetic resonance 

(NMR) spectroscopy, investigating the influence of the monomer structure on the 

polymerization process. It is noted that the term “on-line 1H NMR spectroscopy” further 

implies that the 1H NMR spectra were measured during the reaction process at 

predetermined time points. Furthermore, copolymerization processes, applying two different 
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monomers, were examined, resulting in the synthesis of multifunctional copolymers with a 

statistical or block-like architecture. 

 

4.3 Results and discussion 

4.3.1 Synthesis of functionalized norbornenes via the P-3CR 

 

In the following section, the synthesis of bifunctional exo and endo norbornenes is described 

using the P-3CR. The versatility of the applied method further enables the straightforward 

exchange of side groups by variation of the used components, particularly aldehydes and 

isocyanides. 

First, the reactants used in the P-3CR were evaluated, aiming at controlled polymerizability 

and high variability of the attached functional groups. Norbornene derivatives were used as 

carboxylic acid components, with enantiomerically pure exo and endo norbornene anhydride 

(cis-5-norbornene-2,3-dicarboxylic anhydride) used as the precursors (Scheme 4.1). ROMP 

kinetics are well-known to be influenced by the stereoisomerism of the norbornene monomer 

leading to differences in reactivity of more than three orders of magnitude.93 

 
Scheme 4.1. Synthesis of norbornene-functional carboxylic acids xNb1, xNb10, nNb1 and 
nNb10 via condensation of exo and endo norbornene anhydride with glycine and 
11-aminoundecanoic acid. 
 

The respective anhydrides were reacted with an equimolar amount of selected amino acids 

at elevated temperatures with concomitant release of water, forming the 

norbornene-functional carboxylic acid components xNb1, xNb10, nNb1 and nNb10. Here, 

glycine and 11-aminoundecanoic acid were used to obtain molecules with a short (methylene) 

and a long alkane linker (decylene) between the polymerizable norbornene and the carboxylic 

acid group. Reactions involving the endo derivative were carried out at 90 °C to reduce 
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thermal isomerization to the exo species,440 whereas the exo derivative was reacted at 130 °C, 

leading to higher yields. After purification, the products were obtained as white solids 

exhibiting yields ranging from 44% to 91%. 

As mentioned in the introduction (Chapter 4.2), the P-3CR additionally involves an isocyanide 

and an aldehyde to form the desired α-acyloxy amide, which is further termed as the Passerini 

unit. In order to evaluate structural effects of the used monomer on the subsequent ROMP, 

pentyl isocyanide and propionaldehyde were used to obtain sterically less demanding 

Passerini units, whereas reactions using adamantyl isocyanide and pyrenyl aldehyde led to 

bulky Passerini units. In all cases, both the exo and the endo derivatives were prepared to 

assess the significance of the alkane linker between the polymerizable norbornene and the 

Passerini units, potentially affecting the ROMP process. The reactions were conducted in 

dichloromethane (DCM) using literature-known procedures,180 while applying an excess of 

isocyanide and aldehyde to compensate for possible decomposition of both (Scheme 4.2). 

The obtained monomers are termed as follows: the exo and endo norbornene moieties are 

abbreviated as xNb and nNb, respectively, the length of the alkane linker between 

norbornene and Passerini unit is described by the number of carbon atoms (1 for methylene, 

10 for decylene), and the attached side groups are indicated as Pe for pentyl, Ad for 

adamantyl, Pr for propyl, and Py for pyrenyl. 

 
Scheme 4.2. P-3CRs using norbornene-functional carboxylic acids xNb1, xNb10, nNb1, and 
nNb10, pentyl- and adamantyl isocyanide, and propyl- and pyrenyl aldehyde, forming the 
exo norbornene bifunctional monomers xNb1PePr, xNb10PePr, xNb1AdPy, and xNb10AdPy, 
and their endo counterparts nNb1PePr, nNb10PePr, nNb1AdPy, and nNb10AdPy (Table 4.1). 
 

After purification, the products were obtained as white solids and colorless viscous liquids in 

satisfying yields ranging from 55% to 94%, with the higher yields corresponding to the 

aliphatic exo norbornene monomers (Table 4.1). 
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It is noted that the compounds xNb10PePr, nNb10PePr and nNb10AdPy were synthesized by 

A. Seliwjorstow under my supervision. 

 

Table 4.1. Bifunctional norbornene-based monomers obtained via the P-3CR. 
 

Monomera Acid Aldehyde Isocyanide Yield [%]b 

xNb1PePr 

 

 

 

 
 

94 

xNb1AdPy 

 
 

 

63 

xNb10PePr 

 

 

 

 
 

92 

xNb10AdPy 

 
 

 

82 

nNb1PePr 

 

 

 

 
 

 

91 

nNb1AdPy 

 
 

 

55 

nNb10PePr 

 

 

 

 
 

71 

nNb10AdPy 

 
 

 

76 

aReaction conditions: 1.00 eq. acid, 1.50 eq. aldehyde and 1.50 eq. isocyanide in DCM 
(1 mol/L) were stirred for 48 h at ambient temperature. bYield refers to isolated yield after 
column chromatography. 
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4.3.2 ROMP of functional norbornenes 

 

In the following section, the ROMP of the bifunctional monomers synthesized in chapter 4.3.1 

is described. The obtained polymers are further examined regarding their thermal properties, 

such as glass transition temperature (Tg) and decomposition temperature (Td). 

The obtained monomers were polymerized via ROMP using the G1 catalyst (Scheme 4.3). If 

not mentioned otherwise, all ROMPs conducted in chapter 4.3 were performed in 

argon-flushed ampoules equipped with J Young taps using degassed DCM as solvent and at 

ambient temperature to minimize catalyst poisoning or side reactions.441 It is noted that the 

term “argon-flushed” further implies that the used reaction vessel was thrice dried with a 

heat gun under high vacuum and flushed with argon while hot. After reaching the desired 

monomer conversion, the polymerizations were quenched by adding an excess of EVE, 

forming a metathesis-inactive catalyst derivative and the respective alkene terminated PNB 

chain.442 

 
Scheme 4.3. ROMP of the exo norbornenes xNb1PePr, xNb10PePr, xNb1AdPy and 
xNb10AdPy (left) and the endo norbornenes nNb1PePr, nNb10PePr, nNb1AdPy and 
nNb10AdPy (right) using the G1 catalyst (Table 4.2). 
 

Here, the monomer to catalyst (M:I) ratio was 50:1. The polymerizations of the exo monomers 

exhibited complete conversion after one hour (Figure 4.1), whereas their endo counterparts 

were quenched before reaching complete conversion after 14 days. The endo-derived 
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polymers were additionally purified by precipitation to remove unreacted monomer. Further, 

it is noted that removal of ruthenium traces by the addition of potassium 2-isocyanoacetate, 

as described in the recent literature,443 was not carried out as it led to cleavage of the side 

groups (Figure S4.38).  

 
Figure 4.1. Stacked 1H NMR spectra (section: 6.85 – 4.85 ppm) of the representative ROMP of 
exo monomer xNb1PePr (bottom) and the obtained polymer poly(xNb1PePr) (top), 
highlighting the vanishing of the olefinic norbornene signal at 6.32 ppm and the appearing of 
a broad signal assigned to the protons at the polymeric backbone at 5.8 – 5.4 ppm, with the 
respective functional groups (left). The tertiary carbon proton of the Passerini unit served as 
a reference. Measured in DCM-d2. 
 

The polymers were obtained as off-white solids and were further analyzed via 1H NMR 

spectroscopy, observing the vanishing of the olefinic exo norbornene signal at 6.32 ppm and 

appearing of a broad signal at 5.8 – 5.4 ppm assigned to the olefinic protons at the polymeric 

backbone. This behavior was observed for all exo monomers, hence, the representative 

ROMP of xNb1PePr is further described. The signal at 6.28 ppm, overlapping with the olefinic 

signal of the norbornene, was assigned to the amide proton of the Passerini unit. The 

respective signal in the 1H NMR spectrum of the obtained polymer was found as a broad signal 

at 6.8 – 6.2 ppm. The tertiary carbon proton of the Passerini unit at 5.17 ppm served as a 

reference.  
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The 1H NMR spectra of the endo monomers and the obtained polymers were similar 

compared to their exo counterparts (Figure 4.2). 

 
Figure 4.2. Stacked 1H NMR spectra (section: 6.85 – 4.85 ppm) of the representative ROMP of 
endo monomer nNb1PePr (bottom) and the obtained polymer poly(nNb1PePr) (top), 
highlighting the vanishing of the olefinic norbornene signal at 6.1 ppm and the appearing of 
a broad signal assigned to the protons at the polymeric backbone at 5.8 – 5.4 ppm, with the 
respective functional groups (left). The tertiary carbon proton of the Passerini unit served as 
a reference. Measured in deuterated DCM-d2. 
 

Here, vanishing of the olefinic endo norbornene signal at 6.1 ppm and appearing of a broad 

signal at 5.8 – 5.4 ppm assigned to the protons at the polymeric backbone was determined. 

This behavior was observed for all endo monomers, hence, the representative ROMP of 

nNb1PePr is further described. The signal at 6.31 ppm was assigned to the amide proton of 

the Passerini unit, whereas the respective signal in the 1H NMR spectrum of the obtained 

polymer was found as a broad signal at 6.66 – 6.25 ppm. The tertiary carbon proton of the 

Passerini unit at 5.05 ppm served as a reference. 

The obtained polymers were further characterized by size exclusion chromatography (SEC) to 

determine their molecular weight characteristics while their thermal properties were 

assessed by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) 

(Table 4.2).  
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Table 4.2. Homopolymers synthesized via the G1-mediated ROMP of bifunctional exo and 
endo norbornene–based monomers. 
 

Polymera Conversion 

[%]b 

Mn,calc 

[g/mol]c 

Mn 

[g/mol]d 

ĐMd Tg 

[°C]e 

Td 

[°C]f 

poly(xNb1PePr) ≥99 18,900 23,000 1.10 83 319 

poly(xNb1AdPy) ≥99 30,700 22,400 1.17 - 310 

poly(xNb10PePr) ≥99 25,200 32,000 1.07 -2 347 

poly(xNb10AdPy) ≥99 37,000 28,800 1.09 92 305 

poly(nNb1PePr) 74 13,900 18,700 1.06 99 328 

poly(nNb1AdPy) 67 20,500 15,400 1.11 - 323 

poly(nNb10PePr) 63 15,800 22,100 1.06 1 349 

poly(nNb10AdPy) 64 23,600 20,300 1.08 114 306 
aReaction conditions: Monomer (0.1 mol/L) and G1 catalyst (M:I ratio = 50:1) in degassed 
DCM for 1 h (exo) or 14 d (endo) at ambient temperature. bDetermined by 1H NMR 
spectroscopy. cCalculated by conversion. dDetermined by SEC. eOnset, determined by DSC. 
fTemperature at 10% weight loss, determined by TGA. 
 

The SEC traces exhibited narrow molecular weight distributions with relatively low dispersity 

values (ĐM = Mw/Mn = ≤ 1.17), whereas Mw describes the mass-average molecular weight and 

Mn the number-average molecular weight of the corresponding polymer.238 Hence, indicating 

good polymerization control using this procedure (Figure 4.3A). 

 

 
Figure 4.3. Representative SEC traces of (A) poly(xNb1PePr) and (B) poly(xNb1AdPy) and its 
endo-derived analogue poly(nNb1AdPy). 
 



 4 Functional poly(norbornene)s via a combination of ROMP and P 3CR 
 
 

 48 

However, the SEC trace of poly(xNb1AdPy) exhibited a high molecular weight shoulder, not 

being present in the corresponding endo norbornene–derived polymer poly(nNb1AdPy) 

(Figure 4.3B). It was hypothesized that the bimodal molecular weight distribution of 

poly(xNb1AdPy) was caused by the increased steric hindrance at the propagating chain end 

at high monomer conversion. However, poly(nNb1AdPy) was quenched after reaching 67% 

conversion and exhibited an Mn of 15,400 g/mol with a relatively narrow molecular weight 

distribution, whereas its exo norbornene–derived counterpart exhibited an Mn of 

22,400 g/mol after reaching complete conversion (Figure 4.3B). Furthermore, 

poly(xNb10AdPy), comprising a longer alkane linker unit, exhibited a monomodal distribution 

even at a high monomer conversion, supporting the previous hypothesis and indicating a 

significant reduction of the steric hindrance at the propagating chain end and thus being 

beneficial regarding polymerization control. Nonetheless, as the overall dispersity of 

poly(xNb1AdPy) was rather low (ĐM = 1.17), no further investigation to improve the ROMP 

was conducted. The molecular weights determined by SEC differed from the expected (Table 

4.2), which was attributed to the SEC calibration standards used, namely 

poly(methyl methacrylate)s (PMMAs), and their different hydrodynamic radii (Rh) compared 

to the herein synthesized polymers. It is noted that consistently higher Mns were obtained for 

the alkyl-functional polymers poly(xNb1PePr), poly(xNb10PePr), poly(nNb1PePr) and 

poly(nNb10PePr), in contrast to the consistently lower Mns obtained for the polymers with 

bulky side groups poly(xNb1AdPy), poly(xNb10AdPy), poly(nNb1AdPy) and 

poly(nNb10AdPy) (Table 4.2). 

The thermal properties of the obtained polymers were determined by DSC and TGA, 

respectively (Figure 4.4). The Tgs were determined by the onset temperature regarding the 

change in thermal capacity attributed to the transition from glassy to viscous liquid and were 

found, as expected, to vary according to the functional groups attached to the polymeric 

backbone.444 It is noted that all herein measured Tg values were determined by the onset 

temperature of the thermal transition in the second heating cycle, applying a heating rate of 

20 °C/min. 
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Figure 4.4. Representative thermal analysis of poly(xNb1PePr), (A) DSC trace (green dotted 
line represents the Tg) and (B) TGA trace (red dotted line represents the Td). 
 

Poly(xNb1PePr) and poly(xNb10PePr), bearing aliphatic side groups, exhibited lower Tgs 

compared to the pyrenyl- and adamantyl-functional polymers poly(xNb1AdPy) and 

poly(xNb10AdPy) by at least 94 °C. This observation is consistent with observations in recent 

literature, where adamantyl moieties lead to an increase in the Tg of the corresponding 

polymer.445 Furthermore, differences in the Tgs depending on the length of the alkane linker 

were observed. Poly(xNb10PePr) and poly(xNb10AdPy), comprising the long alkane linker 

units, exhibited lower Tgs compared to poly(xNb1PePr) and poly(xNb1AdPy), comprising the 

short linker units. The same trends were observed in the endo-derived polymers, whereby 

the Tgs were found to be up to 22 °C higher than their exo-derived analogues. It is further 

noted that for poly(xNb1AdPy) and poly(nNb1AdPy), comprising the short alkane linker units 

and the bulky side groups, no Tgs were observed in the examined temperature range. 

In order to showcase the versatility in thermal properties by simple combination of different 

monomers, the statistical copolymer poly(xNb10PePr-stat-xNb10AdPy) was prepared by 

reacting equimolar amounts of xNb10PePr and xNb10AdPy in a ROMP using the G1 catalyst 

(Figure 4.5). 
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Figure 4.5. Stacked DSC traces of the homopolymers poly(xNb10PePr) and poly(xNb10AdPy), 
and the statistical copolymer poly(xNb10PePr-stat-xNb10AdPy). 
 

Indeed, the resulting Tg was found to be at 55 °C between those of the corresponding 

homopolymers poly(xNb10PePr) (Tg = -1 °C) and poly(xNb10AdPy) (Tg = 99 °C). The Fox 

equation provides a model to predict Tgs of miscible polymer blends and statistical 

copolymers by using equation 5.1, whereby w1 and w2 are the weight fractions of the 

components and Tg,1 and Tg,2 the glass transition temperatures of the pure components.446  

 
 1

0&
= 1'
0&,'

+ 1)
0&,)

 
(4.1) 

 
Here, the Tg,1 and Tg,2 values were obtained from the DSC of the corresponding homopolymers 

(Table 4.2) while w1 and w2 were calculated as wi = Mi * ni with Mi corresponding to the 

molecular weight of the repeat unit i (namely xNb10PePr and xNb10AdPy) and the number 

of repeat units, ni, derived from the 1H NMR measurements. Using this prediction, the Tg of 

poly(xNb10PePr-stat-xNb10AdPy) was expected at ca. 52 °C which was found to be relatively 

consistent with the measured value determined by DSC. 

The Tds were determined at 10% weight loss of the material (Figure 4.4B). In all cases, the Td 

was above 300 °C with the decomposition occurring in multiple steps attributed to the 

different thermal stability of the PNB backbone and the attached Passerini units (Table 

4.2).447,448 It is noted that the data obtained from the thermal analysis is presented in the 

experimental section in chapter 8.3.1. 
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4.3.3 Kinetic studies 

 

Since the polymerizability of the bifunctional norbornene-based monomers was evaluated in 

chapter 4.3.2, the following section exhibits more detailed insights into their ROMP behavior, 

assessing and comparing the obtained kinetic data of the bifunctional monomers.  

The kinetic measurements were conducted using on-line 1H NMR spectroscopy. It is noted 

that the herein presented kinetic measurements were conducted in degassed deuterated 

DCM (DCM-d2) and in argon-flushed NMR tubes equipped with J Young taps, applying the 

same conditions as described in chapter 4.3.1. The conversion at different time intervals was 

used to calculate apparent propagation rate constants (kapp) and monomer half-lives (t1/2), 

where t1/2 is further defined as the time until the monomer reaches a conversion of 50%.449 

The kapps were determined from the slope of the best linear fit of the ln([M]0/[M]) versus time 

data, where [M]0 represents the initial monomer concentration and [M] represents the 

monomer concentration after a specific time interval (Table 4.3).  
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Table 4.3. Summary of kinetic analyses of the homopolymerizations and the 
copolymerizations of the bifunctional monomers. 
 

Entrya Monomer Conversion 

[%]b 

Reaction Time 

[h] 

kapp 

[s-1]c 

t1/2 

[h]d 

4.1 xNb1PePr ≥99 0.37 3.94×10-3 0.049 

4.2 xNb1AdPy ≥99 0.38 3.46×10-3 0.056 

4.3 xNb10PePr ≥99 0.28 4.56×10-3 0.042 

4.4 xNb10AdPy ≥99 0.27 5.42×10-3 0.036 

4.5 nNb1PePr 83 335 1.45×10-6 133 

4.6 nNb1AdPy 75 335 1.05×10-6 183 

4.7 nNb10PePr 78 340 1.23×10-6 156 

4.8 nNb10AdPy 74 340 1.05×10-6 183 

4.9e xNb10PePr ≥99 0.37 4.39×10-3 0.044 

4.10 xNb10PePr 

xNb10AdPy 

≥99 0.27 5.57×10-3 0.034 

4.11 nNb1PePr 

nNb1AdPy 

83 

79 

334 1.47×10-6 

1.19×10-6 

131 

162 

4.12 xNb1PePr 

nNb10AdPy 

≥99 

74 

336 - 

- 

- 

- 

4.13f nNb10PePr 

xNb10AdPy 

84 

≥99 

330 2.32×10-6 

- 

83 

- 
aReaction conditions: Monomer (0.1 mol/L) and G1 catalyst (M:I = 50:1) in DCM-d2 at ambient 
temperature under argon atmosphere. bDetermined by 1H NMR spectroscopy before 
quenching with EVE. cCalculated from conversion using first order kinetics. dCalculated from 
the linear regression fits using t1/2 = ln(2)/kapp. eThe monomer to G1 ratio was 200:1. fkapp and 
t1/2 values were determined before addition of the exo monomer. 
 

Both norbornene isomers, exo and endo, exhibited pseudo first order kinetic behavior, hence 

first order kinetics were applied for analyses (Figure 4.6).377  
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Figure 4.6. Kinetic plots of the (A) homopolymerizations of the exo monomers xNb1PePr, 
xNb10PePr, xNb1AdPy and xNb10AdPy, and (B) homopolymerizations of the 
endo monomers nNb1PePr, nNb10PePr, nNb1AdPy and nNb10AdPy, based on 1H NMR 
spectroscopy data (Figures S4.55 and S4.62, Table 4.3). Lines represent linear fits. 
 

Minor trends regarding the effect of the steric hindrance of the side group and spacer length 

were observed: the kapps of the exo monomers showed an increase with an increasing spacer 

length, while the size of the functional groups was not found to affect the kinetics. In contrast, 

when endo monomers were employed, higher kapps were obtained for nNb1PePr attributed 

to the less bulky alkyl functional groups, and for nNb10PePr attributed to the longer spacer. 

In order to determine potential high molecular weight limitations, a ROMP was performed 

applying a 200-fold excess of the exo monomer xNb1PePr, with respect to the G1 catalyst 

(Figure 4.7).  

 

 
Figure 4.7. (A) SEC trace of the homopolymer obtained from entry 4.9 (Table 4.3) and (B) 
corresponding kinetic plot, based on 1H NMR spectroscopy data (Figure S4.63). Line 
represents linear fit. 
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Characterization by SEC indicated a relatively narrow molecular weight distribution 

(Mn = 55,600 g/mol; ÐM = 1.16; Figure 4.7A), whereas a small high molecular weight shoulder 

was observed. Furthermore, pseudo first order kinetic behavior was detected and the 

calculated kapp was found to be 4.36×10-3 s-1 (Figure 4.7B), comparable to that of 

poly(xNb1PePr), and thus indicating that higher molecular weights are attainable with 

comparable polymerization kinetics (Table 4.3). 

In order to evaluate the influence of the structural characteristics of the monomer on their 

copolymerizability, kinetic measurements employing two different monomers were 

conducted using on-line 1H NMR spectroscopy. The comonomer ratio was 1:1 with a targeted 

total DP of 50 (Figure 4.8). The copolymers obtained from entries 4.11 – 4.13 (Table 4.3) were 

additionally purified by precipitation to remove unreacted endo monomer. The copolymers 

were obtained as brown and off-white solids. 

 

 
Figure 4.8. (A) Kinetic plots of the copolymerization (entry 4.10, Table 4.3) of xNb10PePr and 
xNb10AdPy and homopolymerizations (HP) of the respective monomers, and the (B) 
copolymerization (entry 4.11, Table 4.3) of nNb1PePr and nNb1AdPy and 
homopolymerizations of the respective monomers, based on 1H NMR spectroscopy data 
(Figures S4.64 and S4.67). Lines represent linear fits. 
 

The copolymerization (entry 4.10, Table 4.3) of the exo monomers xNb10PePr and 

xNb10AdPy resulted in a similar overall kapp compared to the corresponding 

homopolymerizations (Figure 4.8A), indicating that the bulky side groups of xNb10AdPy had 

no decelerating effect on the copolymerization process. Furthermore, the copolymerization 

(entry 4.11, Table 4.3) of the endo monomers nNb1PePr and nNb1AdPy resulted in an 

increase of the kapps of nNb1AdPy compared to its corresponding homopolymerization, 

whereas the kinetics of nNb1PePr remained unchanged (Figure 4.8B). In both cases, the 
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copolymerization of monomers with the same stereoisomerism proceeded with kinetics 

comparable to the respective homopolymerizations, regardless of the linker length or the 

bulkiness of the functional groups.  

Subsequently, the copolymerization (entry 4.12, Table 4.3) of endo and exo norbornenes was 

investigated (Figure 4.9).  

 

 
Figure 4.9. (A) Kinetic plot of the copolymerization (entry 4.12, Table 4.3) of xNb1PePr and 
nNb10AdPy and homopolymerizations (HP) of the respective monomers, and (B) molar 
fraction (xi) of xNb1PePr in the respective copolymer as a function of polymerization time, 
based on 1H NMR spectroscopy data (Figure S4.70). Lines represent linear fits. 
 

The copolymer (entry 4.12, Table 4.3) was synthesized using an equimolar mixture of the 

alkyl-functional exo monomer xNb1PePr and the pyrenyl-adamantyl-functional 

endo monomer nNb10AdPy. As previously observed,93 such a combination slows down the 

polymerization of the fast monomer and accelerates that of the slow monomer. Therefore, 

the pseudo first order kinetics are skewed (Figure 4.9A). With xNb1PePr still present in the 

reaction mixture, the consumption of nNb10AdPy was accelerated compared to its 

homopolymerization by its sixfold. As an example, the former reached 14% monomer 

conversion after ca. four hours, wherefore the latter required a reaction time of 24 hours. 

Since the kinetics of both monomers are defined by the current exo:endo ratio which 

decreases during the copolymerization process, the consumption of nNb10AdPy decelerated 

with increasing exo monomer conversion while reaching a minimum after complete 

conversion of xNb1PePr. Owing to the fast consumption of the exo monomer compared to 

the polymerization of the endo monomer, a diblock-like copolymer was obtained.88 It is noted 

that both blocks are diluted by the building block of the other block, as evidenced by 
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determining the copolymer composition at different time points through the conversions 

(Figure 4.9B). The first data point (at ca. six min) showed that 6% of the endo monomer and 

14% of the exo monomer had polymerized, corresponding to a copolymer with a relative 

composition of 0.7 for xNb1PePr. Over the subsequent two hours, this value gradually 

increased as the exo monomer was rapidly consumed and reached a maximum value of 0.85. 

At this point, xNb1PePr had not been fully consumed (conversion 72%) and nNb10AdPy had 

reached a conversion of 13%, thus confirming the nNb10AdPy “diluted” xNb1PePr block 

composition. Over the next days, both monomers were slowly consumed with the 

exo monomer reaching ≥99% conversion after 45 hours and the endo monomer reaching 74% 

conversion after 336 hours. Therefore, the second block was deemed to be a nNb10AdPy 

block “diluted” by xNb1PePr. 

In order to obtain a triblock-like polymer architecture, the fast-propagating exo monomer 

xNb10PePr was added to a homopolymerization of the slow endo monomer nNb10AdPy after 

reaching a predetermined endo monomer conversion. According to recent literature, the 

large differences in kapp values lead to the incorporation of a distinct exo-block after addition, 

whereas the endo polymerization continues after complete consumption of the 

exo monomer.88,93 The initial homopolymerization of nNb10AdPy was performed in an 

argon-flushed ampoule equipped with a J Young tap with a targeted M:I ratio of 25:1, using 

degassed DCM-d2 as solvent and the G1 catalyst. Subsequently, xNb10PePr was added to an 

argon-flushed NMR tube equipped with a J Young tap and pre-dissolved in a small amount of 

solvent to ensure homogeneous mixing after addition of the homopolymerization solution. 

The targeted comonomer ratio was 1:1. The copolymerization was initiated after reaching an 

endo monomer conversion of 63% and adding the homopolymerization mixture to the NMR 

tube (Figure 4.10). 
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Figure 4.10. (A) Kinetic plots of the polymerization of nNb10AdPy before addition of 
xNb10PePr, (B) copolymerization (entry 4.13, Table 4.3) of nNb10AdPy and xNb10PePr, (C) 
copolymerization kinetics of xNb10PePr, and (D) molar fraction (xi) of xNb10PePr in the 
respective copolymer as a function of polymerization time, based on 1H NMR spectroscopy 
data (Figure S4.73). Line represents linear fit. 
 

The polymerization kinetics of the endo monomer exhibited a pseudo first order kinetic 

behavior before the addition of the fast-propagating exo monomer (Figure 4.10A). The 

addition led to a temporarily acceleration of nNb10AdPy, whereas its conversion increased 

by 8% during a copolymerization time of less than nine hours. Furthermore, during the 

copolymerization process the kinetics of each monomer was skewed, not following pseudo 

first order kinetic behavior (Figure 4.10B, similar to entry 4.12, Table 4.3), whereby 

xNb10PePr was completely consumed in ca. eight hours (Figure 4.10C). As expected, the 

copolymerization process had a decelerating effect on the exo monomer compared to the 

corresponding homopolymerization (Table 4.3). The first data point (at ca. seven min) 

corresponded to an exo monomer conversion of 12%, whereas during the same period the 

endo monomer showed 3% conversion, leading to a relative composition of 0.82 for 

xNb10PePr within the exo-block. Over the subsequent nine hours, this value increased as the 
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exo monomer was rapidly consumed and reached a maximum value of 0.92 (Figure 4.10D). 

At this point, xNb10PePr had not been fully consumed (conversion 72%) and nNb10AdPy had 

reached a conversion of 68%, thus confirming the successful incorporation of a distinct 

exo-block. After complete conversion of the exo monomer, the endo monomer continued 

polymerizing until the polymerization was quenched after ca. 330 hours (84% conversion of 

nNb10AdPy). Hence, the copolymer was obtained with a triblock-like architecture, exhibiting 

“diluted” blocks to a certain extent. 

SEC measurements were further conducted, to assess the influence of the different 

copolymerization processes (entries 4.10 – 4.13, Table 4.3) on the polymerization (Figure 

4.11). 

 
Figure 4.11. SEC traces of (A) exo/exo-derived copolymer of entry 4.10, (B) 
endo/endo-derived copolymer of entry 4.11, (C) exo/endo-derived diblock-like copolymer of 
entry 4.12, and (D) endo/exo-derived triblock-like copolymer of entry 4.13 (Table 4.3). 
 

Narrow molecular weight distributions were found for both statistical copolymers (entry 4.10: 

Mn = 28,300 g/mol; ÐM = 1.08 and entry 4.11: Mn = 14,300 g/mol; ÐM = 1.09), as well as for 

the diblock-like copolymer (entry 4.12: Mn = 19,400 g/mol; ÐM = 1.14). In contrast, the 
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triblock-like copolymer (entry 4.13: Mn = 31,500 g/mol; ÐM = 1.45) exhibited a broader 

molecular weight distribution and a low molecular weight shoulder. It was hypothesized that 

the poor control was caused by the steric limitations at the propagating chain end during the 

initiation of the copolymerization process leading to an irregular incorporation of the added 

exo monomer and possible catalyst poisoning. However, this hypothesis is further discussed 

and examined in chapter 5.3.4. 

As a result, the homopolymerization kinetics were found to be well-controlled, exhibiting 

pseudo first order kinetics, and resulting in polymers with narrow molecular weight 

distributions. The copolymerizability of the synthesized monomers exhibited a similar 

behavior as the corresponding homopolymerizations when the same norbornene isomers 

were polymerized in a statistical fashion. Furthermore, copolymer with block-like structures 

were synthesized by mixing equal amounts of exo and endo monomers. 

 

4.4 Conclusion 

In this chapter it was shown that the P-3CR was successfully used to synthesize a variety of 

norbornene-based bifunctional monomers capable of polymerizing via ROMP using the 

G1 catalyst. The structure of the respective monomers was varied in a straightforward fashion 

by targeted selection of the used components, namely carboxylic acid, aldehyde, and 

isocyanide. Here, four exo and four endo norbornene–based bifunctional monomers were 

obtained in satisfying yields ranging from 55% to 94% in a straightforward fashion. 

Furthermore, functional PNBs were obtained and analyzed with special interest on their 

thermal properties. A wide range of Tgs was determined, whereby the values were influenced 

by the incorporated alkane linkers and the attached side groups. The polymers exhibited 

similar Tds regardless of the respective monomer structure. Deeper investigation of the 

polymerization kinetics found that the polymerization process was well-controlled, exhibiting 

pseudo first order kinetics, and resulting in homopolymers with narrow molecular weight 

distributions. The copolymerizability of the synthesized monomers was further examined by 

synthesizing two statistical copolymers, using either two exo or two endo monomers, 

exhibiting similar behavior as the corresponding homopolymerizations. Furthermore, two 

copolymers exhibiting diblock- and triblock-like structures were synthesized by mixing equal 

amounts of exo and endo monomers. The pseudo first order kinetics were found to be skewed 
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in both experiments due to the copolymerization process, leading to block-like 

exo monomer–derived segments with a gradient substructure. However, the herein 

presented method exhibits a straightforward procedure to synthesize highly diverse and 

multifunctional polymers in a sequence-controlled fashion. 

Future work on this topic will focus on the mimicking of proteins or enzymes by 

copolymerizing P-3CR-derived monomers and macromonomers in a sequence-controlled 

fashion, in order to fulfill functions in cellular environments or catalyze the conversion of 

biomolecules.450 
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5 Sequence-controlled graft copolymers via ROMP of macromonomers  

5.1 Abstract 

In this chapter, different ring-opening metathesis polymerization (ROMP)-based synthesis 

procedures are investigated to obtain graft polymers. Especially norbornene-based 

macromonomers, herein synthesized via atom transfer radical polymerization (ATRP), are 

examined in terms of homo- and copolymerizability using ruthenium-catalyzed ROMP. Here, 

poly(benzyl methacrylate) (PBnMA), poly(methyl methacrylate) (PMMA) and poly(styrene) 

(PS) are mainly used as macromonomers. Furthermore, the influence of the macromonomer 

structure on the subsequent ROMP is examined focusing on the used norbornene precursor, 

the length of the alkane linker between the polymerizable norbornene unit and the polymer 

chain, the molecular weight, and the applied synthesis procedure. Therefore, homo- and 

copolymerization kinetics are determined by on-line 1H nuclear magnetic resonance (NMR) 

spectroscopy, whereas size exclusion chromatography (SEC) measurements are conducted to 

determine beneficial and unfavorable influences of the applied ROMP procedure on the 

polymerization control and the molecular weight distribution. Additionally, the synthesis of 

sequence-controlled graft copolymers by adding different macromonomers in an iterative 

manner is examined and further discussed, as well as the introduction of a novel strategy to 

synthesize graft copolymers from bifunctional macromonomers derived from the Passerini 

three-component reaction (P-3CR). 

 

5.2 Introduction 

Controlling the monomer sequence in synthetic polymers and thus moving one step toward 

functional and highly complex structures,451 as observed in various compounds found in 

nature,452,453 is identified to be a major task in polymer sciences. As such, polymers consisting 

of different monomer species that are arranged in a predetermined order are denoted as 

sequence-controlled polymers and are typically characterized by good polymerization 

control, resulting in low dispersity values (<1.50). In contrast, sequence-defined polymers are 

uniform and exhibit dispersity values of 1.00.454 Providing a wide range of possible 

applications, sequence-controlled polymers are, for example, used as drug formulation 

additives or photonic materials.455,456 A variety of established polymerization techniques is 
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used to synthesize sequence-controlled polymers, e.g. reversible-deactivation radical 

polymerization methods or ROMP.457,458 In chapter 2.3 of the theoretical background, more 

detailed information and mechanistic insights regarding different polymerization techniques 

are given. As mentioned in the introduction of chapter 4, ROMP is a versatile polymerization 

technique, exhibiting a “living” character and a high tolerance toward functional groups.435 

Furthermore, extensive research on the synthesis of macromonomers capable of undergoing 

ROMP has been conducted.459 Norbornene derivatives are well-known as polymerizable 

initiators used in RAFT polymerization,460-462 ring-opening polymerization (ROP),463-465 and 

ATRP,460,465-467 due to their commercial availability and stability during ROMP. Furthermore, 

bifunctional macromonomers have been developed e.g. by combining ROP and ATRP to 

generate graft copolymers in a single step.410,465,468 However, the preparation of 

macromonomers is not limited to norbornene as a polymerizable unit. As an example, 

cyclobutene- and cyclopentene-based macromonomers were synthesized in an analog 

fashion, followed by controlled polymerization via ROMP.407,469-471 Even though the literature 

offers various examples,93,464,472 the precise synthesis of sequence-controlled polymers via 

ROMP and the targeted incorporation of monomers into a growing polymeric chain remains 

challenging, due to a variety of possible deactivation processes.411 Compared to small 

monomers, successful polymerization of macromonomers not only depends on the 

polymerizable moiety and the functional groups attached, it further depends on its molecular 

weight, beneficial or unfavorable interactions with the solvent during ROMP and the applied 

synthesis procedure.386,473 

In this chapter, the ROMP behavior of different macromonomers synthesized via ATRP is 

investigated with special interest on the applied conditions, like solvent, temperature, and 

the used catalyst. The influence of the ROMP procedure on the polymerization kinetics is 

evaluated by on-line 1H NMR spectroscopy. Furthermore, sequence-controlled graft 

copolymers are synthesized by the iterative addition of macromonomers to the 

polymerization, whereas bifunctional macromonomers comprising two different polymer 

chains are also used to synthesize graft copolymers in a straightforward fashion. 
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5.3 Results and discussion 

5.3.1 Synthesis of norbornene dicarboximide–based macromonomers 

 

In the following section, the synthesis of exo norbornene dicarboximide–based 

macromonomers via ATRP is described, whereby two different ATRP initiators are used, while 

methyl and benzyl methacrylate, and styrene serve as monomers. The obtained 

macromonomers are further examined regarding their molecular structure and their thermal 

properties. 

In order to perform an ATRP and use the obtained polymer as a macromonomer for ROMP, 

norbornene-functional ATRP initiators were synthesized, as suitable synthesis procedures are 

well-known in the literature.474 In all cases, exo norbornene dicarboxylic anhydride was used 

as the starting molecule. The initiator was attached to it through an alkane linker unit which 

was varied between ethyl and hexyl (Scheme 5.1), examining its influence on the ROMP of 

the subsequent macromonomers, with special interest on the polymerization kinetics and 

control. 

 
Scheme 5.1. Synthesis of (A) hydroxylated exo norbornenes xNb2OH and xNb6OH via 
condensation of exo norbornene anhydride with 2-aminoethanol and 6-aminohexanol, and 
(B) subsequent esterification using α-bromoisobutyryl bromide, obtaining xNb2Br and 
xNb6Br. 
 

Exo norbornene anhydride (cis-5-norbornene-exo-2,3-dicarboxylic anhydride) was used as 

precursor due to its commercial availability and straightforward functionalization using 

primary amines. Thus, 2-aminoethanol and 6-aminohexanol were used in a condensation 

reaction (Scheme 5.1A), yielding the hydroxylated exo norbornenes xNb2OH and xNb6OH. 
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The former was obtained as a white waxy solid in a yield of 85% (Figure S5.1), whereas the 

latter appeared as a colorless liquid and was obtained in a yield of 98% (Figure S5.3). 

Subsequently, xNb2OH and xNb6OH were esterified using α-bromoisobutyryl bromide and a 

mixture of triethylamine and 4-dimethylaminopyridine (DMAP) in THF, obtaining the 

exo norbornene–functional ATRP initiators xNb2Br and xNb6Br (Scheme 5.1B). The tertiary 

alkyl bromide was used due to its high activation rate constant (kact = 2.7 M-1s-1 for ethyl 

α-bromoisobutyrate) compared to secondary or primary alkyl bromides and alkyl chlorides.328 

The products were obtained as a white solid in a yield of 96% and a colorless liquid in a yield 

of 88%, respectively (Figures S5.5 and S5.7). It is noted that the compounds xNb6OH and 

xNb6Br were synthesized by P. Conen under my supervision during his advanced organic 

practical course. 

In order to examine the homo- and copolymerizability of exo norbornene–functional 

macromonomers in ROMP, highlighting the macromonomer structure and size, different 

polymers were synthesized via ATRP using xNb2Br and xNb6Br as initiators (Scheme 5.2). It 

is noted that the term “argon-flushed” further implies that the used reaction vessel was thrice 

dried with a heat gun under high vacuum and flushed with argon while hot. 

 
Scheme 5.2. Synthesis of exo norbornene–functional macromonomers via ATRP using xNb2Br 
and xNb6Br as ATRP initiators and benzyl methacrylate (BnMA, top), methyl methacrylate 
(MMA, middle) and styrene (St, bottom) as monomers. 
 

The ATRPs of the methacrylates, i.e. benzyl methacrylate (BnMA) and methyl methacrylate 

(MMA), were mediated by Cu(I)Cl and 4,4ʹ-dinonyl-2,2ʹ-bipyridine (dNbpy) as ligand (L) under 
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an argon atmosphere. The polymerizations were carried out in argon-flushed Schlenk flasks 

at 90 °C for 2.5 hours and reaching nearly complete conversions. As such, PBnMA- and 

PMMA-based exo norbornene–functional macromonomers were obtained. Additionally, a 

PS-based exo norbornene–functional macromonomer was synthesized mediated by Cu(I)Br 

and N,N,Nʹ,Nʹʹ,Nʹʹ-pentamethyl diethylenetriamine (PMDETA) as ligand under an argon 

atmosphere. The polymerization was carried out in argon-flushed Schlenk flasks at 80 °C for 

70 minutes. The catalyst was changed for the polymerization of styrene to reduce the 

polymerization rate and the possibility to trigger side reactions at high monomer 

conversion,475 since polymers that comprise a hydrogen atom at the α-position tend to 

undergo combination during radical polymerization processes.306 This behavior potentially 

leads to the radical-radical coupling of two polymer chains, resulting in the formation of an 

telechelic dinorbornene species which would act as a crosslinking agent in the subsequent 

ROMP.460 In contrast, polymethacrylates exhibit this behavior to a lesser extent, whereby 

termination occurs predominantly via disproportionation.306 The macromonomers were 

purified by precipitation from cold n-hexane (polymethacrylates) and from cold methanol (PS, 

(Table 5.1). 

 

Table 5.1. Synthesized exo norbornene dicarboximide–based macromonomers via ATRP. 
 
Polymera DP Monomer ATRP Initiator Mn,NMR 

[g/mol]b 

Mn,SEC 

[g/mol]c 

ĐMc 

xNb2M12 12 MMA xNb2Br 1,600 1,700 1.16 

xNb2M27 27 MMA xNb2Br 3,100 3,200 1.13 

xNb6M13 13 MMA xNb6Br 1,700 1,700 1.13 

xNb6M17 17 MMA xNb6Br 2,100 2,500 1.16 

xNb2B12 12 BnMA xNb2Br 2,500 2,600 1.18 

xNb2S20d 20 St xNb2Br 2,400 2,100 1.17 
aReaction conditions: Monomer, initiator (0.05 mol/L), Cu(I)Cl and dNbpy in toluene for 2.5 h 
at 90 °C under argon atmosphere (M:I:Cu:L ratio – 12/30/12/12/10:1:1:2). bDetermined by 
1H NMR spectroscopy. cDetermined by SEC. dReaction conditions: Monomer, initiator 
(0.04 mol/L), Cu(I)Br and PMDETA in toluene for 70 min at 80 °C under argon atmosphere 
(M:I:Cu:L ratio – 120:1:1:1). 
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The obtained macromonomers are termed as follows: the exo norbornene moiety is 

abbreviated as xNb, the length of the alkane linker between norbornene and polymer chain 

is described by the number of carbon atoms (2 for ethyl; 6 for hexyl), and the attached 

polymer chain is abbreviated by M for PMMA, B for PBnMA and S for PS, while the following 

number describes the average DP of the respective polymer chain determined by 1H NMR 

spectroscopy. Molecular weights of 1,600 – 3,100 g/mol were thus obtained (Table 5.1). The 

obtained macromonomers were also characterized by SEC to evaluate the applied ATRP 

procedures (Figure 5.1). It is noted that the macromonomer xNb6M17 was synthesized by 

B. Felker under my co-supervision. 

 
Figure 5.1. SEC traces of (A) the PMMA-based macromonomers comprising an ethyl linker, 
(B) the PMMA-based macromonomers comprising a hexyl linker, (C) the PBnMA-based 
macromonomer, and (D) the PS-based macromonomer. 
 

Narrow molecular weight distributions (≤1.18) were observed for all macromonomers 

indicating well-controlled polymerization processes. The average Mns determined via SEC and 
1H NMR spectroscopy were found to be consistent with a small variation for xNb2S20 which 

was attributed to the different Rhs of PS and the PMMA calibration standards.476 The 

macromonomers were further analyzed using matrix-assisted laser desorption/ionization 
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mass spectrometry equipped with a time-of-flight detector (MALDI-TOF MS). In all cases, the 

obtained signals were identified to confirm the presence of the norbornene moiety within the 

macromonomers and thus to ensure polymerizability in subsequent ROMPs. Additionally, the 

attached end groups at the ω-positions were determined, further evaluating the applied ATRP 

procedures. The MALDI-TOF results of xNb2M12 are discussed as an example for the 

PMMA-based macromonomers (Figure 5.2). MALDI-TOF MS data of xNb2M27, xNb6M13 and 

xNb6M17 are presented in the experimental section in chapter 8.3.2. It is noted that all herein 

presented MALDI-TOF data are unprocessed. 

 
Figure 5.2. (A) MALDI-TOF spectrum (DCTB, NaTFA) of xNb2M12 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (1455 – 1745 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNb2M12 species 
(S1 – S5) and their calculated and measured monoisotopic masses. 
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The MALDI-TOF mass distribution of xNb2M12 was found to comprise five distinct 

distributions (Figure 5.2A). In all cases, the distance between two consecutive signals was 

found to correspond to the mass of one methyl methacrylate repeat unit (expected: 

100.05 m/z, Figure 5.2B). It is noted that the signals were determined as the sodium adducts, 

unless otherwise stated. Furthermore, the distributions were assigned to the determined 

species (S1 – S5) by comparing the observed isotopic patterns with the calculated (chapter 

8.3.2, Figure S5.11). The highest intensity distribution was assigned to the 

chloride-terminated species (S1, Figure 5.2C). The positions of the four remaining 

distributions are further described related to the position of the main distribution. However, 

at Δ(m/z) = -34.03 and -36.06, two overlapping distributions were detected ascribed to the 

hydrogen- and the vinylidene-terminated species, respectively (S2 and S3, Figure 5.2C). Both 

structures are obtained as disproportionation products, whereby a hydrogen of the methyl 

group at the chain end is transferred to another polymer chain, forming a saturated and an 

unsaturated end group functionality. The latter can additionally arise from halogen 

abstraction processes.477 The distribution at Δ(m/z) = -58.90 was ascribed to the 

recombination product, resulting in the radical coupling of two PMMA chain ends and the 

formation of an α,ω-dinorbornene species (S4, Figure 5.2C).460 The last detectable 

distribution at Δ(m/z) = -83.96 was ascribed to the double charged hydrogen-terminated 

species ionized by one sodium and one proton (S5, Figure 5.2C). It is not determined whether 

the detected species were obtained during the ATRP process since end group degradation 

during MALDI-TOF is well-known in the literature.478 A potentially present non-norbornene 

containing PMMA chain comprising a chloride at the ω-position and a carboxylic acid 

functionality at the α-position would be expected at Δ(m/z) = -188.45. However, the low 

intensity in this region of the spectrum is indicative of its absence. In contrast, the presence 

of the norbornene moiety in xNb2M12 was confirmed within all detected species. It is noted 

that the bromide-terminated species was not detected either due to insufficient ionization or 

its low abundance in the sample, the latter caused by the weaker C-Br bond compared to the 

C-Cl bond,328 and the stronger affinity of bromides to copper.479 It is noted for all MALDI-TOF 

spectra that the relative intensities shown do not necessarily reflect the concentration of the 

determined species in the corresponding sample. However, the findings were in agreement 

with the data obtained by SEC and 1H NMR spectroscopy. The latter indicated an end group 
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fidelity of 86% for xNb2M12, 77% for xNb6M13, and 76% for xNb6M17 when comparing the 

signals at 2.60 – 2.25 ppm, assigned to the methylene groups of the last MMA repeat units, 

to the characteristic olefinic signals of the norbornene moieties at 6.35 – 6.24 ppm. It is noted 

that the determination of the end group fidelity by 1H NMR spectroscopy was not possible for 

xNb2M27 due to overlapping signals at 2.60 – 2.25 ppm. 
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In order to evaluate the obtained PBnMA-based macromonomer xNb2B12, MALDI-TOF data 

are further discussed (Figure 5.3) 

 
Figure 5.3. (A) MALDI-TOF spectrum (DCTB, NaTFA) of xNb2B12 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (2110 – 2660 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNb2B12 species 
(S1 – S6) and their calculated and measured monoisotopic masses. 
 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 71 

The MALDI-TOF spectrum of xNb2B12 exhibited six distinct distributions (Figure 5.3A). In all 

cases, the distance between two consecutive signals was found to correspond to the mass of 

one benzyl methacrylate repeat unit (expected: 176.08 m/z, Figure 5.3B). The highest 

intensity distribution was ascribed to the chloride-terminated species (S1, Figure 5.3C). 

Similar to the MALDI-TOF data of xNb2M12, the distributions at Δ(m/z) = -33.98 and -35.84 

were ascribed to the hydrogen- and the vinylidene-terminated species, respectively (S2 and 

S3, Figure 5.3C). Another high intensity distribution was located at Δ(m/z) = -83.69, which was 

ascribed to the double charged α,ω-dinorbornene species ionized by two copper(I) ions (S4, 

Figure 5.3C). The ability of copper to act as an ionizing agent in MALDI-TOF MS is well-known 

in the literature, whereby the photochemical reduction of copper(II) to copper(I) was found 

to appear during the laser ionization process.480,481 Since the workup procedure and the 

MALDI-TOF sample preparation of xNb2B12 and xNb2M12 were identical, it is assumed that 

in contrast to the methyl side groups, the interaction between the benzyl side groups and the 

copper favored sufficient ionization. Additionally, an α,ω-dinorbornene species was detected 

at Δ(m/z) = -111.08 (S5, Figure 5.3C). The distribution at Δ(m/z) = -155.83 was ascribed to the 

lactone-terminated species (S6, Figure 5.3C). The MALDI-TOF-induced intramolecular 

ring-closing reaction at the chain end of polymethacrylate-based polymers and thus 

formation of terminal lactone units is well-known in the literature.482,483 As discussed in the 

MALDI-TOF analysis of xNb2M12, the relative abundances of the detected species do not 

display the absolute concentrations of the respective species in the sample, it is not 

determined whether these species were obtained during the ATRP or during the ionization 

process.478 The assignments of the distributions were additionally verified by comparing the 

obtained isotopic patterns with the calculated (chapter 8.3.2, Figure S5.26). The findings were 

in agreement with the data obtained by SEC and 1H NMR spectroscopy. Since the latter 

indicated a nearly quantitative end group fidelity for xNb2B12 when comparing the signal at 

2.60 – 2.25 ppm, assigned to the methylene group of the last BnMA repeat unit, and the 

characteristic olefinic signal of the norbornene moiety at 6.35 – 6.24 ppm. 
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Finally, the PS-based macromonomer xNb2S20 was also examined by MALDI-TOF MS, using 

dithranol as matrix (Figure 5.4). 

 
Figure 5.4. (A) MALDI-TOF spectrum (dithranol, NaTFA) of xNb2S20 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (1475 – 1775 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNb2S20 species 
(S1 – S2) and their calculated and measured monoisotopic masses. 
 

The MALDI-TOF spectrum of xNb2S20 exhibited two distinct distributions (Figure 5.4A). In 

both cases, the distance between two consecutive signals corresponded to the mass of one 

styrene repeat unit (expected: 104.06 m/z, Figure 5.4B). The highest intensity distribution 

was ascribed to the species comprising an unsaturated end group (S1, Figure 5.4C), obtained 

from the dehydrohalogenation of the chain terminal group during the MALDI-TOF 

measurement.478 The second distribution at Δ(m/z) = -43.66 was ascribed to the double 

charged hydrogen-terminated species ionized by one sodium and one proton (S2, Figure 

5.4C). The respective comparison between measured and calculated isotopic patterns is 

presented in the experimental section in chapter 8.3.2 (Figure S5.29). The findings were in 

agreement with the data obtained by SEC and 1H NMR spectroscopy. However, the 

determination of the end group fidelity by 1H NMR spectroscopy was not possible for 

xNb2M20 due to overlapping signals at 2.60 – 2.25 ppm. 
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MMA, BnMA, and styrene were chosen as monomers in ATRP since the resulting 

macromonomers exhibit literature-known differences in Tgs.484 Furthermore, the 

homopolymers of each of these monomers are known to be immiscible with each other.485 

Immiscibility further leads to phase separation which is evident by distinct Tgs, each 

corresponding to the respective homopolymer. In contrast, miscibility results in a Tg that is 

between the respective homopolymer Tgs.486 This phenomenon has been shown in 

chapter 4.3.2, whereby the Fox equation (Equation 4.1) is used to estimate the thermal 

behavior of a polymer blend.446 The combination of immiscible polymers, e.g. in block 

copolymers, results in short range phase separation and potentially self-assembling.487 In 

order to examine the thermal behavior of the different macromonomers and thus estimate 

the potential of an obtained block copolymer to self-assemble into ordered structures, DSC 

measurements were conducted and the Tgs of the pure macromonomers as well as their 

blends (at mass ratios of 1:1) were determined (Figure 5.5).  

 

 
Figure 5.5. DSC traces of (A) xNb2M12, xNb2B12, and the respective 1:1 blend, and of (B) 
xNb2M12, xNb2S20, and the respective 1:1 blend. 
 

According to the literature, PMMA and PBnMA are expected to exhibit Tgs at 105 °C and 54 °C, 

respectively, whereas PS is expected to exhibit a Tg at 100 °C.484 However, the PMMA-based 

macromonomer xNb2M12 exhibited a Tg at 63 °C, whereas the PBnMA-based 

macromonomer xNb2B12 exhibited a Tg at 46 °C. Furthermore, the PS-based macromonomer 

xNb2S20 exhibited a Tg at 73 °C. The observed reduction of the determined Tgs is explained 

by its molecular weight dependency, whereby the Tgs decrease with decreasing molecular 

weight of the corresponding polymer.488,489 Blending of the methacrylate-based 
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macromonomers at a 1:1 mass ratio resulted in the presence of two Tgs at 65 °C, ascribed to 

the PMMA component, and at 47 °C for the PBnMA one (Figure 5.5A). In contrast, blending 

of xNb2S20 with xNb2M12 led to a Tg at 72 °C (Figure 5.5B), which was relatively consistent 

with the estimated Tg calculated by equation 4.1 (ca. 69 °C). However, according to the 

literature, PS and PMMA are immiscible.490 The herein made observation was explained by 

partial miscibility due to the low molecular weight of the used macromonomers.491 It is noted 

that all herein measured Tg values were determined by the onset temperature of the thermal 

transition in the second heating cycle, applying a heating rate of 20 °C/min. 

As a result, three different exo norbornene–functional macromonomers were successfully 

synthesized via the ATRP of MMA, BnMA, and styrene, whereby the obtained 

methacrylate-based polymers show immiscibility in a 1:1 blend and thus are interesting in 

potentially self-assembling when combined in a copolymer. 
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5.3.2 Synthesis of graft polymers using the G1 catalyst 

 

In the following section, the synthesis of graft polymers using the G1 catalyst is investigated. 

Here, the effects of the macromonomer structure and size, as well as the effects of the used 

solvent and concentration on their polymerization via ROMP are examined. 

In order to perform a successful ROMP of macromonomers, suitable polymerization 

conditions had to be evaluated regarding catalyst, solvent, macromonomer (MM), and 

concentration. Different Grubbs-type catalysts were thus used in all ROMPs, due to their 

tolerance toward functional groups, relatively high stability, and commercial availability 

(Scheme 5.3).492 

 
Scheme 5.3. (A) Grubbs-type catalysts used in the ROMP of macromonomers and (B) 
schematic ROMP of PMMA-based macromonomers. 
 

The G1-mediated ROMP of PMMA-based macromonomers was used to examine 

advantageous and unfavorable influences on the polymerization process, e.g. on 

polymerization kinetics and control (Scheme 5.3B). However, the ROMP of macromonomers 

using Grubbs third generation (G3) catalyst is presented in chapter 5.3.3. It is noted that all 

herein performed ROMPs were quenched by adding an excess of EVE, however, further 

removal of the catalyst and purification by precipitation was not carried out, unless otherwise 

stated, due to time limitations and given that preliminary experiments showed such 

purification was not necessary when assessing kinetics. 
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In order to determine the influence of the macromonomer size on the ROMP using the 

G1 catalyst, xNb2M12 (1,600 g/mol, Table 5.1) and xNb2M27 (3,100 g/mol, Table 5.1) were 

used to synthesize graft polymers with different DPs (Table 5.2). 

 

Table 5.2. ROMPs using PMMA-based macromonomers with different molecular weights. 
 

Entry a MM M:I ratio Conversion 

[%]b 

Mn,calc 

[g/mol]c 

Mn 

[g/mol]d 

ĐMd 

5.1 xNb2M12 5:1 ≥99 8,000 11,400 1.11 

5.2 xNb2M12 10:1 ≥99 16,000 15,500 1.17 

5.3 xNb2M12 15:1 93 22,300 43,900 1.58 

5.4 xNb2M12 20:1 54 17,300 66,200 18.8 

5.5 xNb2M12 25:1 0 - - - 

5.6 xNb2M27 5:1 ≥99 15,500 17,700 1.11 

5.7 xNb2M27 10:1 ≥99 31,000 25,900 1.13 

5.8 xNb2M27 15:1 ≥99 46,500 43,300 1.15 

5.9 xNb2M27 20:1 ≥99 62,000 52,300 1.19 

5.10 xNb2M27 25:1 ≥99 77,500 60,100 1.19 
aReaction conditions: MM and G1 catalyst (2 mmol/L) in DCM at ambient temperature 
overnight. bDetermined by 1H NMR spectroscopy. cCalculated by conversion. dDetermined by 
SEC. 
 

The reactions (entries 5.1 – 5.10, Table 5.2) were performed in DCM at ambient temperature 

overnight, keeping the catalyst concentration constant in all polymerizations. The resulting 

polymers were analyzed via 1H NMR spectroscopy to determine the conversions, using the 

vanishing of the signals assigned to the olefinic norbornene moieties of the 

exo macromonomers (6.32 ppm) and the appearing of the olefinic backbone signals of the 

resulting polymers (5.86 – 5.60 ppm), as described in chapter 4.3.2 (Figure 4.1). Furthermore, 

SEC measurements were conducted to determine molecular weight and dispersity (Table 

5.2). Interestingly, the conversion of xNb2M12 decreased with increasing the targeted DP. 

Entries 5.1 and 5.2 exhibited complete conversions, whereas entries 5.3 and 5.4 reached 

conversions of 93% and 54% after overnight reactions, respectively (Figure S5.30, Table 5.2). 
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No macromonomer conversion was detected in entry 5.5 (Figure S5.30, Table 5.2). 

Nonetheless, the ROMPs using the larger xNb2M27 (entries 5.6 – 5.10, Table 5.2) were 

performed applying similar conditions. The conversions were found to be quantitative for all 

ROMPs (Figure S5.31 ,Table 5.2). In order to further examine the polymerization processes, 

SEC measurements of the obtained graft polymers were conducted (Figure 5.6). 

 

 
Figure 5.6. SEC traces and plots of the molecular weight and dispersity versus targeted DP, 
determined by SEC, in the G1-mediated ROMP of (A,B) xNb2M12 and (C,D) xNb2M27, 
respectively. 
 

Entries 5.1 and 5.2 (Table 5.2) exhibited narrow molecular weight distributions suggesting 

good polymerization control. However, the distributions obtained from entries 5.3 and 5.4 

(Table 5.2) were found to be broad, indicating loss of polymerization control for entry 5.4 

(Figure 5.6A). It is noted that entry 5.4 (Table 5.2) reached the exclusion limit of the SEC 

instrument, corresponding to molecular weights higher than 1,000,000 g/mol. Here, the 

molecular weight and the dispersity of the obtained graft polymers were found to increase 
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monotonically albeit in a non-linear fashion with increasing targeted DP (Figure 5.6B). In 

contrast, the SEC measurements obtained from the larger macromonomer 

(entries 5.6 – 5.10, Table 5.2) exhibited relatively narrow molecular weight distributions 

independent from the targeted DP. However, an increasing high molecular weight shoulder 

was found to appear in the higher DP samples, namely for entries 5.8 – 5.10 (Figure 5.6C, 

Table 5.2). The graft polymers derived from xNb2M27 exhibited a linear relationship between 

targeted DP and molecular weight, and a minimal increase in dispersity with increasing DP 

(Figure 5.6D). Furthermore, the Mns determined by SEC differed from the expected Mns 

calculated by conversion (Table 5.2). The low DP polymers of entries 5.1 and 5.6 showed 

slightly higher Mns than expected (Table 5.2). In contrast, the Mns of the relatively narrow 

dispersity polymers of entries 5.2, 5.7 – 5.10 showed lower Mns than expected (Table 5.2). It 

is noted that the difference of the determined to the expected Mns of entries 5.3 and 5.4 

increased with increasing dispersity, which was mainly attributed to the broad molecular 

weight distributions (Figure 5.6). These observations were further attributed to the different 

morphologies of the SEC calibration standards (linear PMMAs) and the measured polymers 

(grafts), resulting in different Rhs and thus in different retention times and molecular weights, 

respectively. It is noted that the repetition of entries 5.4 and 5.5 resulted in similar results, 

suggesting a systemic error generated by either the applied ROMP conditions, the used 

macromonomer, or unfavorable steric interactions between the PMMA chain and the 

propagating PNB chain end. 
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In order to determine the influence of the macromonomer concentration on the 

polymerization process, the reaction conditions of entry 5.2 (Table 5.2) were adapted by 

decreasing the catalyst concentration and thus reaching a higher DP of the resulting graft 

polymer (Table 5.3). 

 
Table 5.3. ROMPs with different catalyst concentrations using xNb2M12 as macromonomer. 
 

Entry a M:I ratio c(G1) 

[mmol/L] 

Conversion 

[%]b 

Mn 

[g/mol]c 

ĐMc 

5.11 15:1 1.33 37 25,700 1.47 

5.12 20:1 1.00 0 - - 
aReaction conditions: xNb2M12 (20 mmol/L) and G1 catalyst in DCM at ambient temperature 
overnight. bDetermined by 1H NMR spectroscopy. cDetermined by SEC. 
 

The concentration of xNb2M12 was retained at 20 mmol/L, whereas the catalyst 

concentration was lowered to 1.33 mmol/L for entry 5.11 and 1.00 mmol/L for entry 5.12 

(Table 5.3), hence, the targeted DPs were 15 and 20, respectively. Analysis by 1H NMR 

spectroscopy indicated low macromonomer conversion of 37% for entry 5.11 and no 

detectable conversion for entry 5.12 (Figure S5.32, Table 5.3). The molecular weight 

distribution of entry 5.11 was further examined by SEC (Figure 5.7).  

 

 
Figure 5.7. SEC traces of (A) entry 5.11 and the used macromonomer, and (B) entry 5.12 and 
the used macromonomer (Table 5.2 and Table 5.3). 
 

As expected, a distinct distribution was detected at low molecular weights, assigned to 

remaining xNb2M12 (Figure 5.7). The broad distribution at high molecular weights was 
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ascribed to the graft polymer, whereby the high dispersity and the relatively low conversion 

indicated poor polymerization control (Figure 5.7A). Confirming the 1H NMR data, the SEC 

trace of entry 5.12 (Table 5.3) exhibited no detectable macromonomer conversion (Figure 

5.7B). These observations showed that an increase in DP, be it from increasing the 

macromonomer concentration or reduction of the G1 concentration, reduces monotonically 

the resulting polymer molecular weight. This is surprising since “living” chain-growth 

polymerizations such as ROMP are well-known to show a linear relationship between 

monomer conversion and molecular weight,17 therefore it has been hypothesized that the 

used solvent plays a role in the process. 

In order to determine the influence of the solvent on the ROMP of xNb2M12, the reaction 

conditions of entry 5.5 (Table 5.2) were adapted by varying the solvent (Table 5.4). 

 

Table 5.4. ROMPs of xNb2M12 as macromonomer using different solvents. 
 

Entry a Solvent Conversion 

[%]b 

Mn 

[g/mol]c 

ĐMc 

5.13 Chloroform 0 - - 

5.14 Dimethyl carbonate ≥99 59,100 2.23 

5.15 Tetrahydrofuran 0 - - 

5.16 Toluene 0 - - 
aReaction conditions: xNb2M12 (50 mmol/L) and G1 catalyst (2 mmol/L) in the respective 
solvent at ambient temperature overnight. bDetermined by 1H NMR spectroscopy. 
cDetermined by SEC. 
 

Chloroform was considered as a promising candidate, since recent literature describes the 

successful ROMP of norbornene-based monomers using the G1 catalyst.93 Surprisingly, no 

macromonomer conversion was detected (entry 5.13, Figure S5.33, Table 5.4). Dimethyl 

carbonate (DMC) was also tested as a solvent in the ROMP of xNb2M12, due to its related 

chemical structure compared the MMA (entry 5.14, Table 5.4). The G1 catalyst only showed 

moderate solubility in DMC at ambient temperature, however, complete dissolution was 

observed a few minutes after the monomer was added. Analysis via 1H NMR spectroscopy 

showed quantitative conversion (Figure S5.33), although the SEC trace exhibited a relatively 

broad molecular weight distribution with a small high molecular weight shoulder (Figure 
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S5.34). The moderate solubility of the G1 catalyst in DMC was considered as the main issue, 

leading to an inhomogeneous reaction mixture and further to an irregular initiation process, 

resulting in lack of polymerization control. THF is a well-known solvent for the ROMP of small 

monomers using the G1 catalyst and for macromonomers using the G3 catalyst.406,493 

Nonetheless, no macromonomer conversion was detected (entry 5.15, Figure S5.33, Table 

5.4). Finally, toluene was considered as a nonpolar solvent, as recent literature describes the 

successful ROMP of norbornene-functional dendrimers using toluene and the Grubbs second 

generation (G2) catalyst at elevated temperatures.494 However, the G1 catalyst only showed 

moderate solubility in toluene at ambient temperature and analysis via 1H NMR spectroscopy 

showed no detectable macromonomer conversion (entry 5.16, Figure S5.33, Table 5.4). The 

herein presented observations considered DCM being the most suitable solvent under the 

applied conditions. However, the ROMP of xNb2M12 was potentially influenced by 

interactions between the PMMA chain and the PNB “living” chain end which inhibits further 

monomer addition. It is noted that longer polymerization times were not found to have an 

advantageous effect on the respective ROMPs. In contrast, the ROMP of the larger 

PMMA-based macromonomer xNb2M27 was found to be successful under the applied 

conditions, hence, other effects are suspected and are investigated in the context of further 

research focused on end group steric and supramolecular effects. 

Despite the ROMP of xNb2M27 being relatively controlled, a high molecular weight shoulder 

appeared at higher targeted DPs (e.g. entry 5.10, Figure 5.6C, Table 5.2). This behavior is 

undesirable in terms of polymerization control as it leads to complications in the synthesis of 

sequence-controlled graft copolymers. It was hypothesized that the presence of oxygen had 

an unfavorable effect on the ROMP process using macromonomers and the G1 catalyst. All 

ROMPs presented in chapter 5.3.2 were performed at air, applying no inert conditions. 

According to the literature, Grubbs-type catalysts, such as the G1 catalyst, undergo poisoning 

in the presence of oxygen (Scheme 5.4).495 
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Scheme 5.4. Oxygen-induced poisoning of the G1 catalyst. 
 

The herein formed monocarbonyl species has been found to exhibit catalytic activity in 

isomerization side reactions, favoring secondary metathesis products. 495 However, it was not 

verified if this type of catalyst poisoning caused the observed high molecular weight shoulders 

in the SEC traces of entries 5.8 – 5.10 (Figure 5.6C, Table 5.2). Other decomposition pathways, 

leading to side reactions between polymer chains, such as cross metathesis or bimolecular 

coupling,496 were not excluded. 

In order to eliminate the effect of oxygen on the catalyst and thus prevent the formation of 

undesired high molecular weight species, the ROMP of xNb2M27 using the G1 catalyst was 

performed under Schlenk conditions (entry 5.17, Table 5.5). 

 

Table 5.5. ROMP of xNb2M27 using G1 catalyst under Schlenk conditions. 
 

Entry a M:I ratio Conversion 

[%]b 

Mn 

[g/mol]c 

ĐMc 

5.17 25:1 ≥99 26,700 1.12 
aReaction conditions: xNb2M27 (10 mmol/L) and G1 catalyst (0.4 mmol/L) in degassed 
DCM-d2 at ambient temperature overnight. bDetermined by 1H NMR spectroscopy. 
cDetermined by SEC. 
 

The polymerization was performed in an NMR tube equipped with a J Young tap using 

degassed DCM-d2 under argon atmosphere. The polymerization kinetics were monitored by 

on-line 1H NMR spectroscopy at ambient temperature (Figure 5.8). It is noted that this 

experiment was performed by H. Garbus under my co-supervision. 
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Figure 5.8. (A) Kinetic plot of the ROMP of xNb2M27, based on 1H NMR spectroscopy data 
(Figure S5.35), and (B) SEC trace of the obtained graft polymer after overnight reaction. 
 

The polymerization was performed overnight, whereby 97% macromonomer conversion was 

determined after 140 minutes (Figure S5.35). The polymerization kinetics exhibited no 

pseudo first order kinetic behavior and were found to be slightly skewed (Figure 5.8A). 

However, an SEC measurement exhibited a narrow molecular weight distribution 

(Mn = 26,700 g/mol; ÐM = 1.12; Figure 5.8B). It is further emphasized that no high molecular 

weight shoulder was detectable, indicating the importance of oxygen-free conditions in 

ROMP. The ROMP procedure using degassed solvent and Schlenk conditions enabled high 

degree of polymerization control and is further used in the homo- and copolymerization of 

exo norbornene–functional macromonomers. It is noted that dry solvents were not 

employed, unless noted otherwise. 
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In order to verify the encouraging results shown above and to examine the effect of the alkane 

linker on the ROMP process, xNb6M13 and xNb2M12 were used as macromonomers and 

polymerized in degassed DCM under Schlenk conditions (Table 5.6). 

 

Table 5.6. ROMP of macromonomers using degassed DCM and applying different M:I ratios. 
 

Entry a MM M:I ratio c(G1) 

[mmol/L] 

Conversion 

[%]b 

Mn 

[g/mol]c 

ĐMc 

5.18 xNb6M13 5:1 2.00 ≥99 12,100 1.13 

5.19 xNb6M13 25:1 2.00 ≥99 37,800 1.22 

5.20 xNb2M12 25:1 0.40 66 23.900 1.44 
aReaction conditions: MM and G1 catalyst in degassed DCM at ambient temperature under 
argon atmosphere overnight. bDetermined by 1H NMR spectroscopy. cDetermined by SEC. 
 

Additional polymerization conditions, such as catalyst concentration, temperature, or 

reaction time, were adapted from entry 5.5 (Table 5.6). The obtained graft polymers were 

analyzed via SEC to determine differences in the ROMP process of xNb6M13 compared to 

xNb2M12 through the molecular weight distributions of the corresponding polymers, 

attributed to the longer alkane linker (Figure 5.9A). Therefore, the DP of the PMMA chain was 

similar. Furthermore, the G1 concentration in entry 5.20 was reduced compared to 

entries 5.5 (2 mmol/L, Table 5.2), 5.11 (1.33 mmol/L, Table 5.3), and 5.12 (1 mmol/L, Table 

5.3) to minimize potentially unfavorable steric interactions, whereby working under Schlenk 

conditions was assumed to decrease catalyst poisoning in highly diluted systems. 
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Figure 5.9. (A) Schematic ROMP of xNb6M13 under argon atmosphere, (B) corresponding SEC 
traces and (C) SEC trace entry 5.20 (Table 5.6). 
 

Entries 5.18 and 5.19 (Table 5.6) with M:I ratios of 5:1 and 25:1, respectively, both yielded 

complete macromonomer conversions (Figure S5.36), contrasting the corresponding ROMP 

of xNb2M12 (entry 5.20, Figure S5.37, Table 5.6). Furthermore, the obtained graft polymers 

of entries 5.18 and 5.19 (Table 5.6) exhibited relatively narrow molecular weight 

distributions, albeit a high molecular weight shoulder was detected in entry 5.19 (Figure 

5.9B). The SEC trace of entry 5.20 exhibited a broad distribution (Figure 5.9C, Table 5.6), 

indicating lack of polymerization control and confirming the incomplete macromonomer 

conversion determined by 1H NMR spectroscopy, as the low molecular weight peak 

overlapped that of the macromonomer and was thus ascribed to unreacted xNb2M12. 

Overall, the polymerization process was better controlled once the distance between the 

polymerizable norbornene moiety and the PMMA chain was increased from ethyl to hexyl. 

This observation further supported the previous assumptions that the increasing loss of 

control in entries 5.3 – 5.5 (Table 5.2) resulted from increasing steric limitations at the 

propagating chain end, and catalyst poisoning induced by oxygen contamination. Since 

Schlenk conditions were applied, the high molecular weight shoulder detected in entry 5.19 

(Table 5.6) was attributed to steric limitations, as hypothesized previously. 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 86 

As a result, the structure of the macromonomer was found to influence the overall monomer 

conversion, as well as the molecular weight distribution of the resulting graft polymers. Here, 

a higher DP of the PMMA chain, and a larger distance to the polymerizable norbornene 

moiety had a favorable effect on the polymerization control. Furthermore, the use of 

degassed solvent and working under Schlenk conditions potentially decreased catalyst 

poisoning and thus enabled the ROMP of macromonomers at low catalyst concentrations. 

 

5.3.3 Synthesis of graft polymers using the G3 catalyst 

 

In the following section, the synthesis of graft polymers using the G3 catalyst is described. The 

polymerizability of the macromonomers synthesized in chapter 5.3.2 is further examined via 

kinetic measurements using on-line 1H NMR spectroscopy. 

As mentioned in the previous section, steric hindrance at the propagating chain end was 

found to reduce the polymerization control for some macromonomers using the G1 catalyst. 

This behavior was hereinto considered to lead to problems during the synthesis of 

sequence-controlled graft copolymers, whereby higher molecular weights are desirable. The 

accessibility of the propagating chain end is largely defined by the used catalyst. The 

G1 catalyst comprises two tricyclohexyl phosphine ligands, whereas the G3 catalyst 

comprises an NHC ligand, as well as two pyridine ligands (Scheme 5.3A), exhibiting a different 

steric demand. It is noted that one pyridine ligand is fully dissociated in solution, leading to 

the highly active mono-pyridine species.377 Furthermore, G3 type catalysts are widely used in 

the ROMP of macromonomers due to their high initiation rates.377,406 Since the 

polymerization control in the ROMP of small PMMA-based macromonomers was moderate 

using the G1 catalyst (entries 5.3 – 5.5, Table 5.2, entries 5.19 and 5.20, Table 5.6), the 

G3 catalyst was rationally used to evaluate the influence of the catalyst on the accessibility of 

the propagating chain end. The G3 catalyst was synthesized according to the literature 

(Scheme 5.5).497 
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Scheme 5.5. Synthesis of the G3 catalyst by reacting the G2 catalyst with an excess of 
pyridine. 
 

The G3 catalyst was synthesized from the G2 catalyst by adding an excess of pyridine (Figure 

S5.38). The following ROMPs were performed in argon-flushed ampoules using the 

synthesized G3 catalyst in degassed DCM at ambient temperature under argon atmosphere 

(Table 5.7), unless otherwise stated. 

 

Table 5.7. ROMPs of xNb2M12 using the G3 catalyst. 
 

Entry a c(G3) 

[mmol/L] 

Reaction Time 

[h] 

Conversion 

[%]b 

Mn,calc 

[g/mol]c 

Mn 

[g/mol]d 

ĐMd 

5.21 2.00 17.6 ≥99 40,000 20,500 1.18 

5.22 1.00 15.6 ≥99 40,000 27,400 1.21 
aReaction conditions: xNb2M12 and G3 catalyst (M:I ratio = 25:1) in degassed DCM at ambient 
temperature under argon atmosphere. bDetermined by 1H NMR spectroscopy. cCalculated by 
conversion. dDetermined by SEC. 
 

Similar to the ROMPs mediated by the G1 catalyst, entry 5.21 (Table 5.7) was quenched after 

ca. 18 hours, whereby the polymerization was carried out overnight. In contrast to the 

corresponding ROMP of entry 5.5 (Table 5.2), quantitative macromonomer conversion was 

determined by 1H NMR spectroscopy (Figure S5.41). This observation suggested that the 

structure of the catalyst indeed affects the accessibility of the propagating chain end during 

the ROMP process. SEC measurements were conducted to further examine the 

polymerization processes (Figure 5.11). 
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Figure 5.10. SEC traces of the graft polymers obtained by the G3-mediated ROMP of 
xNb2M12, applying catalyst concentrations of (A) 2 mmol/L (entry 5.21, Table 5.7) and (B) 
1 mmol/L (entry 5.22, Table 5.7). 
 

The SEC trace of the graft polymer exhibited a relatively narrow molecular weight distribution, 

although a shoulder was observed at the high molecular weight region of the distribution 

(Figure 5.11A). Nonetheless, the Mn and the dispersity of the obtained graft polymer were 

found to be lower compared to entry 5.20 which reached only 66% conversion and exhibited 

a relatively broad molecular weight distribution (Table 5.6, Figure 5.9C). This observation is 

encouraging, since the latter was synthesized at a lower catalyst concentration which is 

assumed to have a beneficial effect on the ROMP of macromonomers. Comparing the Mn 

calculated by conversion and the Mn determined by SEC (Table 5.7), the latter was found to 

be lower than expected. As mentioned in chapter 5.3.2, this observation was attributed to 

the different morphologies of the SEC calibration standards (linear PMMAs) and the 

measured polymer of entry 5.21 (graft, Table 5.7), leading to different Rhs and thus affecting 

the retention time and the determined molecular weight. It is assumed that the high 

molecular weight shoulder in entry 5.21 (Figure 5.10A) either resulted from unfavorable 

steric interactions hampering the access to the propagating chain end or from 

polymer-polymer coupling reactions, since the molecular weight of the highest peak 

(Mp = 36,000 g/mol) of the shoulder was found to be ca. twice compared to the Mp of the 

main distribution (Mp = 19,700 g/mol). However, the clear identification of the potential 

coupling byproduct is not possible with the applied analysis methods. In order to reduce the 

steric hindrance at the propagating chain end, entry 5.21 was repeated while reducing the 

catalyst concentration and keeping the M:I ratio the same (entry 5.22, Table 5.7). The 

polymerization was quenched after ca. 16 hours, whereby the 1H NMR spectrum of entry 5.22 
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showed quantitative macromonomer conversion (Figure S5.41, Table 5.7). The corresponding 

SEC trace exhibited a relatively narrow molecular weight distribution and, crucially, the high 

molecular weight shoulder was reduced compared to that of entry 5.21 (Figure 5.11B, Table 

5.7). The Mn of entry 5.22 was found to be higher compared to entry 5.21 which was 

attributed to the reduced high molecular weight shoulder, indicating a more consistent 

growth of the graft polymer. However, the dispersity of entry 5.22 was found to be similar to 

that of entry 5.21 (Table 5.7). This observation was explained by a low molecular weight 

tailing detected in the SEC trace of entry 5.22 which potentially results from catalyst poisoning 

during the ROMP process (Figure 5.10B). The large difference between the calculated and the 

determined Mn was further consistent with the observations made for entry 5.21 (Table 5.7).  

According to the recent literature, long polymerization times using highly active G3-type 

catalysts lead to undesired side reactions causing high molecular weight shoulders in the 

respective SEC traces.394 Hence, the ROMP of xNb2M12 was subsequently monitored by 

on-line 1H NMR spectroscopy to quench the polymerization immediately after complete 

macromonomer conversion (entry 5.23, Table 5.8). 

 

Table 5.8. Kinetic measurements of G3-mediated ROMPs using different exo norbornene 
macromonomers. 
 

Entrya MM Reaction Time 

[min] 

Conversion 

[%]b 

kapp 

[s-1]c 

t1/2 

[min]d 

Mn 

[g/mol]e 

ĐMe 

5.23 xNb2M12 28 98 2.22×10-3 5.20 17,600 1.10 

5.24 xNb2M27 63 97 0.83×10-3 13.9 32,400 1.10 

5.25 xNb2B12 32 97 2.00×10-3 5.78 20,600 1.10 

5.26 xNb2S20 41 98 - - 35,300 1.15 

5.27f xNb2M12 17 99 4.32×10-3 2.67 26,400 1.07 
aReaction conditions: MM (10 mmol/L) and G3 catalyst (0.4 mmol/L) in degassed DCM-d2 at 
ambient temperature under argon atmosphere. bDetermined by 1H NMR spectroscopy. 
cCalculated from conversion using first order kinetics. dCalculated from the linear regression 
fits using t1/2 = ln(2)/kapp. eDetermined by SEC. fDegassed deuterated THF as solvent. 
 

 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 90 

It is noted that the following kinetic measurements were performed in argon-flushed NMR 

tubes equipped with a J Young tap using the G3 catalyst and degassed DCM-d2 as solvent. The 

G3 catalyst concentrations were 0.40 mmol/L and the M:I ratios 25:1. The ROMP of xNb2M12 

(entry 5.23, Table 5.8) was started by mixing the macromonomer solution and the catalyst 

solution in the NMR tube, whereby the first 1H NMR measurement was conducted after 

six minutes. Within these first minutes, the macromonomer conversion reached a value of 

68%. The ROMP was quenched after a total reaction time of 28 minutes upon reaching a 

conversion of 98% (Figure S5.42), and thus the hypothesis that this would prevent side 

reactions occurring after quantitative macromonomer conversion was investigated (Figure 

5.11). Unsurprisingly, small amounts of remaining macromonomer were detected by 

overlaying the SEC traces of the obtained graft polymer and the corresponding 

macromonomer. 

 
Figure 5.11. (A) Kinetic plot of the polymerization of xNb2M12, based on 1H NMR 
spectroscopy data (Figure S5.42), and (B) SEC traces of xNb2M12 and the obtained graft 
polymer after 30 minutes of reaction time (entry 5.23, Table 5.8). (C) Kinetic plot of the 
polymerization of xNb2M27, based on 1H NMR spectroscopy data (Figure S5.43), and (D) SEC 
traces of xNb2M27 and the obtained graft polymer after 72 minutes of reaction time 
(entry 5.24, Table 5.8). Lines represent linear fits. 
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The polymerization kinetics of xNb2M12 exhibited a pseudo first order kinetic behavior 

(Figure 5.11A), whereby kapp was calculated from the linear regression fit as 2.22×10-3 s-1. The 

molecular weight distribution of the graft polymer obtained after 30 minutes of reaction time 

was narrow, neither exhibiting a detectable high molecular weight shoulder nor low 

molecular weight tailing, both indicating loss of polymerization control (Figure 5.11B). 

Supporting the previous hypothesis, quenching the ROMP before reaching complete 

macromonomer conversion ensures a controlled polymerization process and the generation 

of a graft polymer with a monomodal molecular weight distribution. 

An identical ROMP procedure was used to polymerize xNb2M27 (entry 5.24, Table 5.8), 

comprising the larger PMMA chain. The polymerization was quenched after 72 minutes, 

reaching 97% macromonomer conversion after a reaction time of 63 minutes (Figure S5.43). 

As expected, a pseudo first order kinetic behavior was observed (Figure 5.11C), whereby the 

calculated kapp was found to be ca. 2.5 times lower compared to that of xNb2M12. This 

observation was attributed to the larger PMMA attached to the exo norbornene moiety, since 

the reaction time roughly doubled while the Mn of the used macromonomer increased from 

1,600 g/mol to 3,100 g/mol (Table 5.1). Hence, it is assumed that high molecular weight side 

chains slow down the ROMP. Nonetheless, the molecular weight distribution of the obtained 

graft polymer was narrow, indicting a high degree of polymerization control (Figure 5.11D). 

As a result, the herein performed ROMPs of the PMMA-based macromonomers xNb2M12 

and xNb2M27 were found to be controlled, independently from the length of the PMMA 

chain, when quenching the ROMPs before reaching complete conversion. The Mn determined 

by SEC nearly doubled when the larger macromonomer was used, whereas the dispersities 

were identical. For both macromonomers, the Mn determined by SEC was lower than the Mn 

calculated by the conversion, whereby the ratio of the calculated (Mn,entry 5.23 = 39,200 g/mol, 

Mn,entry 5.24 = 75,200 g/mol) to the determined Mn (Table 5.8) was found to be similar 

(entry 5.23: 2.23, entry 5.24: 2.32), supporting the previously made assumption that the 

difference is attributed to the SEC calibration. 

Due to the successfully preformed ROMPs of the PMMA-based macromonomers using the 

G3 catalyst, the PBnMA- and the PS-based macromonomers were similarly polymerized 

(entries 5.25 and 5.26, Table 5.8, Figure 5.12). 

 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 92 

 
Figure 5.12. (A) Kinetic plot of the polymerization of xNb2B12, based on 1H NMR spectroscopy 
data (Figure S5.44), and (B) SEC traces of xNb2B12 and the obtained graft polymer after 
45 minutes of reaction time (entry 5.25, Table 5.8). (C) Kinetic plot of the polymerization of 
xNb2S20, based on 1H NMR spectroscopy data (Figure S5.45), and (D) SEC traces of xNb2S20 
and the obtained graft polymer after 49 minutes of reaction time (entry 5.26, Table 5.8). Lines 
represent linear fits. 
 

Interestingly, the benzyl methacrylate–based macromonomer, xNb2B12, reached 97% 

conversion after 32 minutes (Figure 5.12A), which is comparable to the xNb2M12 in 

entry 5.23 (Table 5.8), although its Mn was twice that of xNb2M12. The calculated kapps were 

found to be similar. This observation suggests that methacrylate-based macromonomers 

show a similar behavior in the G3-mediated ROMP, whereby the polymerization rate is mainly 

influenced by the average DP of the polymeric side chain and not by its total molecular weight. 

However, this remained an assumption since no further experiments were performed to 

verify this observation. The obtained graft polymer exhibited a narrow molecular weight 

distribution after 45 minutes of reaction time (Figure 5.12B), exhibiting a similar dispersity 

compared to that of entries 5.23 and 5.24. The Mn determined by SEC was found to be slightly 

higher than that of the corresponding PMMA-based graft polymer (entry 5.23, Table 5.8), 
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hence, as well showing lower values compared to the Mn calculated by conversion 

(60,600 g/mol). 

Finally, xNb2S20 was also used as macromonomer in the G3-mediated ROMP, performing a 

similar kinetic measurement. 1H NMR spectroscopy showed 98% macromonomer conversion 

after 41 minutes (Figure S5.45), however, the polymerization kinetics were found to be 

skewed, i.e. did not fit the previously observed pseudo first order kinetic trend (Figure 5.12C). 

Therefore, the kinetic parameters were not determined. Furthermore, the SEC trace of the 

graft polymer after 49 minutes reaction time was obtained. The molecular weight distribution 

exhibited a high molecular weight shoulder, indicating side reactions during the ROMP 

process (Figure 5.12D). As mentioned in chapter 5.3.1, the synthesis of PS via ATRP potentially 

leads to coupled byproducts, acting as crosslinking agents in subsequent ROMP, hence, the 

loss of polymerization control was attributed to the used PS-based macromonomer. 

Entry 5.26 was characterized by a higher Mn compared to that of the polymethacrylate-based 

graft polymers (entries 5.23 – 5.25, Table 5.8) and an increased dispersity which resulted 

from the bimodal distribution (Table 5.8, Figure 5.12D). Similar to the 

polymethacrylate-based graft polymers (entries 5.23 – 5.25, Table 5.8), the Mn of entry 5.26 

which was determined by SEC exhibited lower values compared to the Mn calculated by 

conversion (51,500 g/mol). Despite the fact that the 1H NMR spectroscopy and the 

MALDI-TOF data of xNb2S20 did not indicate the presence of an α,ω-dinorbornyl species 

(Figure 5.4), PS-based macromonomers were not further used in the synthesis of 

sequence-controlled graft copolymers.  

According to the recent literature, THF is a suitable solvent in the ROMP of macromonomers 

using G3-type catalysts.408 Therefore, the ability of the latter to serve as a solvent in the ROMP 

of xNb2M12 was evaluated, whereby the procedure of entry 5.23 (Table 5.8) was adapted by 

using degassed deuterated THF (entry 5.27, Figure 5.13). 
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Figure 5.13. (A) Kinetic plot of the polymerization of xNb2M12 in deuterated THF, based on 
1H NMR spectroscopy data (Figure S5.46), and (B) SEC traces of xNb2M12 and comparison 
between the obtained graft polymers using degassed DCM-d2 (entry 5.23, Table 5.8) and 
degassed deuterated THF (entry 5.27, Table 5.8) as solvent, both after 30 minutes of reaction 
time. Line represents linear fit. 
 

The polymerization kinetics were monitored by on-line 1H NMR spectroscopy, indicating 99% 

macromonomer conversion after 17 minutes (Figure 5.13A). The kapp was found to be double 

that of entry 5.23, where DCM-d2 was used as solvent (Table 5.8). Due to the fast 

polymerization process, merely four 1H NMR spectra were measured and thus interpretation 

was rather difficult. Hence, first order kinetic behavior could not be fully confirmed. A narrow 

molecular weight distribution was determined by SEC after 30 minutes of reaction time, 

whereas a small low molecular weight shoulder was detected (Figure 5.13B). Interestingly, 

the measured Mn in entry 5.27 was found to be ca. 10,000 g/mol higher compared to 

entry 5.23, both using xNb2M12 as macromonomer and applying identical M:I ratios (Table 

5.8). It is assumed that, during the initiation process, minimal catalyst poisoning occurred, 

leading to an increased M:I ratio and to a higher Mn of the resulting graft polymer. Since DCM 

was found to be a suitable solvent in the G3-mediated ROMP, THF was not considered further 

as solvent in the synthesis of sequence-controlled graft copolymers. 

In this section, the synthesis of graft polymers via the G3-mediated ROMP was investigated, 

whereby pseudo first order kinetic behavior was determined for the ROMP of the 

polymethacrylate-based macromonomers. Here, narrow dispersity graft polymers were 

obtained which were characterized by the absence of a high molecular weight shoulder and 

low molecular weight tailing. Furthermore, the determined kapps depended on the length of 

the polymer side chain, rather than on its Mn (Table 5.8). In contrast, the ROMP of the 

PS-based macromonomer did not fit the pseudo first order kinetic trend (Figure 5.12C), 
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additionally, the obtained graft polymer exhibited a bimodal molecular weight distribution, 

indicating the presence of side reactions (Figure 5.12D). Due to potential catalyst poisoning, 

THF was not considered further as solvent in the synthesis of sequence-controlled graft 

copolymers. It is noted that the G3-mediated ROMP of the PMMA- and the PBnMA-based 

macromonomers did not generate graft polymers with a detectable high molecular weight 

shoulder, indicating the absence of α,ω-dinorbornyl species.460 Hence, the respective 

distributions observed in the MALDI-TOF spectra of the macromonomers examined in 

chapter 5.3.1 were generated during the ionization process. 

 

5.3.4 Sequence-controlled graft copolymers 

 

In the following section, the synthesis of sequence-controlled graft copolymers is described 

and optimized. An iterative copolymerization process is performed, leading to distinct 

monomeric sequence. Additionally, the influence of a spacer block, consisting of small 

monomers, on the iterative process is evaluated.  

Since the G1- and the G3-mediated ROMP behavior of various macromonomers was 

evaluated in chapters 5.3.2 and 5.3.3, the synthesis of diblock graft copolymers was further 

examined. Therefore, an iterative procedure was applied, whereby the second monomer was 

added after complete consumption of the first monomer, initiating the second block (Scheme 

5.6). 1H NMR and SEC measurements were conducted for each block to evaluate the 

polymerization control and the reliability of the applied procedure. It is noted that the term 

“macroblock” describes the block-like sequence introduced by the addition of a 

macromonomer. It is further noted that the respective blocks (consisting either of small 

monomers or macromonomers) were abbreviated as B1 for the first block, B2 for the second 

block, and B3 for the third block. The structure of the resulting graft copolymer is described 

as di- and triblock. 
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Scheme 5.6. Schematic of the iterative ROMP procedure to obtain sequence-controlled graft 
copolymers, exhibiting a block-like structure (M: metal, L: ligand, B1: first block, B2: second 
block). 
 

As shown in chapter 5.3.2, the homopolymerization of macromonomers using the G1 catalyst 

was successfully performed in degassed DCM under argon atmosphere overnight (Figure 5.8), 

whereby limitations regarding the macromonomer structures and the applied M:I ratios were 

observed. In order to evaluate the synthesis of a sequence-controlled diblock using an 

iterative procedure, a small exo norbornene–based monomer was synthesized according to 

the literature (Scheme 5.7).498 

 

 
Scheme 5.7. Synthesis of the exo norbornene monomer xNbHex via condensation of 
exo norbornene anhydride with 1-aminohexane. 
 

As a result, xNbHex was obtained as a light brown and viscous liquid in a yield of 99% (Figure 

S5.47). The following copolymerization reactions were performed using an iterative ROMP 

procedure, whereby the second monomers were pre-dissolved to ensure homogeneous 

mixing and then added to the polymerization mixture, applying an argon counterflow to 

prevent contamination with oxygen. In all cases, xNbHex and xNb2M12 were used as the 

small monomer and the macromonomer, respectively (Table 5.9). 
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Table 5.9. Graft polymers synthesized using xNbHex and xNb2M12 as monomers via an 
iterative ROMP procedure. 
 

Entry a Monomer c(G1) 

[mmol/L] 

Reaction Time 

[min]b 

Conversion 

[%]c 

Mn 

[g/mol]d 

ĐMd 

5.28-B1 

5.28-B2 

xNbHex 10.0 

5.00 

1.03 

2.05 

≥99 

≥99 

6,400 

11,100 

1.18 

1.18 

5.29-B1 

5.29-B2 

xNb2M12 2.00 

1.00 

18.2 

22.6 

≥99 

- 

18,500 

- 

1.23 

- 
aReaction conditions: Monomer and G1 catalyst (M:I ratio = 10:1 for B1 and B2) in degassed 
DCM at ambient temperature under argon atmosphere. bReaction time for each block 
separately. cDetermined by 1H NMR spectroscopy. dDetermined by SEC. 
 

In the first step and in order to examine the addition process, leading to the chain-extension 

of the propagating chain end, the same monomers were used for the homopolymer and the 

diblock, applying targeted M:I ratios of 10:1 for each block. The concentration of the repeat 

unit was kept constant in both blocks to prevent unfavorable steric interactions, resulting in 

a decreasing catalyst concentration. First, xNbHex was used in entry 5.28 (Table 5.9), 

whereby 1H NMR spectroscopy showed complete conversion after ca. one hour for the 

homopolymer and after ca. two hours for the second block (Figure S5.49). SEC measurements 

were conducted, with special interest on the chain-extension process as visualized by the shift 

of the molecular weight distribution to higher values (Figure 5.14). 

 

 
Figure 5.14. SEC traces of (A) homopolymer and diblock of entry 5.28, and (B) homopolymer 
and diblock of entry 5.29 (Table 5.9). 
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While the Mn determined by SEC increased from 6,400 g/mol to 11,100 g/mol, due to the 

second monomer addition, the dispersity retained a value of 1.18 (Table 5.9). As a result, 

both, the homopolymer and the diblock of entry 5.28 (Table 5.9) exhibited relatively narrow 

molecular weight distributions (Figure 5.14A), whereby no low molecular weight residue was 

detected for the diblock, therefore suggesting a successful chain-extension process. Hence, 

the G1-mediated iterative ROMP of xNbHex was found to be well-controlled. However, the 

Mns determined by SEC (entry 5.28, Table 5.9) were higher compared to the expected Mns 

calculated by conversion (entry 5.28-B1: 2,500 g/mol, entry 5.28-B1: 4,900 g/mol). In a 

second step, given the encouraging results from the xNbHex, entry 5.29 was performed using 

xNb2M12 as macromonomer, applying a similar ROMP procedure (Table 5.9). 

The macromonomer conversion of the homopolymer was found to be quantitative after a 

reaction time of ca. 18 hours (Figure S5.50), however, no conversion was detected for the 

second block after ca. 23 hours (Table 5.9). The SEC traces of entry 5.29 exhibited a relatively 

narrow molecular weight distribution for the monoblock, showing a dispersity of 1.23, and, 

as expected, no shift in the Mn for the attempted diblock (Table 5.9), while unreacted 

macromonomer was detected in the low molecular weight region. Since the chain-extension 

process was successful in the ROMP of xNbHex and failed in the ROMP of the macromonomer 

xNb2M12, it was assumed that the chain-extension process is influenced by steric limitations 

at the propagating chain end. Hence, parameters such as the structure of the repeat unit at 

the propagating chain end, the catalyst type, and the structure of the added second monomer 

were assumed to affect the chain-extension process. 

In order to further examine these hypotheses, the synthesis of triblock graft copolymers was 

targeted, whereby xNbHex served as a spacer block between the two macroblocks (Figure 

5.15), because of its smaller size and thus assuming that it facilitates the reaction of the PNB 

chain end and the incoming macromonomer. 
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Figure 5.15. Schematic representation of a triblock graft copolymer synthesized by the 
iterative ROMP procedure, comprising two macroblocks (black and green) and a spacer block 
(orange). 
 

The amount of xNbHex was varied with respect to the amount of macromonomer to 

determine the minimum size of the spacer block needed to ensure successful chain-extension 

(Table 5.10). 

 

Table 5.10. Triblock graft copolymers comprising a variable spacer block synthesized applying 
the iterative ROMP procedure using the G1 catalyst. 
 

Entry a Monomer M:I 

ratio 

c(G1) 

[mmol/L] 

Convers. 

[%]b 

Mn 

[g/mol]c 

Mp 

[g/mol]c 

ĐMc 

5.30/31/32-B1d xNb2M12 10:1 2.00 ≥99 20,600 24,200 1.15 

5.30-B2 

5.30-B3 

xNbHex 

xNb2M12 

20:1 

10:1 

1.33 

1.00 

≥99 

- 

30,700 

- 

45,400 

- 

1.23 

- 

5.31-B2 

5.31-B3 

xNbHex 

xNb2M12 

50:1 

10:1 

1.33 

1.00 

≥99 

- 

47,300 

- 

79,800 

- 

1.33 

- 

5.32-B2 

5.32-B3 

xNbHex 

xNb2M12 

100:1 

10:1 

1.33 

1.00 

≥99 

- 

49,400 

- 

135,500 

- 

1.45 

- 
aReaction conditions: Monomer and G1 catalyst in degassed DCM at ambient temperature 
under argon atmosphere for 14 h (B1), 3 h (B2) and 62 h (B3). bDetermined by 1H NMR 
spectroscopy. cDetermined by SEC. dThe same homopolymer was used for all entries. 
 

 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 100 

Here, xNb2M12 was used as macromonomer in the homopolymer and the third block, 

applying M:I ratios of 10:1 for both blocks, whereas xNbHex was used as a monomer in the 

second block, applying M:I ratios of 20:1, 50:1, and 100:1 (entries 5.30 – 5.32, Table 5.10). It 

is noted that the homopolymer was synthesized in one big batch and was therefore the same 

for entries 5.30 – 5.32 (Table 5.10). The homopolymer reached complete macromonomer 

conversion after ca. 14 hours (Figure S5.51, Table 5.10). The latter which is the same for all 

three graft copolymers, exhibited a relatively narrow and symmetrical molecular weight 

distribution (Figure 5.16), exhibiting an Mn of 20,600 g/mol and a dispersity of 1.15 (Table 

5.10). Similar to previous observations in chapters 5.3.2 and 5.3.3, the Mn of the graft 

polymer determined by SEC differed from the expected Mn calculated by conversion 

(16,000 g/mol). 

 
Figure 5.16. SEC traces of the homopolymer and the respective diblocks of entries 5.30 – 5.32 
(Table 5.10). 
 

Subsequently, the polymerization mixture was split into three and the polymer was 

chain-extended by adding the desired amount of pre-dissolved xNbHex. In all cases, 1H NMR 

spectroscopy showed complete conversions after two hours. However, low molecular 

shoulders were detected after complete consumption of the second monomer in all cases 

(Figure 5.16), suggesting moderate chain-extension efficiency. Interestingly, the relative 

intensities of the low molecular weight shoulders decreased with increasing the amount of 

xNbHex added (Figure 5.16, Table 5.10). It was assumed that a higher concentration of 
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xNbHex increased the probability for the monomer to reach the sterically hindered 

propagating chain end and thus resulting in a more efficient chain-extension process. 

However, the interpretation of this observation was rather difficult, since the refractive 

indices of the graft copolymers change according to the number of xNbHex repeat units 

attached which influences the relative intensities of the not chain-extended species and 

chain-extended ones.499 As expected, the Mns and the dispersities determined by SEC 

increased with increasing the amount of xNbHex added, exhibiting a maximum Mn of 

49,400 g/mol and dispersity of 1.45 for entry 5.32-B2 (Table 5.10). Due to the increasing 

dispersity, Mn increases monotonically albeit in a non-linear fashion, which further 

demonstrates loss of polymerization control during the chain-extension process. 

Nonetheless, the shift of the Mps of the diblocks (ΔMp = Mp,diblock - Mp,monoblock) was consistent 

with the equivalents of xNbHex used (Mn,block = DP * Mn,xNbHex), leading to ratios of 4.29 for 

entry 5.30, 4.50 for entry 5.31, and 4.51 for entry 5.32 (Table 5.10). Therefore, the second 

chain-extension and the generation of a third block was intended. 

Finally, pre-dissolved xNb2M12 was added to each copolymerization mixture, triggering the 

second chain-extension and introducing the third block. However, 1H NMR spectroscopy 

indicated no detectable macromonomer conversion for entries 5.30 – 5.32 

(Figures S5.51 – S5.53, Table 5.10). Nonetheless, SEC measurements were conducted to 

evaluate the, presumably, failed chain-extension process (Figure 5.17). 
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Figure 5.17. SEC traces of the graft copolymers from (A) entry 5.30, (B) entry 5.31, and (C) 
entry 5.32 (Table 5.10). 
 

The SEC data further confirmed the absence of the second chain-extension, as the 

corresponding SEC traces comprised peaks corresponding to the unchanged diblock and 

unreacted xNb2M12 (Figure 5.17).  

The herein obtained results suggested that the controlled iterative copolymerization of 

macromonomers was prevented due to steric limitations at the propagating chain end, 

hampering the chain-extension process. 

Since the G3-mediated ROMP was found to polymerize a variety of different macromonomers 

in a fast and controlled fashion (Chapter 5.3.3), further investigations regarding the iterative 

ROMP procedure using the G3 catalyst were conducted. The kinetic data of the 

homopolymers were used to determine the optimal addition times as to avoid potential side 

reactions, as previously observed in chapter 5.3.3, and successfully introduce the second 

blocks. Similar to the SEC traces of the kinetic measurements, signals at low molecular weights 

resulted from remaining macromonomer. However, such impurities are common in the 

relevant literature, whereby removal of the latter is rarely shown.406,411,460,500 The multiblock 
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graft copolymers were synthesized applying the optimized conditions described in 

chapter 5.3.3. Here, the small monomer xNbHex and the PMMA-based macromonomers 

xNb2M12 and xNb6M13 were used to examine the suitability of the G3 catalyst to mediate 

the iterative ROMP and obtain sequence-controlled graft copolymers (Table 5.11). It is noted 

that the ROMP procedure was performed similar to the G1-mediated approach. 

 

Table 5.11. Multiblock graft copolymers synthesized applying the iterative ROMP procedure 
using the G3 catalyst. 
 

Entry a Monomer c(G3) 

[mmol/L] 

Reaction Time 

[min]b 

Conversion 

[%]c 

Mn 

[g/mol]d 

ĐMd 

5.33-B1 

5.33-B2 

xNbHex 10.0 

6.67 

15 

15 

≥99 

≥99 

3,900 

9,400 

1.09 

1.07 

5.34-B1 

5.34-B2 

xNb2M12 

xNbHex 

1.00 

0.50 

36 

15 

≥99 

≥99 

16,300 

19,600 

1.09 

1.13 

5.35-B1 

5.35-B2 

xNb6M13 1.00 

0.50 

38 

61 

≥99 

≥99 

16,300 

25,000 

1.11 

1.23 

5.36-B1 

5.36-B2e 

5.36-B3 

xNb6M13 

xNbHex 

xNb6M13 

1.00 

0.50 

0.25 

52 

20 

103 

≥99 

≥99 

51 

17,000 

25,300 

43,900 

1.12 

1.18 

1.41 
aReaction conditions: Monomer and G3 catalyst (M:I ratio = 10:1 for B1, B2 and B3) in 
degassed DCM at ambient temperature under argon atmosphere. bReaction time for each 
block separately. cDetermined by 1H NMR spectroscopy. dDetermined by SEC. eThe M:I ratio 
was 15:1. 
 

The targeted M:I ratios were 10:1 for all blocks, whereas the second block (spacer block) in 

entry 5.36 was performed applying a targeted M:I ratio of 15:1 (Table 5.11). Similar to the 

G1-mediated iterative ROMP of xNbHex (entry 5.28, Table 5.9), the procedure using the 

G3 catalyst exhibited complete monomer conversion for both blocks after 15 minutes 

(entry 5.33, Figure S5.54, Table 5.11). The Mns determined by SEC were slightly higher 

compared to the expected Mns calculated by conversion (e.g. ΔMn,entry 5.33-B1 = 1,400 g/mol, 

Table 5.11), however, the difference was smaller than that of entry 5.28 (e.g. 

ΔMn,entry 5.28-B1 = 3,900 g/mol, Table 5.9). The SEC traces of the homopolymer and the diblock 
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exhibited narrow molecular weight distributions, while no low molecular weight shoulders 

were detected, suggesting successful chain-extension (Figure 5.18A). Furthermore, the 

dispersity decreased after the chain-extension, whereby the diblock exhibited an Mn of 

9,400 g/mol and a dispersity of 1.07 (Table 5.11). 

 
Figure 5.18. SEC traces of the homopolymers and the (A) diblock graft copolymers from 
entry 5.33, (B) entry 5.34, and (C) entry 5.35, and (D) of the triblock graft copolymer from 
entry 5.36 (Table 5.11). 
 

In order to further examine the chain-extension using xNbHex in the G3-mediated ROMP, 

xNb2M12 was used to synthesize a homopolymer which was then chain-extended using 

xNbHex (entry 5.34, Table 5.11). Complete conversion was determined for the 

macromonomer after 36 minutes and for xNbHex after 15 minutes (Figure S5.55, Table 5.11). 

Furthermore, the SEC traces exhibited narrow molecular weight distributions for the 

homopolymer and the diblock, while no low molecular weight shoulders were detected. 

However, since the dispersity slightly increased after the chain-extension (from 1.09 to 1.13), 

which was attributed to a more unsymmetrical distribution, and the molecular weight 

difference between the homopolymer and the diblock was rather small (ΔMn = 3,300 g/mol, 

Table 5.11), a solid evaluation of the chain-extension efficiency in entry 5.34 was no possible. 
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In order to examine the chain-extension process using macromonomers for both, the 

homopolymer and the diblock, xNb6M13 (Table 5.1) was used in entry 5.35 due to its larger 

alkyl linker which was assumed to reduce the steric limitations during the chain-extension 

process. In contrast to the G1-mediated iterative ROMP, the latter was found to be successful 

using macromonomers for both blocks, reaching complete conversions after 38 minutes and 

61 minutes, respectively (Figure S5.56, Table 5.11). The SEC trace of the homopolymer 

exhibited a narrow and symmetrical molecular weight distribution (Figure 5.18C), whereby 

the herein determined Mn (16,300 g/mol, Table 5.11) was found to be comparable to the 

expected Mn calculated by conversion (17,000 g/mol). However, the SEC trace of the diblock 

(entry 5.35-B2, Figure 5.18C), exhibited a low molecular weight shoulder that was ascribed to 

the unreacted homopolymer. As expected, the Mn increased after the chain-extension (Table 

5.11), exhibiting a maximum of 25,000 g/mol which is lower than the expected Mn calculated 

by conversion (34,000 g/mol). Furthermore, the dispersity increased after the 

chain-extension (from 1.11 to 1.23), which was attributed to the bimodal distribution (Figure 

5.18C). As a result, the larger alkyl linker had no favorable influence of the chain-extension 

process, either due to persistent steric limitations or potential catalyst poisoning. 

In order to further examine these hypotheses, a triblock graft copolymer was synthesized 

using xNb6M13 as macromonomer and xNbHex as small monomer, whereby the two 

macroblocks were separated by the spacer block (entry 5.36, Table 5.11). 1 H NMR 

spectroscopy showed complete conversion for the first two blocks after 52 minutes and 

20 minutes, respectively, whereas the third block only reached 51% macromonomer 

conversion after 103 minutes (Figure S5.57, Table 5.11). It is noted that a longer reaction time 

did not lead to an increasing macromonomer conversion, thus the third block reached a 

maximum of 51%. Similar to the SEC trace of entry 5.35-B1 (Figure 5.18C), the SEC trace of 

the homopolymer exhibited a narrow and symmetrical molecular weight distribution (Figure 

5.18D), whereby the Mn (17,000 g/mol, Table 5.11) was the same as the expected Mn 

calculated by conversion (17,000 g/mol). Chain-extension of the homopolymer with 

15 equivalents xNbHex facilitated an Mn difference of 8,300 g/mol (Table 5.11), large enough 

to detect a potentially forming low molecular weight shoulder and thus indicating inefficient 

chain-extension. The SEC trace of the diblock was similar to that of entry 5.35-B2 (Figure 

5.18C and Figure 5.18D), exhibiting a low molecular weight shoulder and thus an increasing 
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dispersity (from 1.12 to 1.18, Table 5.11). Nonetheless, a second chain-extension was induced 

by adding xNb6M13 to the reaction mixture. Interestingly, the SEC trace of the third block 

exhibited two low molecular weight shoulders that were assigned to the homopolymer and 

the diblock (Figure 5.18D), whereby the latter represented the main distribution and thus 

indicated a massive loss of efficiency during the second chain-extension. Here, the Mn 

(43,900 g/mol, Table 5.11) was higher than the expected Mn calculated by conversion 

(29,400 g/mol). Resulting from the trimodal distribution, the dispersity increased from 1.18 

to 1.41 after the second chain-extension. Additionally, the SEC trace of entry 5.36-B3 

confirmed the incomplete macromonomer conversion which was previously indicated by 
1H NMR spectroscopy (Figure S5.57, Table 5.10) and represented by a distinct distribution in 

the low molecular weight region (Figure 5.18D). 

Since persistent steric limitations were assumed to be unlikely, while applying a sterically less 

demanding macromonomer, such as xNb6M13, and an additional spacer block between the 

macroblocks, it is herein hypothesized that catalyst poisoning occurred during the 

chains-extension steps, ultimately leading to the multimodal molecular weight distributions. 

However, the unfavorable influence of potential steric interactions between the propagating 

chain end and the added macromonomer, hampering successful chain-extension, cannot be 

fully excluded. 

In order to examine the chain-extension process in the G3-mediated iterative ROMP, the 

polymerization kinetics were monitored after the addition of the second macromonomer 

(Table 5.12).  

 
Table 5.12. Multiblock graft copolymers synthesized applying the iterative ROMP procedure 
using the G3 catalyst. 
 

Entry a Monomer c(G3) 

[mmol/L] 

Reaction Time 

[min]b 

Conversion 

[%]c 

Mn 

[g/mol]d 

ĐMd 

5.37-B1 

5.37-B2 

xNb2M12 

xNb2B12 

0.33 

0.28 

34 

48 

97 

97 

30,500 

50,500 

1.12 

1.32 
aReaction conditions: MM and G3 catalyst (M:I ratio = 30:1 for B1 and B2) in degassed DCM-d2 
at ambient temperature under argon atmosphere. bReaction time for each block separately. 
cDetermined by 1H NMR spectroscopy. dDetermined by SEC. 
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Here, xNb2M12 and xNb2B12 were used as macromonomers, whereby the ROMP of the 

former was performed in an argon-flushed ampoule, while the chain-extension using 

xNb2B12 was performed in an argon-flushed NMR tube, both equipped with a J Young tap 

(entry 5.37, Table 5.12). The M:I ratios were 30:1 for each block, applying a catalyst 

concentration of 0.33 mmol/L for the homopolymer and 0.28 mmol/L for the diblock (Figure 

5.19). It is noted that the previously determined homopolymerization kinetics of xNb2M12 

(entry 5.23, Table 5.8) were used to anticipate a suitable addition time for the second 

macromonomer, inducing the chain-extension. 

 

 
Figure 5.19. (A) SEC traces of the obtained homopolymer after 34 minutes of reaction time 
and the diblock after 65 minutes of reaction time and (B) kinetic plot of the copolymerization 
of xNb2B12, based on 1H NMR spectroscopy data (Figure S5.58, Table 5.12). Line represents 
linear fit. 
 

After 34 minutes of reaction time, a defined amount of the homopolymer solution was 

transferred to the NMR which was loaded with pre-dissolved xNb2B12, inducing the 

chain-extension process. The homopolymerization mixture was immediately quenched by 

adding an excess of EVE. As expected, 1H NMR spectroscopy showed 97% conversion of 

xNb2M12 (Figure S5.58, Table 5.12). The SEC trace of the homopolymer exhibited a narrow 

molecular weight distribution and, confirming the incomplete conversion determined by 
1H NMR spectroscopy, a small distribution in the low molecular weight region which was 

ascribed to unreacted xNb2M12 (Figure 5.19A). As expected for xNb2M12-derived graft 

polymers, the Mn determined by SEC (30,500 g/mol, Table 5.12) was lower than the expected 

Mn calculated by conversion (46,600 g/mol). The diblock reached 97% macromonomer 

conversion after 41 minutes (Figure S5.58, Table 5.12), exhibiting a pseudo first order kinetic 
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behavior (Figure 5.19B). The kapp was calculated as 1.19×10-3 s-1, comparable to that of 

entry 5.25 (kapp = 2.00×10-3, Table 5.8), whereas the discrepancy between the latter was 

attributed to the lower catalyst concentration (entry 5.25: 0.40 mmol/L, Table 5.8, 

entry 5.37-B2: 0.28 mmol/L, Table 5.12). However, the SEC trace of the diblock exhibited a 

low molecular weight shoulder which was ascribed to not chain-extended homopolymer, 

whereas the small distribution in the low molecular weight region was ascribed to unreacted 

xNb2B12 (Figure 5.19A). The dispersity increased from 1.18 to 1.41 after the second 

chain-extension (Table 5.12). Furthermore, the Mn determined by SEC (50,500 g/mol, Table 

5.11) was lower than the expected Mn calculated by conversion (119,300 g/mol). As observed 

in the homopolymerization of xNb2B12 (entry 5.25, Table 5.8), the discrepancy between the 

determined and the expected Mn is high when the latter is used, potentially caused by the 

different architecture (graft) and the different side groups (benzyl) compared to the SEC 

calibration standards (linear PMMAs). Interestingly, the polymerization kinetics were not 

affected by the incomplete chain-extension, indicating that the latter is not crucially caused 

by unfavorable steric interactions between the propagating chain end and the 

macromonomer. Moreover, the pseudo first order kinetic behavior indicated that the error 

had occurred before the first 1H NMR measurement. This observation supported the previous 

hypothesis that catalyst poisoning occurred during the chain-extension process, leading to 

the presence of unreacted blocks in the corresponding SEC traces. 

In the literature, the synthesis of sequence-controlled graft copolymers using G3-type 

catalysts, e.g. in the successful synthesis of block-like structures, is mainly performed using 

glovebox conditions.406 Furthermore, recent studies suggested that even low concentrations 

of water cause catalyst poisoning, whereby fast-initiating examples were most affected.501 In 

order to minimize catalyst poisoning during the chain-extension process and evaluate the 

influence of moisture, iterative ROMPs were performed using dry solvents and low 

temperatures (Table 5.13). Here, gas-tight glass syringes and reusable metal needles were 

used to handle the reagents under argon atmosphere, avoiding contamination with oxygen 

and other potential contaminants. Prior to the ROMP, the metal needles and the used 

glassware were dried in a vacuum oven at elevated temperature overnight to remove 

moisture. Before dissolving, the catalyst and the macromonomers were added to 

argon-flushed ampoules and dried under high vacuum overnight. 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 109 

Table 5.13. The G3-mediated iterative ROMP of PMMA- and PBnMA-based macromonomers 
using dry solvents and low temperatures. 
 

Entry a MM c(G3) 

[mmol/L] 

T 

[°C] 

Reaction Time 

[h]b 

Conver. 

[%]c 

Mn 

[g/mol]d 

ĐMd 

5.38-B1 

5.38-B2 

xNb2M12 

xNb2B12 

0.33 

0.17 

r.t. 

 

0.42 

1.00 

97 

89 

40.700 

74.000 

1.04 

1.22 

5.39-B1 

5.39-B2 

xNb2B12 

xNb2M12 

1.00 

0.50 

-15 53.9 

65.3 

93 

94 

19,900 

29,400 

1.10 

1.10 
aReaction conditions: MM and G3 catalyst (M:I ratio = 30:1 for B1 and B2 for entry 5.38; 
M:I ratio = 10:1 for B1 and B2 for entry 5.39) in degassed dry DCM under argon atmosphere. 
bReaction time for each block separately. cDetermined by 1H NMR spectroscopy. dDetermined 
by SEC. 
 

Commercially available anhydrous DCM was used in both iterative ROMPs, whereby 

xNb2M12 and xNb2B12 were used as macromonomers, applying M:I ratios of 30:1 and 10:1 

(entries 5.38 and 5.39, Table 5.13) for the homopolymer and the diblock, respectively. The 

ROMP procedure for entry 5.38 (Table 5.13) was adapted from entry 5.37 (Table 5.12) to 

compare the influence of moisture on the chain-extension process, whereas the ROMP of 

entry 5.39 was additionally performed at -15 °C, using a cryostat (Table 5.13). Entry 5.38 

exhibited 97% conversion of the first macromonomer after 25 minutes (Figure S5.59, Table 

5.13). The SEC trace of the obtained homopolymer exhibited a narrow and highly symmetrical 

molecular weight distribution (Figure 5.20A). It is noted that the dispersity of 1.04 determined 

for the homopolymer was the lowest value achieved within this work (Table 5.13).  
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Figure 5.20. SEC traces of the homopolymers and the diblocks from (A) entry 5.38, compared 
with the diblock of entry 5.37, and (B) entry 5.39 (Table 5.13). 
 

Since the ROMP was quenched before reaching complete conversion and thus preventing side 

reactions, a small distribution in the low molecular weight region was detected which was 

ascribed to unreacted xNb2M12 (Figure 5.20A). As expected for xNb2M12-derived graft 

polymers, the Mn determined by SEC (40,700 g/mol, Table 5.13) was lower than the expected 

Mn calculated by conversion (46,600 g/mol). Due to the low dispersity, the molecular weight 

difference was considerably lower for entry 5.38-1 (ΔMn = 5,300 g/mol, Table 5.13) than for 

entry 5.37-B1 (ΔMn = 16,100 g/mol, Table 5.12). After the chain-extension was induced by 

adding xNb2B12 as second macromonomer, 89% conversion was reached after one hour 

reaction time (Figure S5.59, Table 5.13). It is noted that the previously determined 

homopolymerization kinetics of xNb2M12 (entry 5.23, Table 5.8) and the copolymerization 

kinetics of xNb2B12 (entry 5.37-B2, Table 5.12) were used to anticipate a suitable addition 

time for the second macromonomer and for quenching the ROMP. The relatively low 

macromonomers conversion during the copolymerization was attributed to early quenching 

of the ROMP due to the lower catalyst concentration (entry 5.37-B2: 0.28 mmol/L, Table 5.12, 

entry 5.38-B2: 0.17 mmol/L, Table 5.13). Therefore, the small distribution detected in the low 

molecular weight region was ascribed to unreacted xNb2B12 (Figure 5.20A). However, the 

latter did not interfere with the distribution of the graft copolymer or a potentially present 

low molecular weight shoulder and was thus not considered as an issue toward the 

interpretation of the SEC data. The SEC trace of the diblock exhibited a small low molecular 

weight shoulder (entry 5.38-B2, Figure 5.20A), indicating catalyst poisoning during the 

chain-extension. However, the comparison of the second blocks of entries 5.37 and 5.38 
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indicated a lower amount of unreacted homopolymer present in the latter (Figure 5.20A, 

Table 5.13), suggesting less catalyst poisoning. Additionally, the main distribution, 

representing the diblock graft copolymer, was found to be narrow and relatively symmetrical, 

exhibiting a dispersity of 1.22 (Table 5.13). Hence, for entry 5.38 (Table 5.13), a relatively 

controlled chain-growth and a good chain-extension efficiency was observed, contrasting the 

previous reaction (entry 5.37, Table 5.12) which was characterized by a broad distribution 

and a prominent low molecular weight shoulder (Figure 5.20A). Due to the relatively low 

dispersity, the molecular weight difference between the determined and the expected Mns 

(entry 5.37-B2: 119,300 g/mol, entry 5.38-B2: 113,000 g/mol) was considerably lower for 

entry 5.38-B2 (ΔMn = 39,000 g/mol) than for entry 5.37-B2 (ΔMn = 68,800 g/mol). However, 

as discussed for entry 5.37-B2 (Table 5.12), the present discrepancy was attributed to the use 

of xNb2B12 as second macromonomer. Since the preparative procedure by using basic 

Schlenk conditions was optimized, it was assumed that the commercially available anhydrous 

DCM still contained traces of water, hampering the chain-extension process. 

In order to decrease the rate of catalyst poisoning, entry 5.39 was performed at -15 °C (Table 

5.13). Therefore, the polymerization rate decreased, reaching 93% conversion of the first 

macromonomer after ca. 54 hours (Figure S5.60). As expected, the SEC trace of the 

macromonomer exhibited a narrow and symmetrical molecular weight distribution (Figure 

5.20B), whereby unreacted xNb2B12 was still present. As expected for xNb2B12-derived graft 

polymers, the Mn determined by SEC (19,900 g/mol, Table 5.13) was lower than the expected 

Mn calculated by conversion (23,300 g/mol). The chain-extension was induced by the addition 

of pre-dissolved and pre-cooled xNb2B12 to the reaction mixture. The diblock exhibited 94% 

macromonomer conversion after an additional 65 hours (Figure S5.60). Interestingly, the SEC 

trace exhibited a narrow and symmetrical molecular weight distribution (Figure 5.20B), 

characterized by the absence of a low molecular weight shoulder. Furthermore, the 

determined dispersity retained at a value of 1.10 (Table 5.13). Here, the determined Mn 

(29,400 g/mol, Table 5.13) was lower compared to the expected Mn (38,300 g/mol) and is 

thus consistent with previous observations. The SEC data further indicated a high degree of 

polymerization control and a high chain-extension efficiency (Figure 5.20B). These 

observations supported the previous assumption that the bimodal distribution, appearing 

after chain-extension with a new macromonomer block, was caused by catalyst poisoning. 
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However, the correlation between the chain-extension efficiency, the temperature, and the 

amount of water present are not part of this work, albeit offering a possibility for future 

examinations toward the herein observed effects. 

In the G3-mediated ROMP, the chain-extension was mainly affected by catalyst poisoning 

during the addition of the second macromonomer, potentially induced by traces of water 

within the reaction mixture. Incomplete chain-extension further led to the presence of 

unreacted homopolymers. Here, the use of dry solvents and performing the ROMP at a low 

temperature reduced this phenomenon. Additionally, no steric limitations were found when 

using the G3-mediated ROMP, potentially hampering a successful chain-extension process. 

However, unfavorable steric effect cannot be fully excluded, especially when high molecular 

weight polymers are used as macromonomers. In contrast, the G1-mediated synthesis of 

sequence-controlled graft copolymers in an iterative fashion was found to be strongly 

influenced by steric interactions between the propagating chain end and the 

macromonomers. The use of sterically less demanding monomers and the introduction of a 

variable spacer block located between the macroblocks led to an increasing chain-extension 

efficiency and thus to a higher degree of polymerization control. Furthermore, it has been 

found that traces of contaminants had no detectable effect on the catalyst poisoning in 

G1-mediated ROMP, and thus on the chain-extension process. Here, the latter was 

successfully demonstrated in the ROMP of a small monomer. 

As a result, the synthesis of sequence-controlled graft copolymers was successfully performed 

applying an iterative ROMP procedure using the G3 catalyst. It was possible to synthesize a 

precisely grafted diblock-like copolymer from two different macronomers, whereby the 

ROMP was characterized by a high degree of polymerization control, indicated by a narrow 

and symmetrical molecular weight distribution and by a high chain-extension efficiency. 
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5.3.5 Janus copolymers 

 

Parts of this subchapter contain results that have already been published,502 and that are 

currently part of a manuscript in preparation: 

M. Jäger, Bachelor thesis, KIT 2022. 

The author conducted the planning and the final evaluation of the experiments performed by 

M. Jäger (Bachelor thesis under my supervision). 

 

In the following section, the synthesis of a bifunctional macromonomer and its subsequent 

ROMP using the G3 catalyst is described, obtaining graft copolymers. Here, the P-3CR is used 

to connect a polymerizable exo norbornene unit with two different polymeric chains which 

are synthesized via ATRP. 

Since the controlled synthesis of graft copolymers using the G3 catalyst was complicated due 

to its poisoning during the chain-extension process, the block-like structure was redesigned 

to be attained as bifunctional macromonomers. The macromonomer, thus, comprised two 

different polymeric chains coupled onto an exo norbornene moiety, capable of polymerizing 

via ROMP. Therefore, sensitive chain-extension processes were no longer required to obtain 

graft copolymers with characteristics that would allow nanostructuring, e.g. through 

self-assembling.487 The obtained bottlebrush copolymers were thus termed as “Janus” 

copolymers (Figure 5.21), named after the two-faced Roman god Janus.503  

 

 
Figure 5.21. Schematic representation of the synthesis of Janus copolymers via the 
functionalization of a bifunctional precursor, using copper-catalyzed alkyne-azide 
cycloaddition (CuAAC) and ATRP, and subsequent ROMP. 
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As presented in chapter 4.3, the application of the P-3CR in the synthesis of bifunctional 

norbornene-based monomers was found to be versatile and robust. Subsequent ROMP using 

the G1 catalyst led to highly diverse and multifunctional polymers and copolymers. Targeted 

selection of the participating components was herein essential to achieve selective 

functionalization with a high end group fidelity. 2-Bromo-2-methylpropionic acid was used as 

carboxylic acid component due to its commercial availability and the introduction of a potent 

ATRP initiator unit. Furthermore, 4-TMS-ethynyl-benzaldehyde was used as the 

oxo-component, introducing a trimethylsilyl (TMS)-protected alkyne, capable of 

copper-catalyzed alkyne-azide cycloaddition (CuAAC) after deprotection.504 The 

exo norbornene was further used as the isocyanide component, whereby a three-step 

synthesis was performed (Scheme 5.8). It is noted that 4-TMS-ethynyl-benzaldehyde and 

11-formamidoundecanoic acid were generous gifts provided by D. Hahn and K. Waibel, 

respectively. 

 
Scheme 5.8. Synthesis of (A) xNbOH via reduction of exo norbornene carboxylic acid using 
LiAlH4, (B) Steglich esterification using 11-formamidoundecanoic acid, obtaining xNbHNCHO, 
and (C) subsequent dehydration reaction using p-TsCl, obtaining the exo norbornene–
functional isocyanide xNbNC. 
 

In the synthesis of the norbornene-functional isocyanide, exo-5-norbornene-2-carboxylic acid 

was used as precursor due to its suitability in the ROMP of sterically demanding monomers 

when targeting high bottlebrush backbone DPs.505 In the first step, the carboxylic acid 

functionality was reduced with lithium aluminum hydride to obtain 
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exo-5-norbornene-2-methanol (xNbOH).464 The desired product was obtained as a colorless 

liquid in a yield of 86% (Figure S5.61). In the next step, xNbOH and an excess of 

11-formamidoundecanoic acid were reacted via a Steglich esterification, using 

N,Nʹ-dicyclohexylcarbodiimide (DCC) and DMAP (Scheme 5.8B). Hereby, the 

norbornene-functional formamide xNbHNCHO was obtained as a white waxy solid in a yield 

of 84% (Figure S5.63). Finally, the formamide functionality was dehydrated using 

p-toluenesulfonyl chloride (p-TsCl) as dehydrating agent (Scheme 5.8C). Phosphoryl 

trichloride was avoided due to its high reactivity, potentially interacting with the olefinic 

moiety of the norbornene.506 As a result, the norbornene-functional isocyanide xNbNC was 

obtained as a brown viscous liquid in a yield of 94% (Figure S5.65). 

As mentioned at the beginning of the section, 2-bromo-2-methylpropionic acid, 

4-TMS-ethynyl-benzaldehyde, and xNbNC were reacted in a P-3CR to obtain an 

exo norbornene derivative, comprising functionalities capable of undergoing CuAAC and 

ATRP (Scheme 5.9).  

 
Scheme 5.9. Synthesis of exo norbornene derivative xNbBrTMS comprising a TMS-protected 
alkyne and an ATRP initiator unit via P-3CR. 
 

It is noted that a small excess of the relatively sensitive aldehyde and isocyanide were added 

to maximize the obtained yield, since the contribution of an aromatic compound usually 

decrease the latter.507 After the purification process, the bifunctional macromonomer 

precursor xNbBrTMS was obtained as a brown solid in a yield of 52% (Figure S5.67).  
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In order to perform a successful CuAAC, the TMS-protected alkyne of xNbBrTMS was 

deprotected using tetrabutylammonium fluoride (TBAF) at low temperature (Scheme 5.10). 

It is noted that the deprotection via TBAF at higher temperatures and subsequent purification 

by column chromatography led to a variety of unidentified decomposition products. 

 
Scheme 5.10. TMS-deprotection using TBAF at low temperature, obtaining the 
exo norbornene derivative xNbBrH comprising a terminal alkyne and an ATRP initiator unit.  
 

Hence, the deprotection was performed in THF at -78 °C, obtaining the deprotected alkyne 

xNbBrH (Figure 5.22). 

 
Figure 5.22. Stacked 1H NMR spectra (section: 3.7 – 0 ppm) of xNbBrTMS (bottom) and 
xNbBrH (top), highlighting the vanishing of the TMS signal at 0.25 ppm (orange box) and the 
appearing of the proton at the terminal alkyne at 3.1 ppm (green box). 
 

The characteristic TMS signal at 0.25 ppm vanished after three hours, whereas the signal at 

3.1 ppm ascribed to the proton of the terminal alkyne appeared. It is noted that the 

conversion reached a plateau after ca. two hours, whereby a maximum conversion of 92% 

was calculated. The crude product was further purified by several washing steps, while 
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additional purification via column chromatography was avoided due to the low stability of the 

terminal alkyne observed in a previous attempt. The slightly impure macromonomer 

precursor xNbBrH was obtained as an off-white solid in a yield of 89% (Figure S5.69). 

However, the present impurity was determined to not interfere with the subsequent reaction 

step. 

In order to perform a successful CuAAC and thus introduce the first polymeric chain onto the 

macromonomer precursor, styrene was polymerized via ATRP and subsequently azidated, 

adapting literature-known synthesis procedures (Scheme 5.11).472 

 
Scheme 5.11. Synthesis of (A) PS-Br via Cu(I)-mediated ATRP of styrene, and (B) subsequent 
azidation using NaN3, obtaining PS-N3. 
 

As mentioned in chapter 5.3.1, radical polymerization processes undergo termination 

reactions, such as disproportionation or combination.306 In order to obtain a high end group 

fidelity in the subsequent azidation, cleavage of the terminal bromide was minimized by 

quenching the ATRP at a low monomer conversion. Here, styrene was used as monomer, ethyl 

α-bromoisobutyrate as initiator (M:I ratio = 100:1), and Cu(I)Br/PMDETA as catalyst (Scheme 

5.11A). The polymerization was quenched after 15 hours, reaching 40% monomer 

conversion. The purification process was performed similarly to xNb2S20 (Chapter 5.3.1). The 

product PS-Br was obtained as a white fluffy solid. Analysis by 1H NMR spectroscopy exhibited 

a broad signal in the aromatic region (7.5 – 6.3 ppm), which was ascribed to the styrenic 

repeat units. Furthermore, the signal at ca. 4.5 ppm was ascribed to the proton next to the 

bromide at the last repeat unit. Comparison with a reference signal at ca. 3.6 ppm, which was 

ascribed to the methylene group of the ATRP initiator, indicated nearly quantitative end group 
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fidelity. Furthermore, comparison of the latter with the signal of the repeat units indicated an 

Mn of 4,400 g/mol (Figure S5.71), corresponding to an average DP of 40. The SEC trace of 

PS-Br exhibited a narrow and symmetrical molecular weight distribution (Figure 5.23), 

indicating the absence of coupled byproducts. Here, the dispersity was found to be 1.16, 

whereas the Mn was determined as 4,000 g/mol, being relatively consistent with the Mn 

determined by 1H NMR spectroscopy and thus further supporting the good control of the 

ATRP.  

 
Figure 5.23. SEC traces of PS before (PS-Br) and after (PS-N3) azidation. 
 

The synthesis of the PS-Br was further examined by MALDI-TOF MS, whereby the respective 

figure is presented in the experimental section in chapter 8.3.2 (Figure S5.73A). Crucially, the 

spectrum exhibited one distinct distribution assigned to the olefin-terminated species 

obtained due to MALDI-TOF-induced cleavage of the bromide end group,478 whereby the 

distance between two consecutive signals corresponded to the mass of one styrene unit 

(expected: 104.06 m/z, Figure S5.73B). The assignment was verified by comparing the 

determined and the calculated isotopic patterns (Figure S5.74). End group analysis was 

inconclusive as MALDI-TOF characterization showed no bromide-terminated distribution. 

However, as discussed in chapter 5.3.1, it is hypothesized that the end group was cleaved 

during the ionization process, forming an olefin-terminated polymer. Since 1H NMR 

spectroscopy and SEC indicated the successful synthesis of PS-Br and a high end group fidelity, 

the obtained polymer was use in the subsequent azidation as a staring material. 
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In the next step, the bromide end groups of PS-Br were substituted by an azide, using sodium 

azide in dry dimethylformamide (DMF, Scheme 5.11B). The azidation was performed at 

ambient temperature under argon atmosphere for 20 hours, whereby a white solid 

precipitated, suggesting the formation of sodium bromide as byproduct. After purification, 

the product was obtained as a white solid in a yield of 83%. Furthermore, the product was 

analyzed via 1H NMR spectroscopy, verifying the successful substitution (Figure 5.24). 

 
Figure 5.24. Stacked 1H NMR spectra (section: 4.9 – 3.9 ppm) of PS-Br (bottom) and PS-N3 
(top), highlighting the shift of the proton next to the bromide toward high-field after 
azidation (4.5 ppm → 4.0 ppm), with the respective end groups (left). Methylene groups of 
the initiator units at 3.6 ppm served as a reference. 
 

Quantitative conversion of the bromide end groups was determined, whereby the signal 

assigned to the proton next to the bromide at 4.5 ppm was shifted toward high-field at 

4.0 ppm. In both spectra, the methylene groups of the initiator units at 3.6 ppm were used as 

a reference (Figure 5.24). Furthermore, end group analysis via 1H NMR spectroscopy 

exhibited an Mn of 4,400 g/mol for PS-N3 (Figure S5.75), corresponding to an average DP of 

40. The SEC trace of PS-N3 exhibited a narrow and symmetrical molecular weight distribution 

(Figure 5.23), indicating the absence of side reactions. As expected, the SEC trace of PS-N3 

exhibited a similar molecular weight distribution compared to PS-Br, albeit a minimal shift 

toward higher molecular weights was detected (Mn = 4,300 g/mol; ÐM = 1.14). This 

observation was attributed to the contribution of the different end groups toward the Rhs of 

the polymers, leading to slightly shifted distributions. Additional verification of the azidation 

by MALDI-TOF MS was not possible due to fragmentation involving the azide functionality 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 120 

during the ionization process.508 However, the azide-terminated PS was further used in a 

CuAAC to obtain a monofunctional macromonomer (Scheme 5.12), serving as a 

macroinitiator in subsequent ATRP. The success of the CuAAC served as a token of the 

azidation being successful. 

 
Scheme 5.12. Synthesis of xNbBr-PS via CuAAC using PS-N3 as azide and xNbBrH as alkyne. 
 

Here, PS-N3 was reacted with the previously synthesized xNbBrH, whereby the CuAAC of the 

terminal alkyne and the azide formed a triazole moiety, connecting both molecules. The 

reaction was performed in dry THF at 50 °C under argon atmosphere, using Cu(I)Br/PMDETA 

as catalyst. It is noted that the alkyne component was used in excess to ensure complete 

conversion of the azide and to prevent remaining unreacted PS within the reaction mixture, 

since the latter cannot be easily removed during the purification process. Furthermore, the 

product was monitored via 1H NMR spectroscopy (Figure 5.25). 
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Figure 5.25. Stacked 1H NMR spectra (section: 5.25 – 2.95 ppm) of xNbBrH (bottom) and 
xNbBr-PS (top), highlighting the vanishing of the terminal alkyne signal at 3.1 ppm and the 
appearing of a signal assigned to the proton next to the triazole at 5.1 ppm, with the 
respective functional groups (left). Methylene groups (CH2-CO) of the norbornene units at 
ca. 4.1 ppm served as a reference. 
 

The successful CuAAC was determined after 19 hours, whereby a signal appeared at 5.1 ppm 

that was assigned to the proton next to the triazole. In both spectra, the methylene group 

(CH2-CO) of the norbornene unit at 4.15 and 3.95 ppm, respectively, were used as a reference. 

The signal assigned to the terminal alkyne of xNbBrH at 3.10 ppm vanished after the reaction, 

suggesting complete conversion of the alkyne (Figure 5.25). However, since the alkyne was 

used in an excess, the presence of a side reaction was suggested. The combination of CuAAC 

and ATRP to obtain functional polymers or macromonomers is well-known in the literature, 

whereby the reaction between two alkynes (Glaser coupling) was found to appear under ATRP 

conditions.509 It is herein hypothesized that the Glaser coupling occurred during the CuAAC, 

converting the remaining xNbBrH to the respective bifunctional norbornene species, 

potentially acting as a crosslinker for the subsequent ROMP. However, since this molecule is 

rather small, purification by precipitation was expected to remove the impurity. The 

purification procedure was similar to the purification of polymers synthesized via ATRP 

(Chapter 5.3.1). After purification, an SEC measurement was conducted to further examine 

the obtained xNbBr-PS and compare it to the polymeric staring material (Figure 5.26). 
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Figure 5.26. SEC traces of the polymeric starting material PS-N3 and the ATRP macroinitiator 
xNbBr-PS, obtained via CuAAC. 
 

The obtained SEC trace exhibited a bimodal molecular weight distribution (Mn = 6,100 g/mol; 

ÐM = 1.18), whereby a high molecular weight shoulder was detected, indicating the presence 

of a macromolecular impurity. Since the Glaser coupling would convert remaining xNbBrH to 

a relatively small bifunctional norbornene species, another side reaction occurred under 

CuAAC conditions. The literature describes the presence of radical coupling reactions 

between bromide end groups of ATRP initiators under the applied conditions.509 Since 

xNbBr-PS comprised a bromide end group rendering it a macroinitiator in subsequent ATRP, 

radical coupling was assumed to occur during or after successful CuAAC, leading to a high 

molecular weight species. According to this hypothesis, the undesired coupling product would 

comprise two PS chains and two polymerizable norbornene moieties. However, the coupling 

product was not detectable via 1H NMR spectroscopy (Figure S5.77), showing the importance 

of additional analysis via SEC. The removal of the side product by precipitation was not 

possible due to macroscopic characteristics similar to xNbBr-PS. Potentially acting as a 

crosslinker in ROMP, the side product had to be removed before performing the synthesis of 

the Janus copolymers. It was hypothesized that after subsequent ATRP using MMA as 

monomer, the macroscopic characteristics of the coupling byproduct and the obtained 

bifunctional macromonomer differ and efficient purification by precipitation is possible. 

Hence, the impure xNbBr-PS was used as a macroinitiator in the ATRP of MMA (Scheme 5.13), 

whereby the coupling byproduct was expected to act as a spectator, not interfering with the 
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polymerization process. The procedure was adopted from the literature and was 

characterized by lower polymerization rates for MMA compared to the previously applied 

ATRP procedure (Table 5.1),467 preventing complete monomer conversion and thus 

minimizing side reactions. 

 
Scheme 5.13. Synthesis of the bifunctional macromonomer xNb-PMMA-PS via ATRP using 
xNbBr-PS as macroinitiator and MMA as monomer.  
 

The ATRP was performed in anisole at 70 °C under argon atmosphere, whereby a M:I ratio of 

75:1 was applied. Furthermore, Cu(I)Cl and N,N,Nʹ,Nʹ-tetramethylethane-1,2-diamine 

(TMEDA) were used as catalyst. The polymerization was quenched after reaching a monomer 

conversion of 45% after five hours. The purification process was performed similar what is 

described in chapter 5.3.1. Furthermore, the crude product was purified by fractionated 

precipitation from cyclohexane. This procedure was repeated three times to remove the 

coupling byproduct impurity as it consisted only of low molecular weight PS which was 

assumed to be soluble in cyclohexane at ambient temperature. The bifunctional 

macromonomer xNb-PMMA-PS was obtained as a white solid. In order to evaluate the 

applied purification method, an SEC measurement was conducted (Figure 5.27). 
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Figure 5.27. SEC traces of the macroinitiator xNbBr-PS and the bifunctional macromonomer 
xNb-PMMA-PS, obtained via ATRP of MMA. 
 

The SEC trace of the purified macromonomer exhibited a narrow molecular weight 

distribution (Mn = 10,100 g/mol; ÐM = 1.11), suggesting a high degree of polymerization 

control using the ATRP macroinitiator. It is, however, noted that the coupling byproduct 

impurity was not confirmed to be completely removed due to the overlapping molecular 

weight distributions of the latter and the obtained xNb-PMMA-PS. Other analytical methods 

to verify the successful purification were considered. End group analysis via 1H NMR 

spectroscopy indicated an Mn of 8,000 g/mol (Figure S5.80), whereby the methylene group 

(CH-CH2-CH) of the norbornene unit at 2.83 ppm was used as a reference. Therefore, the 

average DP of the PS chain was 40, whereas that of the PMMA chain was 34. Furthermore, 

the 1H NMR spectra of the filtrates obtained during the purification process showed varying 

ratios of the different repeat units (PS: 7.5 – 6.3 ppm; PMMA: 3.7 – 3.4 ppm, Figure S5.79), 

which were decreasing in the order: 22 (filtrate 1) >> 5 (filtrate 2) > 4 (filtrate 3) > 2 (product). 

It is noted that MALDI-TOF MS was not successfully performed, due to the high molecular 

weight of the sample and its copolymeric character, making sufficient ionization rather 

difficult.  
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The thermal properties of the obtained bifunctional macromonomer were determined by DSC 

(Figure 5.28). 

 
Figure 5.28. DSC trace of bifunctional macromonomer xNb-PMMA-PS. 
 

The measured Tg value was determined by the onset temperature of the thermal transition 

in the second heating cycle, applying a heating rate of 20 °C/min. Here, the DSC trace of 

xNb-PMMA-PS exhibited one Tg at 95 °C (Figure 5.28). This behavior was expected, since it 

was observed and discussed in chapter 5.3.1, as well as in the literature.510,511 
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Finally, xNb-PMMA-PS was polymerized via ROMP using the G3 catalyst (Scheme 5.14). 

 

 
Scheme 5.14. Synthesis of Janus copolymers via the G3-mediated ROMP of xNb-PMMA-PS. 
 

The polymerizations were performed in argon-flushed ampoules using degassed DCM at 

ambient temperature. The M:I ratios were 10:1, 20:1, and 30:1, probing the ability to reach 

high molecular weights (Table 5.14).  

 

Table 5.14. Summary of synthesized Janus copolymers via the G3-mediated ROMP of 
xNb-PMMA-PS. 
 

Polymera M:I ratio Conversion 

[%]b 

Mn,calc  

[g/mol]c 

Mn  

[g/mol]d 

ĐMd 

Janus10 10:1 ≥99 80,000 47,500 1.07 

Janus20 20:1 ≥99 160,000 83,500 1.10 

Janus30 30:1 ≥99 240,000 110,000 1.15 
aReaction conditions: xNb-PMMA-PS and G3 catalyst (1 mmol/L) in degassed DCM at ambient 
temperature under argon atmosphere for 30 min. bDetermined by 1H NMR spectroscopy. 
cCalculated by conversion. dDetermined by SEC. 
 



 5 Sequence-controlled graft copolymers via ROMP of macromonomers 
 
 

 127 

According to 1H NMR spectroscopy, the ROMPs exhibited complete conversion after 

30 minutes and were immediately quenched (Figure S5.83). After purification, the products 

(Janus10, Janus 20 and Janus30, Table 5.14) were obtained as white solids. Additionally, SEC 

measurements were conducted to evaluate the polymerization control during the ROMP 

processes (Figure 5.29). 

 
Figure 5.29. SEC traces of the bifunctional macromonomer xNb-PMMA-PS and of the 
obtained Janus copolymers Janus10, Janus20 and Janus30 (Table 5.14).  
 

The SEC traces exhibited narrow and relatively symmetrical molecular weight distributions 

(Figure 5.29), suggesting a high degree of polymerization control using xNb-PMMA-PS as 

bifunctional macromonomer. However, broadening of the distributions and thus slightly 

increasing dispersities were observed for the higher molecular weight Janus copolymers 

(Figure 5.29, Table 5.14). The success of the ROMP served as a token of the fractionated 

precipitation being successful. The Mns determined by SEC were lower comparted to the 

expected Mns calculated by conversion (Table 5.14). As discussed in chapters 5.3.2 – 5.3.4, 

this observation was attributed to the different morphologies of the SEC calibration standards 

(linear PMMAs) and the measured polymers (grafts). It is noted that despite 1H NMR data 

verifying complete macromonomer conversion, the corresponding signals were detected in 

low intensities for Janus20 and Janus30 (Figure 5.29). 
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As a result, the synthesis of a bifunctional macromonomer using a combination of the P-3CR, 

ATRP, and CuAAC was successful, enabling subsequent polymerization via ROMP in a 

controlled fashion. 

 

5.4 Conclusion 

In this chapter, it was shown that the ROMP of norbornene-based macromonomers was 

successful to synthesize sequence-controlled graft copolymers. The herein used 

macromonomers were obtained via ATRP of methacrylates and styrene in a controlled 

fashion. The thermal properties of the macromonomers and polymer blends were further 

examined via DSC. PMMA and PBnMA were found to be immiscible, exhibiting two separate 

Tgs in the respective 1:1 blend and thus being interesting comonomers for the future 

self-assembly of their copolymers.  

The polymerization behavior of the macromonomers in Ru-mediated ROMP was examined in 

terms of macromonomer structure, solvent, concentration, and catalyst. Polymethacrylates 

were found to be suitable for controlled polymerization via ROMP using the G1 and the 

G3 catalyst. Additionally, using DCM as solvent and applying low macromonomer 

concentrations during polymerization improved the performance of the respective ROMP. 

The polymerization kinetics of the G3-mediated ROMP using a variety of macromonomers 

were determined by on-line 1H NMR spectroscopy, obtaining pseudo first order kinetic 

behaviors for most macromonomers and leading to graft polymers with narrow molecular 

weight distributions. An iterative ROMP procedure was further examined, whereby 

sequence-controlled graft copolymers were obtained, exhibiting high polymerization control 

when using dry solvents and low temperature.  

Furthermore, it was shown that a bifunctional macromonomer, comprising a PMMA and a PS 

chain were successfully synthesized in a controlled fashion by combining P-3CR, CuAAC and 

ATRP. Subsequent G3-mediated ROMP showed a high degree of polymerization control, and 

well-defined Janus copolymers with molecular weights up to 110,000 g/mol were obtained. 

A future consideration of this project is to examine the self-assembly of the obtained graft 

copolymers in thin films using AFM and small-angle X-ray scattering (SAXS) and further 

examine the influence of polymer dispersity on the generated self-assembled structures. 
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6 Sequence-controlled graft copolymers by delayed macromonomer 

addition 

Parts of this chapter contain results that are currently part of a manuscript in preparation. 

 

6.1 Abstract 

In this chapter, the synthesis of sequence-controlled graft copolymers is investigated, 

whereby polymethacrylate-based macromonomers are added consecutively into an ongoing 

ring-opening metathesis polymerization (ROMP) using the Grubbs first generation 

(G1) catalyst. The delayed addition of fast-propagating exo norbornene–based 

macromonomers to a relatively slow polymerization of a small endo norbornene monomer 

leads to the targeted insertion of macroblocks along the polymeric backbone. The kinetically 

controlled insertion process is examined regarding effects of the macromonomer structure, 

including the chemical structure of the used norbornene precursor, the length of the alkane 

linker between the polymerizable norbornene unit and the polymer chain and its molecular 

weight. Furthermore, the effect of the exo:endo ratio on parameters such as the grafting 

density (σ) of the macroblock and the apparent propagation rate constant (kapp) of the 

macromonomer during the copolymerization process are examined. Therefore, the 

copolymerization kinetics are determined by on-line 1H nuclear magnetic resonance (NMR) 

spectroscopy, whereas size exclusion chromatography (SEC) measurements are conducted to 

determine beneficial and unfavorable influences of the applied ROMP procedure on the 

molecular weight distribution. Sequence-controlled graft copolymers are synthesized, 

exhibiting diblock- and triblock-like architectures with variable molar fractions when two 

different macromonomers are used. 

 

6.2 Introduction 

Inspired by biochemical systems and the decoding of the first human gene in 1977,56 intensive 

efforts have been made in understanding and controlling the monomer sequence in synthetic 

polymers.57,58 As mentioned in the introduction of chapter 5, the synthesis of polymers 

consisting of different monomer species that are arranged in a predetermined order, are 

denoted as sequence-controlled polymers and are typically characterized by good 
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polymerization control, resulting in low dispersity values (<1.50).454 Nowadays, there are 

various approaches to synthesize sequence-controlled copolymers,512-514 leading to materials 

with a wide range of possible applications, for example, as photonic materials,515 or in the 

field of data storage and encryptation.81,516 The ROMP of norbornene-based monomers is a 

powerful tool for the preparation of such materials due to its “living” character,17 tolerance 

toward functional groups and high polymerization rates.517,518 In chapter 2.3 of the 

theoretical background, more detailed information and mechanistic insights regarding 

different polymerization techniques are given. 

As observed in chapter 5.3.4, the synthesis of sequence-controlled graft copolymers using the 

fast-initiating G3 catalyst was found to be sensitive to traces of oxygen and water, leading to 

inefficient chain-extension processes and thus to rarely controlled copolymers. In contrast, 

the G1-mediated iterative ROMP of macromonomers has been found to exhibit lower 

polymerization rates and unfavorable steric interactions, hampering the chain-extension 

process. Since the G1-type catalysts are less prone to catalyst poisoning,496 the increasing 

steric hindrance during the ROMP of macromonomers needs to be reduced. Hereby, the 

delayed addition of monomers into an ongoing ROMP represents a promising technique to 

introduce macroblocks along the polymeric backbone in a controlled fashion.93 As observed 

in chapters 5.3.2 and 5.3.3, the polymerization behavior of endo and exo norbornenes is 

influenced by the used catalyst. In the G1-mediated ROMP (Chapter 4.3.3), the apparent 

propagation rate of exo norbornenes has been found to be more than two orders of 

magnitude higher compared to that of their endo counterparts. It is therefore apparent that 

the nature of different norbornene isomers is potentially useful in the synthesis of 

sequence-controlled copolymers, applying basic Schlenk techniques and non-dry solvents. 

Inspired by the synthesis of sequence-controlled block copolymers via ROMP and the large 

differences in reactivity of exo and endo norbornene–based monomers, the synthesis of 

kinetically controlled graft block copolymers is herein reported. To achieve this, the 

G1-mediated homopolymerization of an endo norbornene monomer is initiated, achieving a 

slow and controlled polymerization process. After reaching a defined DP, an exo norbornene–

based macromonomer is added, leading to its fast incorporation into the growing polymeric 

chain. 
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6.3 Results and discussion 

6.3.1 Introduction of monoblocks via ROMP 

 

In this section, the introduction of a macroblock into a growing polynorbornene (PNB) chain 

by delayed macromonomer addition using the G1-mediated ROMP is examined. Therefore, 

the PMMA-based macromonomers introduced in chapter 5.3.1 are used. 

In order to perform a relatively slow ROMP, enabling the addition of a fast-propagating 

macromonomer and thus introducing a macroblock at kinetically specified positions into the 

polymer, an endo norbornene was synthesized according to the literature (Scheme 6.1).93 

 

 
Scheme 6.1. Synthesis of the endo norbornene monomer nNbHex via condensation reaction 
of endo norbornene anhydride with 1-aminohexane. 
 

Endo norbornene anhydride (cis-5-norbornene-endo-2,3-dicarboxylic anhydride) was used as 

a precursor to synthesize nNbHex in a condensation reaction at 90 °C, whereby the synthesis 

procedure was similar to its exo counterpart xNbHex (Scheme 5.7, Chapter 5.3.4). The 

product nNbHex was obtained as a light yellow and viscous liquid in a yield of 82% (Figure 

S6.1). It is noted that the ROMP of nNbHex was a continuous polymerization process, 

preventing complete monomer conversion during the copolymerization process and thus 

facilitating the chain-extension process. Since the endo monomer also reduces the grafting 

density of the macroblocks, nNbHex is further referred to as a dilutant. 

In order to examine the polymerizability of nNbHex using the G1-mediated ROMP and 

evaluate the macromonomer addition after a defined reaction time, three 

homopolymerization reactions were performed, varying the M:I ratio and the catalyst 

concentration (entries 6.1 – 6.3, Table 6.1). It is noted that all ROMPs conducted in 

chapter 6.3 were performed in argon-flushed ampoules or NMR tubes equipped with J Young 

taps using degassed DCM or degassed DCM-d2 as solvent at ambient temperature. It is further 

noted that the term “argon-flushed” implies that the used reaction vessel was thrice dried 

with a heat gun under high vacuum and flushed with argon while hot. After reaching the 
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desired monomer conversion, the polymerizations were quenched by adding an excess of 

EVE, forming an inactive catalyst derivative and the corresponding alkene-terminated PNB 

chain.442 

 

Table 6.1. Homopolymerizations using nNbHex with different M:I ratios and catalyst 
concentrations via the G1-mediated ROMP. 
 

Entry a M:I ratio Conversion 

[%]b 

Reaction Time 

[h] 

kapp 

[s-1]c 

t1/2 

[h]d 

Mn 

[g/mol]e 

ĐMe 

6.1 50:1 90 306 2.11×10-6 91.3 15,100 1.09 

6.2 100:1 85 384 1.40×10-6 138 28,400 1.14 

6.3 100:1 82 628 0.77×10-6 250 26,200 1.07 

6.4 100:1 93 262 2.84×10-6 68.8 28.400 1.13 
aReaction conditions: nNbHex and G1 catalyst (entries 6.1 and 6.2: 2 mmol/L, entry 6.3: 
1 mmol/L, entry 6.4: 4 mmol/L) in degassed DCM-d2 at ambient temperature under argon 
atmosphere. bDetermined by 1H NMR spectroscopy. cCalculated from conversion using first 
order kinetics. dCalculated from the linear regression fits using t1/2 = ln(2)/kapp. eDetermined 
by SEC. 
 

The M:I ratios were 50:1 and 100:1 (entries 6.1 – 6.3, Table 6.1), whereby the latter was 

performed applying catalyst concentrations of 2 mmol/L and 1 mmol/L (entries 6.2 and 6.3, 

Table 6.1), respectively. The reactions were quenched after reaching endo norbornene 

conversions ≥82% to evaluate a suitable conversion for the macromonomer addition. The 

polymerization kinetics were monitored by on-line 1H NMR spectroscopy (Figure 6.1), 

whereby the vanishing of the signal assigned to the olefinic norbornene moiety of the 

endo monomer (6.07 ppm) and the appearance of the olefinic backbone signal of the 

obtained polymer (5.75 – 5.40 ppm) were similar to that described in chapter 4.3.2 (Figure 

4.2). 
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Figure 6.1. (A) Kinetic plot of the homopolymerizations of nNbHex, based on 1H NMR 
spectroscopy data, and (B) SEC traces of the obtained polymers (entries 6.1 – 6.3, Table 6.1). 
Lines represent linear fits. 
 

In order to monitor the polymerization process over a wide range of conversions, the ROMPs 

were quenched after 306 hours, 384 hours and 628 hours, corresponding to 90%, 85% and 

82% monomer conversion (entries 6.1 – 6.3), respectively. In all cases, the determined Mn of 

the obtained polymer was higher compared to the Mn calculated by conversion. As discussed 

in chapters 4 and 5, this observation was attributed to the SEC calibration standards used and 

their different Rhs compared to the herein synthesized polymers. In all cases, the ratio of the 

determined to the calculated Mn was found to be similar (1.36 for entry 6.1, 1.35 for entry 6.2 

and 1.29 for entry 6.3), supporting this assumption. The polymerization kinetics of 

entries 6.1 – 6.3 showed a pseudo first order kinetic behavior (Figure 6.1A, Table 6.1), 

whereby the kinetics of entry 6.2 were found to be slightly skewed, hence, the polymerization 

rate decreased with increasing reaction time (Figure 6.1A). It is noted that e.g. oxygen 

contamination during the synthesis preparation cannot fully be excluded. However, since the 

error of the linear fit was rather small (R2 = 0.98887), the kapp of entry 6.2 was determined to 

compare all three homopolymerization reactions (Table 6.1). While exhibiting a kapp of 

2.11×10-6 s-1, entry 6.1 was found to be the fastest herein presented ROMP of nNbHex. Due 

to the reduced catalyst concentration, entry 6.3 only exhibited a kapp of 0.77×10-6 s-1, which 

was 1.8 times slower compared to that of entry 6.2 and 2.7 times slower compared to that of 

entry 6.1 (Table 6.1). The determined SEC traces exhibited relatively narrow molecular weight 

distributions for the obtained polymers, whereby a small high molecular weight shoulder was 

detected for all polymers (Figure 6.1B). Since the shoulders showed different relative 

intensities (compared to the main polymer distribution) and further correlated with the 
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monomer conversion, it was assumed that a side reaction occurred at high conversions 

(≥82%). Furthermore, the SEC trace of entry 6.2 showed a low molecular weight tailing (Figure 

6.1B), potentially induced by catalyst poisoning, which is further assumed to lead to the 

skewed ROMP kinetics (Figure 6.1A). Interestingly, lowering the G1 concentration in entry 6.3 

resulted in a decreasing dispersity and no detectable tailing within the corresponding SEC 

trace (Figure 6.1B, Table 6.1). 

In order to examine this observation in more detail, the ROMP of nNbHex was repeated 

applying similar conditions compared to that of entry 6.2 (entry 6.4, Table 6.1). The M:I ratio 

was 100:1, whereby the monomer and the catalyst concentrations were increased to 

0.4 mol/L and 4 mmol/L, respectively, to exclude unfavorable steric interactions causing the 

skewed polymerization kinetics of entry 6.2 (Table 6.1). During the ROMP process, samples 

were withdrawn and immediately quenched. The samples were then analyzed by 1H NMR 

spectroscopy and SEC, determining the polymerization kinetics and the evolution of the 

molecular weight distribution with increasing monomer conversion (Figure 6.2). 

 
Figure 6.2. (A) Kinetic plot of the homopolymerizations of nNbHex, based on 1H NMR 
spectroscopy data (Figure S6.9), (B) SEC traces of the withdrawn samples during ROMP 
(entry 6.4), and (C) plot of the monomer conversion versus molecular weight and dispersity, 
determined by SEC. Line represents linear fit. 
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The polymerization kinetics of entry 6.4 showed a pseudo first order kinetic behavior (Figure 

6.2A, Table 6.1). As expected, the kapp of entry 6.4 (kapp = 2.84×10-6 s-1) was found to be higher 

compared to that of entries 6.1 and 6.2 due to the higher catalyst concentration (Table 6.1). 

The SEC traces of the withdrawn samples exhibited narrow molecular weight distributions 

upon reaching a monomer conversion of 83% (Figure 6.2B). The penultimate sample 

(83% conversion) showed a small high molecular weight shoulder, not affecting the 

determined dispersity, whereas the last sample (93% conversion) showed a more 

pronounced high molecular weight shoulder and a low molecular weight tailing. However, the 

relationship between the monomer conversion and the corresponding molecular weight 

appeared to be linear, suggesting a controlled polymerization process (Figure 6.2C). The 

dispersity values slightly decreased with increasing conversion, reaching a minimum between 

42% and 83% (ĐM = 1.07). Afterwards the dispersity increased, reaching a maximum value of 

1.13 after 93% monomer conversion, representing the emergence of the high molecular 

weight shoulder. Similar to entries 6.1 to 6.3, the Mn of the last sample, which was 

determined by SEC, was found to be higher compared to the Mn calculated by conversion 

(ratio: 1.23). It is noted that the removal of the catalyst and the purification by precipitation 

was not carried out for the samples withdrawn from entry 6.4 due to time limitations and 

given that previous experiments showed such purification was not necessary when assessing 

kinetics. 

The ROMP conditions applied in entry 6.1 were considered as the most suitable for the 

continuous polymerization using nNbHex. Here, the pseudo first order kinetics were slow 

enough to ensure reproducible macromonomer additions, while maintaining a reasonable 

time scale (Figure 6.1A, Table 6.1). The obtained polymer exhibited a narrow molecular 

weight distribution, which was further characterized by the absence of a low molecular 

weight tailing (Figure 6.1B). Since the evolution of the molecular weight distribution was 

examined for entry 6.4, the SEC data showed a suitable period for macromonomer addition 

after reaching ca. 40% endo conversion. 

The nNbHex polymerizations were performed in argon-flushed ampoules using a M:I ratio of 

50:1, whereas the copolymerizations were conducted in argon-flushed NMR tubes by adding 

a defined amount of solution of the former to the dissolved macromonomer to ensure 

homogeneous mixing (Figure 6.3). The copolymerization kinetics were monitored by on-line 
1H NMR spectroscopy. 
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Figure 6.3. (A) Homopolymerization of nNbHex using the G1 catalyst and subsequent addition 
of macromonomer resulting in a block-like graft copolymer. (B) Schematic synthesis of graft 
copolymers by the delayed addition of macromonomer. 
 

Three different PMMA-based macromonomers (xNb2M12, xNb6M13, and xNb6M17) were 

used in the delayed addition procedure to evaluate the effect of the macromonomer 

structure on the copolymerization process. Here, comonomer ratios (M:MM) of 50:5, 50:10, 

50:20 and 50:30 were applied (Table 6.2). The grafting density, which is herein defined as the 

number of macromonomer units per nNbHex unit within the macroblock, is an important 

measure to evaluate the molecular structure of the macroblock. A higher value indicates a 

lower dilution and thus a more densely grafted macroblock. It is noted that the herein 

performed ROMPs were divided into three sets, one per macromonomer, with four 

polymerizations each. 
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Table 6.2. Graft copolymers synthesized by ROMP of nNbHex and PMMA-based 
macromonomers. 
 

entrya M:MM 

ratio 

MM addition 

[%]b 

kapp,endo 

[s-1]c 

kapp,exo 

[s-1]d 

σ e Mn 

[g/mol]f 

ĐMf 

6.5 50:5 xNb2M12 38 2.20×10-6 1.62×10-5 0.40 16,300 1.11 

6.6 50:10 xNb2M12 39 2.68×10-6 2.08×10-5 0.68 22,600 1.12 

6.7 50:20 xNb2M12 38 2.71×10-6 2.75×10-5 1.39 32,400 1.14 

6.8 50:30 xNb2M12 39 3.69×10-6 3.50×10-5 1.72 45,300 1.21 

6.9 50:5 xNb6M13 39 2.04×10-6 2.51×10-5 0.36 17,500 1.13 

6.10 50:10 xNb6M13 39 3.86×10-6 4.25×10-5 0.78 23,900 1.14 

6.11 50:20 xNb6M13 39 4.09×10-6 5.57×10-5 1.35 35,400 1.16 

6.12 50:30 xNb6M13 39 5.11×10-6 7.16×10-5 2.17 48,900 1.27 

6.13 50:5 xNb6M17 37 1.77×10-6 2.14×10-5 0.41 20,300 1.13 

6.14 50:10 xNb6M17 37 2.95×10-6 3.30×10-5 0.74 29,200 1.15 

6.15 50:20 xNb6M17 37 3.92×10-6 4.85×10-5 1.52 44,300 1.24 

6.16 50:30 xNb6M17 37 5.82×10-6 6.45×10-5 2.33 78,500 1.84 
aReaction conditions: nNbHex, G1 catalyst (2 mmol/L) and macromonomer (MM) in degassed 
DCM-d2 under argon atmosphere at ambient temperature. bConversion of nNbHex before 
addition of the MM, determined by 1H NMR spectroscopy. cCalculated from data points at 
low nNbHex conversion during copolymerization using pseudo first order kinetics. dCalculated 
from data points at low MM conversions using pseudo first order kinetics. eCalculated from 
monomer conversions during copolymerization using σ = N(MM)/N(nNbHex). fDetermined by 
SEC. 
 

Due to the large amount of data, the kinetic evaluation is represented by entry 6.5 (Figure 

6.4, Table 6.2). The kinetic plot, the molar fraction (xi) of the macromonomer within the 

macroblock and the SEC traces before and after macromonomer addition are shown. The 

respective figures of the other kinetic measurements are presented in the experimental 

section in chapter 8.3.3. The vanishing of the 1H NMR signal assigned to the olefinic 

norbornene moiety of the exo macromonomers (6.32 ppm) and the appearance of the 

olefinic backbone signal of the resulting polymers (5.80 – 5.40 ppm) were similar as described 

in chapter 4.3.2 (Figure 4.1). 



 6 Sequence-controlled graft copolymers by delayed macromonomer addition 

 138 

The first set of copolymerization reactions (entries 6.5 – 6.8, Table 6.2) was performed using 

xNb2M12, offering the lowest molecular weight available and a short ethyl linker unit (Figure 

6.4).  

 
Figure 6.4. Representative (A) kinetic plots of entries 6.1 (Table 6.1) and 6.5 (Table 6.2), (B) 
highlighting xNb2M12 during copolymerization, (C) molar fraction (xi) of xNb2M12 in 
entry 6.5 as a function of polymerization time, based on 1H NMR spectroscopy data (Figure 
S6.10), and (D) SEC traces of entry 6.5 before xNb2M12 addition and after xNb2M12 
conversion. Line represents linear fit. 
 

In all cases, fast integration of the macromonomers into the polymeric chain was observed. 

Furthermore, no poisoning of the catalyst was observed during the macromonomer addition. 

As described in chapter 4.3.3, the combination of a slow endo norbornene and a fast 

exo norbornene leads to skewed kinetics (Figure 6.4A). However, the copolymerization 

kinetics of xNb2M12 appeared to be linear at low macromonomer conversions (≤68%), 

flattening at higher conversions. This observation was explained by the changing exo:endo 

ratio during the copolymerization process, whereby a large amount of exo macromonomer 

was assumed to neutralize the decelerating effect of the endo monomer. Simultaneously, the 

decelerating effect was assumed to increase with increasing macromonomer conversion and 
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thus leading to skewed kinetics at high macromonomer conversions (>68%). In order to 

compare the copolymerization kinetics of the macromonomers and calculate kapps, the 

kinetics at low conversions (≤68%) were deemed to be pseudo first order (Figure 6.4B). It is 

noted that the linear fits are extended to highlight the increasing decelerating effect of the 

endo monomer on the copolymerization kinetics with increasing macromonomer conversion. 

As expected, the kapps of xNb2M12 in the entries 6.5 – 6.8 increased with increasing amount 

of macromonomer (Table 6.2). This behavior was explained by the increasing exo:endo ratio 

(0.16:1 for entry 6.5 to 0.97:1 for entry 6.8), which limited the decelerating effect of nNbHex 

on the copolymerization rate. During the copolymerization process, the kapps of nNbHex 

slightly increased compared to the homopolymerization. Nonetheless, the kapps of the 

macromonomers were consistently one order of magnitude higher that of nNbHex, thus 

leading to a block-like, yet gradient, macromonomer distribution in the copolymer (Figure 

6.4C). The grafting density increased with increasing amount of macromonomer and 

increasing kapp, respectively. Despite the somewhat complex architecture, the resulting 

copolymers exhibited narrow molecular weight distributions when analyzed by SEC (Figure 

6.4D), albeit a high molecular weight shoulder was observed for entry 6.8 (Table 6.2). This 

behavior was attributed to the increasing steric hindrance at the propagating chain end, 

resulting in an inconsistent macromonomer distribution. According to this hypothesis, 

molecular weight and solubility of the forming graft copolymer are important parameters 

regarding polymerization control.  

The delayed addition of fast exo macromonomer to an ongoing polymerization of a slow 

endo norbornene monomer was successfully executed. This proof of concept demonstrates 

an innovative and robust method to synthesize sequence-controlled graft copolymers in a 

straightforward fashion. In the following, effects of macromonomer structure are examined 

to fully understand the herein present copolymerization process. The figures representing the 

entries 6.6 – 6.8 (Table 6.2) are presented in the experimental section in chapter 8.3.3. 

When increasing the length of the linker between the norbornene moiety and the pendant 

PMMA (from ethyl to hexyl) and using xNb6M13 in the next set of copolymerization reactions 

(entry 6.9 – 6.12, Table 6.2), an increase of the kapp was expected (Figure 6.5). 
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Figure 6.5. (A) Relationship between apparent copolymerization rate (kapp) of the 
macromonomer, its structure and amount, (B) evolution of macroblock grafting density (σ) 
with increasing macromonomer amount and (C) relationship between dispersity (ĐM) of the 
resulting graft copolymer and its molecular weight. 
 

The kinetic data determined by 1H NMR spectroscopy supported this assumption. Indeed, 

comparing e.g. the copolymerization reactions of xNb6M13 of entry 6.10 (Table 6.2) and 

xNb2M12 of entry 6.6 (Table 6.2), xNb6M13 bearing the hexyl linker was incorporated 

two times faster (Figure 6.5A). This behavior was mainly attributed to the higher mobility of 

the copolymer side chains, leading to a more accessible propagating chain end, and further 

to the sterically less hindered norbornene unit at the incoming macromonomer. Similar to 

the first set, the copolymerization kinetics of xNb6M13 were found to be linear at low 

macromonomer conversions (≤66%) and were skewed at high macromonomer conversions 

(>66%) due to the changing exo:endo ratio. However, increasing the amount of 

macromonomer led to an increasing kapp of the respective macromonomer (Figure 6.5A). 

Surprisingly, although the kapps were increased due to the hexyl linker, the effect on the 

grafting density of the macroblocks was rather small (Figure 6.5B). This phenomenon was 

explained by the skewed linear kinetics during the copolymerization process, whereas the 
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calculated kapps only picture the kinetics at low macromonomer conversions. Due to 

decreasing exo:endo ratios, the differences in polymerization kinetics, a result of the hexyl 

linker, vanished. As a result, the total reaction times and the grafting densities of both 

copolymerization sets tended to equalize. Nonetheless, an increase in the kapps with 

consistent grafting densities led to sharper transitions between the nNbHex parts and the 

macroblocks. The resulting copolymers exhibited relatively narrow molecular weight 

distributions (Table 6.2). This behavior was mainly attributed to the higher mobility of the 

copolymer side chains, leading to a more accessible propagating chain end, and further to the 

sterically less hindered norbornene unit at the incoming macromonomer. It is noted that a 

high molecular weight shoulder was detected in entry 6.12 (Figure S6.38, Table 6.2). 

Nonetheless, the herein synthesized blocky, yet gradient, graft copolymers exhibit a more 

complex architecture than comparable literature-known block copolymers e.g. synthesized 

using G3 catalyst.412 The latter necessarily exhibit sharp transitions after each macroblock due 

to the iterative synthesis procedure, leading to strong segregation between the segments and 

highly dense grafts. Whereas the former facilitates more possibilities in terms of structural 

design, e.g. by the targeted variation of macromonomers and diluents used. The figures 

representing the entries 6.9 – 6.12 (Table 6.2) are presented in the experimental section in 

chapter 8.3.3. 

The basic structure of graft copolymers is mainly defined by the backbone DP, which is further 

defined by the (macro)monomer to catalyst ratio and by the side chain DP or the molecular 

weight of the macromonomer, respectively. Albeit the macromonomer size has a large effect 

on the properties of the resulting copolymer,519 high molecular weights come along with 

steric hindrance at the propagating chain end and thus have a negative effect on 

polymerization control and becoming apparent as bimodal molecular weight distributions.520 

Therefore, the third set of copolymerization reactions (entries 6.13 – 6.16, Table 6.2) was 

performed using xNb6M17 to evaluate the influence of the macromonomer size on the 

copolymerization process. The polymerization of bulky monomers via ROMP is assumed to be 

slower compared to smaller monomers.518 The same trend was observed comparing two 

macromonomers with an identical hexyl linker, but different molecular weights, in particular 

2,100 g/mol for xNb6M17 and 1,700 g/mol for xNb6M13. Furthermore, the former was 

incorporated 1.7 times faster in entry 6.15 (Table 6.2) than xNb2M12 in entry 6.7 (Table 6.2), 

leading to the conclusion that the influence of the longer linker unit exceeded the retarding 
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influence of increasing macromonomer size (Figure 6.5A). Analogously to previous 

copolymerization reactions, the copolymerization kinetics were found to be skewed at high 

macromonomer conversions and a higher amount of macromonomer led to an increasing kapp 

of the respective macromonomer (Figure 6.5A). The effect of xNb6M17 on the grafting 

densities of the respective macroblocks was rather small (Figure 6.5B), leading to the 

assumption that the grafting density is mainly defined by the propagation rate of the used 

macromonomer, whereas high molecular weights are compensable e.g. by a longer alkyl 

linker unit. The SEC measurements of entries 6.13 and 6.14 (Table 6.2) exhibited narrow 

molecular weight distributions, whereas entries 6.15 and 6.16 (Table 6.2) exhibited an 

increasing high molecular weight shoulder. Interestingly, the dispersity of the resulting 

copolymers was found to increase monotonically albeit in a non-linear fashion with increasing 

molecular weights (>50,000 g/mol) (Figure 6.5C). According to these results, it is hypothesized 

that the relative structures of the PMMA-based macromonomers, in particular linker length 

and size, do not influence the copolymerizability using this synthesis procedure. Hence, 

polymerization control is mainly determined by the molecular weight of the obtained 

product. As a result, the herein presented graft copolymer synthesis exhibits a high degree of 

versatility regarding macromonomer structure and sequence control. Furthermore, 

characteristics like propagation rate and macroblock composition can be controlled in a 

straightforward fashion by macromonomer design and selection of suitable diluents. The 

figures representing the entries 6.13 – 6.16 (Table 6.2) are presented in the experimental 

section in chapter 8.3.3. 

Since the influences of the linker lengths and the macromonomer sizes on the 

copolymerization processes were examined, the variation in the grafting densities of the 

respective macroblocks were investigated. It is herein hypothesized that a lower grafting 

density within the macroblock or less steric hindrance at the propagating chain end, 

respectively, favor a controlled copolymerization process even at high molecular weights 

(>50,000 g/mol). Therefore, the amount of slow polymerizing nNbHex was doubled in 

entry 6.17 (Table 6.3), while the amount of xNb6M17 and the reaction volume was not 

changed compared to that of entry 6.15 (Table 6.2). 
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Table 6.3. Graft copolymers synthesized by ROMP from nNbHex and xNb6M17, applying 
different catalyst concentrations and M:I ratios of 100:1. 
 

entrya M:MM 

ratio 

c(G1) 

[mmol/L] 

addition  

[%]b 

kapp,endo 

[s-1]c 

kapp,exo 

[s-1]d 

σ e Mn 

[g/mol]f 

ĐMf 

6.17 100 : 20 2.00 16 3.43×10-6 2.47×10-5 0.60 57,700 1.33 

6.18 100 : 20 1.00 16 1.80×10-6 1.42×10-5 0.50 45,100 1.15 
aReaction conditions: nNbHex, G1 catalyst and xNb6M17 in degassed DCM-d2 under argon 
atmosphere at ambient temperature. bConversion of nNbHex before addition of the MM, 
determined by 1H NMR spectroscopy. cCalculated from data points at low nNbHex conversion 
during copolymerization using pseudo first order kinetics. dCalculated from data points at low 
xNb6M17 conversions using pseudo first order kinetics. eCalculated from monomer 
conversions during copolymerization using σ = N(xNb6M17)/N(nNbHex). fDetermined by 
SEC. 
 

The copolymerization process in entry 6.17 (Table 6.3) was initiated after reaching a DP of 16 

(16% conversion of nNbHex) to obtain a comparable copolymer. As expected, the decreasing 

exo:endo ratio led to a decrease in kapp and to a decreasing grafting density within the 

macroblock. Interestingly, the decrease of the exo:endo ratio by the factor of two (comparing 

entries 6.15 and 6.17) led to a decrease of in the kapp and the graft density by the factors of 

two, respectively. However, the SEC trace of entry 6.17 showed a large high molecular weight 

shoulder, resulting in a larger dispersity than that of entry 6.15. It was assumed that the 

higher total monomer concentration during the ROMP of entry 6.17 had an unfavorable effect 

on the polymerization control. In order to investigate this assumption, the total monomer 

concentration was reduced, reducing unfavorable steric interactions and thus potentially 

leading to a more controlled polymerization process. Therefore, the reaction conditions were 

modified by reducing the amounts of the macromonomer xNb6M17 and the G1 catalyst 

(entry 6.18, Table 6.3), while keeping the amount of nNbHex and the reaction volume 

constant. Similar to entry 6.17 (Table 6.3), the copolymerization process was initiated after 

reaching a DP of 16 (16% conversion of nNbHex). The decreased exo:endo ratio led to a 

decreased kapp of the corresponding macromonomer and a decreased grafting density within 

the macroblock. Although a higher molecular weight shoulder was detected, lower dispersity 

compared to entry 6.15 (Table 6.2) indicated an advantageous effect on the polymerization 

control. This finding supports the assumption that the molecular weight and the 

preorientation of the growing graft copolymer in solution have a large influence on the 
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polymerization process. The figures representing entries 6.17 and 6.18 (Table 6.3) are 

presented in the experimental section in chapter 8.3.3. 

As a result, a variety of graft copolymers was successfully synthesized by the G1-medtaited 

ROMP, whereby the macromonomers were added at a specific endo monomer conversion. 

Although the kinetics were skewed during the copolymerization process, the herein 

presented strategy was characterized by the absence of low molecular weight tailing and low 

molecular weight shoulders, which are generated by catalyst poisoning. The rapidly 

incorporated macroblocks showed a gradient substructure which was affected by the applied 

exo:endo ratio. Furthermore, parameters such as the apparent propagation rate constant and 

the grafting density were affected by the latter, enabling the targeted design of complex 

architectures. 

 

6.3.2 Synthesis of norbornene ester–based macromonomers 

 

In this section, the synthesis of exo norbornene ester–functional macromonomer via ATRP is 

described. Methyl and benzyl methacrylate serve as monomers. The obtained 

macromonomers are further examined regarding their molecular structure and their thermal 

properties. 

Since the steric interactions of the growing graft copolymer were assumed to affect the 

copolymerization process in ROMP using the delayed macromonomer addition procedure, a 

less sterically hindered polymerizable norbornene unit was used to synthesize a new type of 

ATRP initiator (Scheme 6.2).505 

 
Scheme 6.2. Synthesis of (A) xNbOH via reduction of exo norbornene carboxylic acid using 
LiAlH4, and (B) subsequent esterification using α-bromoisobutyryl bromide, obtaining xNbBr. 
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The synthesis of xNbOH using exo-5-norbornene-2-carboxylic acid as precursor was described 

in chapter 5.3.5 (Scheme 6.2A), whereas the subsequent esterification using 

α-bromoisobutyryl bromide was described in chapter 5.3.1 (Scheme 6.2B). Hereby, the ATRP 

initiator xNbBr was obtained as a colorless liquid in a yield of 79% (Figure S6.66). 

In order to synthesize sequence-controlled graft copolymers in a multiblock architecture, 

different macromonomer types were synthesized via ATRP (Scheme 6.3). Here, a different 

synthesis procedure was used compared to the ATRPs described in chapter 5.3.1 (Scheme 

5.2, Table 5.1), obtaining a reduced polymerization rate and thus preventing high monomer 

conversions, which potentially lead to side reactions. 

 
Scheme 6.3. Synthesis of exo norbornene ester–functional macromonomers via ATRP using 
xNbBr as ATRP initiator and benzyl methacrylate (BnMA, top) and methyl methacrylate 
(MMA, bottom) as monomers. 
 

Therefore, the synthesis and the purification of the PMMA- and the PBnMA-based 

macromonomer were adapted from chapter 5.3.5. The ATRPs were quenched after 

ca. nine hours for the PMMA-based macromonomer, reaching a monomer conversion of 54%, 

and after 3.5 hours for the PBnMA-based macromonomer, reaching a monomer conversion 

of 34%, to obtain macromonomers with a comparable molecular weight (Table 6.4). The 

macromonomers were obtained as white solids. 
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Table 6.4. Synthesized exo norbornene ester–based macromonomers via ATRP. 
 

Polymera Monomer Reaction Time 

[h] 

Conversion 

[%]b 

Mn,NMR 

[g/mol]b 

Mn,SEC 

[g/mol]c 

ĐMc 

xNbM27 MMA 8.75 54 3,000 2,800 1.11 

xNbB17 BnMA 3.50 34 3,300 2,600 1.14 
aReaction conditions: Monomer, initiator (0.045 mol/L), Cu(I)Cl and TMEDA in anisole at 70 °C 
under argon atmosphere (M:I:Cu:L ratio – 50:1:1:2). bDetermined by 1H NMR spectroscopy. 

cDetermined by SEC. 
 

The obtained macromonomers are termed as previously defined in chapter 5.3.1. Hereby, 

molecular weights of 3,000 g/mol and 3,300 g/mol were determined by 1H NMR 

spectroscopy. The obtained macromonomers were further characterized by SEC to examine 

the molecular weight distribution and thus evaluate the applied ATRP procedure (Figure 6.6). 

 

 
Figure 6.6. SEC traces of polymethacrylate-based macromonomers, comprising polymerizable 
exo norbornene moieties (Table 6.4) 
 

For both macromonomers, narrow molecular weight distributions (≤1.14) were observed, 

indicating well-controlled polymerization processes, whereby the determined dispersity 

values were similar to that of the macromonomers synthesized in chapter 5.3.1 (Table 5.1). 

The Mns determined via SEC and 1H NMR spectroscopy were found to be consistent. 

The macromonomers were further analyzed using MALDI-TOF MS. The obtained data were 

determined to confirm the macromonomer structure, including the potential determination 
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of the attached end groups, and to evaluate the applied ATRP procedure. The results of 

xNbM27 and xNbB17 were found to be similar to the corresponding macromonomers 

described in chapter 5.3.1 and are presented in the experimental section in chapter 8.3.3. 

The assignment of the signals was additionally verified by comparing the observed isotopic 

patterns with the calculated. It is noted that the positions of the lower intensity distributions 

are further described related to the position of the main distribution. The MALDI-TOF data of 

xNbM27 exhibited two distinct distributions, whereby the distance between two consecutive 

signals corresponded to the mass of one methyl methacrylate unit (expected: 100.05 m/z, 

Figure S6.70B). The highest intensity distribution was assigned to the chloride-terminated 

species, whereas the distribution at Δ(m/z) = -33.00 was assigned to the hydrogen-terminated 

species (Figure S6.70C). The MALDI-TOF data of xNbB17 also exhibited two distinct 

distributions. The distance between two consecutive signals corresponded to the mass of one 

benzyl methacrylate unit (expected: 176.08 m/z, Figure S6.74B), whereby the highest 

intensity distribution was assigned to the chloride-terminated species. Similar to the 

MALDI-TOF data of xNb2B12 discussed in chapter 5.3.1 (Figure 5.3), the distribution at 

Δ(m/z) = -83.66 was assigned to the double charged α,ω-dinorbornyl species ionized by two 

copper(I) ions (Figure S6.74C). This supported the previously made assumption that in 

contrast to the methyl side groups, the interaction between the benzyl side groups and the 

copper favored sufficient ionization of the corresponding species. The relative intensities 

shown in the spectra do not necessarily reflect the concentration of the determined species 

in the samples. However, the findings were in agreement with the data obtained by SEC and 
1H NMR spectroscopy. The latter indicated a nearly quantitative end group fidelity for both 

macromonomers by comparing the signals at 2.60 – 2.25 ppm, assigned to the methylene 

groups of the last methacrylate repeat units, and the characteristic olefinic signals of the 

norbornene moieties at 6.15 – 6.02 ppm. As discussed in chapter 5.3.1, it is assumed that the 

cleavage of the halide end group, and thus the formation of the hydrogen-terminated species 

in xNbM27 and α,ω-dinorbornyl species in xNbB17, was induced by the ionization process 

during the measurement.478 

Furthermore, the thermal behavior of the macromonomers was determined by DSC, whereby 

a similar behavior was observed compared to the corresponding macromonomers described 

in chapter 5.3.1. Since the molecular weight of the PMMA-based macromonomer xNbM27 

was found to be double than that of xNb2M12, the Tg increased by 15 °C and was detected at 
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87 °C (Figure S6.76).521 The PBnMA-based macromonomer xNbB17 exhibited a Tg at 46 °C 

(Figure S6.76). Analogously to the results in chapter 5.3.1, blending of both macromonomers 

resulted in the presence of two Tgs determined at 90 °C, ascribed to the PMMA component, 

and at 47 °C for the PBnMA one (Figure S6.76). It is noted that all herein measured Tg values 

were determined by the onset temperature of the thermal transition in the second heating 

cycle, applying a heating rate of 20 °C/min. 

As a result, two exo norbornene ester–based macromonomers, namely xNbM27 and xNbB17, 

were synthesized while the corresponding ATRPs were quenched after 54% and 34% 

monomer conversion, respectively. This further ensured minimal side reactions and the 

generation of polymers with comparable molecular weights. Similar to previous observations 

in chapter 5.3.1, the obtained methacrylate-based polymers showed immiscibility in a 1:1 

blend and thus are interesting in potentially self-assembling when combined in a copolymer. 

 

6.3.3 Introduction of multiblocks via ROMP 

 

In this section, the introduction of multiblocks into a growing PNB chain by delayed 

macromonomer addition using the G1-mediated ROMP is examined. Here, the PMMA-based 

macromonomers xNb6M17 and xNbM27, and the PBnMA-based macromonomer xNbB17 

are used to obtain graft copolymers with a diblock- and triblock-like architecture, varying the 

molar fraction of the different macromonomers. 

The reliability of the applied ROMP procedure which was introduced in chapter 6.3.1, was 

examined in terms of multiple macromonomer additions and its effect on the kinetics and the 

controlled character of the polymerization process and thus to gain access to even more 

complex architectures and the preparation of sequence-controlled graft copolymers. As a 

proof of concept, two consecutive macromonomer additions were performed using 

xNb6M17 (entry 6.19, Table 6.5), obtaining a copolymer with two distinct macroblocks. 
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Table 6.5. Diblock graft copolymer synthesized by the G1-mediated ROMP of nNbHex and 
two consecutive additions of xNb6M17. 
 

entrya M:MM ratio addition 

[%]b 

kapp,endo 

[s-1]c 

kapp,exo 

[s-1]d 

σ e Mn 

[g/mol]f 

ĐMf 

6.19-B1 

6.19-B2 

50:5 

50:5 

36 

69 

2.12×10-6 

1.79×10-6 

2.25×10-5 

2.25×10-5 

0.33 

0.96 

23,600 

37,400 

1.13 

1.15 
aReaction conditions: nNbHex, G1 catalyst (2 mmol/L) and xNb6M17 in degassed DCM-d2 
under argon at ambient temperature. bConversion of nNbHex before addition of xNb6M17, 
determined by 1H NMR spectroscopy. cCalculated from data points at low nNbHex conversion 
during copolymerization using pseudo first order kinetics. dCalculated from data points at low 
xNb6M17 conversion using pseudo first order kinetics. eCalculated from monomer 
conversions during copolymerization using σ = N(xNb6M17)/N(nNbHex). fDetermined by SEC. 
 

The homopolymerization of nNbHex was performed applying a M:I ratio of 50:1, whereas 

xNb6M17 was used as macromonomer with a targeted MM:I ratio of 5:1 for each addition. 

The macromonomers were added after reaching a DP of ca. 20 (36% conversion of nNbHex) 

and ca. 43 (69% conversion of nNbHex, ≥99% conversion of xNb6M17), respectively (Figure 

S6.65). Although the additions were conducted at different conversions of the 

endo monomer, identical kapps were obtained for both (Table 6.5, Figure 6.7A). As discussed 

in chapter 6.3.1, the copolymerization kinetics of the macromonomers were deemed to be 

pseudo first order at low macromonomer conversions. 
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Figure 6.7. (A) Kinetic plots of entry 6.1 (Table 6.1), entry 6.19-B1 and entry 6.19-B2 (Table 
6.5), (B) molar fraction (xi) of xNb6M17 in entry 6.19 as a function of polymerization time, 
based on 1H NMR spectroscopy data (Figure S6.65), and (C) SEC traces of entry 6.19 before 
addition of first and second macroblock and after complete conversion of the first and second 
macroblock. 
 

The nNbHex polymerization was not affected by the incorporation of the macromonomers in 

a consecutive fashion (Figure 6.7A), demonstrating the high reliability of the herein presented 

polymerization method and confirming observations shown in recent literature for small 

norbornene-based monomers.93 The obtained diblock graft copolymer exhibited a block-like 

structure that was characterized by relatively sharp transitions between the nNbHex parts 

and the macroblocks, whereas the macroblocks were progressively diluted by nNbHex during 

the copolymerization process, exhibiting a gradient substructure (Figure 6.7B). As expected, 

the grafting density of the second macroblock increased due to a larger exo:endo ratio than 

that of the first macroblock (0.16:1 for entry 6.19-B1, 0.32:1 for entry 6.19-B2). The SEC traces 

of entry 6.19 (Table 6.5) exhibited relatively narrow molecular weight distributions for both 

macroblocks (Figure 6.7C), suggesting that the position of the macroblock along the polymeric 

chain had no unfavorable effect on the ROMP. A small high molecular weight shoulder was 

detected after complete incorporation of the second macromonomer, potentially caused by 
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the high molecular weight of the formed diblock graft copolymer as discussed in 

chapter 6.3.1. However, the macromonomer sequences were precisely introduced into the 

growing PNB backbone at defined positions along the polymeric backbone, generating a 

diblock-like graft copolymer with a relatively low dispersity. 

In order to apply the herein presented ROMP procedure in the synthesis of high molecular 

weight graft copolymers and retain monomodal and narrow molecular weight distributions, 

macromonomers with different polymerizable exo norbornene units were used, namely 

xNbM27 and xNbB17. The syntheses of the latter were described in chapter 6.3.2 (Scheme 

6.3, Table 6.4). Similar to entry 6.19, the ROMP of nNbHex was used as a continuous 

polymerization, followed by delayed macromonomer additions to obtain a variety of 

sequence-controlled macroblocks (Figure 6.8). 

 

 
Figure 6.8. Schematic representation of different polymer architectures using ROMP with 
delayed addition of macromonomers, indicating the gradient substructures by progressive 
dilution of the macroblocks. Here, A and B only represent the different macromonomers. 
 

The macromonomers obtained in chapter 6.3.2 were used to synthesize three types of 

sequence-controlled graft copolymer: a diblock comprising equal amounts of two different 

macromonomers (AB-type), a diblock comprising unequal amounts of two different 

macromonomers (ABB-type), and a triblock comprising two different macromonomers in an 

alternating fashion (ABA-type, Table 6.6).  

It is noted that A and B only represent the different macromonomers, whereas the amount 

and position of the diluent is not defined within this classification. 
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Table 6.6. Multiblock graft copolymers synthesized by the G1-mediated ROMP of nNbHex and 
delayed macromonomer addition. 
 

entrya MM M:MM 

ratio 

addition 

[%]b 

kapp,exo 

[s-1]c 

σ d Mn 

[g/mol]e 

ĐMe 

6.20-B1 

6.20-B2 

xNbM27 

xNbB17 

50:20 

50:20 

30 

59 

2.55×10-4 

2.64×10-4 

5.20 

16.5 

47.700 

87.000 

1.15 

1.21 

6.21-B1 

6.21-B2 

xNbM27 

xNbB17 

50:8 

50:32 

35 

61 

3.77×10-4 

2.70×10-4 

2.13 

18.4 

26.900 

94.200 

1.10 

1.26 

6.22-B1 

6.22-B2 

6.22-B3 

xNbM27 

xNbB17 

xNbM27 

50:16 

50:8 

50:16 

33 

60 

72 

2.07×10-4 

1.38×10-4 

1.36×10-4 

4.76 

1.80 

6.51 

39.900 

54.200 

87.200 

1.13 

1.15 

1.26 
aReaction conditions: nNbHex, G1 catalyst (2 mmol/L) and macromonomer (MM) in degassed 
DCM-d2 under argon at ambient temperature. bConversion of nNbHex before addition of MM, 
determined by 1H NMR spectroscopy. cCalculated from data points at low MM conversion 
using pseudo first order kinetics. dCalculated from monomer conversions during 
copolymerization using σ = N(MM)/N(nNbHex). eDetermined by SEC. 
 

Since the exo norbornene dicarboximide–based macromonomers, e.g. xNb6M17 (Scheme 

5.2, Table 5.1), were limited toward the synthesis of high molecular weight graft polymers, 

the exo norbornene ester–based macromonomers (Scheme 6.3, Table 6.4) were used 

applying comparable conditions (Table 6.6). The nNbHex polymerization was performed 

applying a M:I ratio of 50:1, whereas the first macromonomer was added after reaching 30% 

to 35% endo conversion (entry 6.20 – 6.23, Table 6.6). The second macromonomer was 

added after reaching 60% to 61% endo conversion (entry 6.20 – 6.23, Table 6.6) and the third 

macromonomer addition (entry 6.22, Table 6.6) was executed after reaching 72% 

endo conversion. In all cases, the total ratio between nNbHex and the macromonomers was 

50:40, whereby the macromonomer ratios were defined as 1:1, 1:3, and 2:1:2 

(entries 6.20 – 6.22, Table 6.6). The AB-type diblock was performed using equimolar amounts 

of xNbM27 and xNbB17, respectively (Figure 6.9). 
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Figure 6.9. (A) Kinetic plots of entry 6.1 (Table 6.1), entry 6.20-B1 and entry 6.20-B2 (Table 
6.6), (B) molar fraction (xi) of the macromonomers (MM) in entry 6.20 as a function of 
polymerization time, based on 1H NMR spectroscopy data (Figure S6.79), step-like MM 
incorporation highlighted by the grey dotted line, and (C) SEC traces of entry 6.20 before 
addition of first and second macroblock and after complete conversion of the first and second 
macroblock. 
 

The kinetic data of both the mono- and the diblock of entry 6.20 (Table 6.6) suggested rapid 

macromonomer conversion immediately after the addition, reaching complete conversion 

after eight hours (Figure 6.9A). The kapp of xNbM27 during the first copolymerization 

(entry 6.20-B1, Table 6.6) was found to be 4.5 times higher than that of the fastest 

exo norbornene dicarboximide–based macromonomer xNb6M13 (entry 6.11, Table 6.2). As 

expected, the kapps of the mono- and the diblock were found to be similar due to the 

comparable molecular weights of the macromonomers and their 1:1 ratio. Furthermore, the 

kinetics of the continuous nNbHex polymerization remained unaffected by the incorporation 

of the macromonomers in a consecutive fashion (Figure 6.9A). Due to the rapid incorporation 

of the exo macromonomers into the polymeric backbone, sharp transitions between the 

macroblocks and the diluents were detected (Figure 6.9B). Here, the grafting density was 
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determined as 5.20 for the first block and 16.5 for the second block, suggesting distinct 

block-like structures with minimized gradient substructures. It is noted that the step-like 

macromonomer incorporation is highlighted by a grey dotted line in the molar fraction graph 

(Figure 6.9B). The SEC traces of entry 6.20 exhibited narrow molecular weight distributions 

for both macroblocks with a maximum dispersity of 1.21 while reaching a molecular weight 

of 87,000 g/mol (Figure 6.9C, Table 6.6). Similar to entry 6.19 (Table 6.5), these observations 

suggested that the position of the macroblock along the polymeric chain had no unfavorable 

effect on the polymerization process. Hence, the ROMP process using the exo norbornene 

ester–based macromonomers was found to be well-controlled, generating a 

sequence-controlled diblock graft copolymer in a straightforward fashion. 

In order to verify the successful incorporation of distinct macroblocks and to obtain a 

diblock-like graft copolymer with an unequal macromonomer ratio, entry 6.21 (Table 6.6) was 

performed applying a 1:3 ratio for xNbM27 and xNbB17 and thus obtaining an ABB-type graft 

copolymer (Figure 6.10). 
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Figure 6.10. (A) Kinetic plots of entry 6.1 (Table 6.1), entry 6.21-B1 and entry 6.21-B2 (Table 
6.6), (B) molar fraction (xi) of the macromonomers (MM) in entry 6.21 as a function of 
polymerization time, based on 1H NMR spectroscopy data (Figure S6.82), step-like MM 
incorporation highlighted by the grey dotted line, and (C) SEC traces of entry 6.21 before 
addition of first and second macroblock and after complete conversion of the first and second 
macroblock. 
 

Similar to entry 6.20 (Table 6.6), both macromonomers were rapidly consumed, exhibiting 

complete conversion after two hours for the monoblock and five hours for the diblock. The 

determined kapps were comparable to that of entry 6.20 (Figure 6.10A, Table 6.6). As 

expected, the rapid incorporation of the macromonomers resulted in two distinct 

macroblocks, visualized by a step-like evolution in the molar fraction of the macromonomers 

within the graft copolymer (Figure 6.10B). The relationship between the grafting density of 

the macroblocks and the exo:endo ratio was found to be consistent with recent observations 

discussed in chapter 6.3.1. As such, the second macroblock (entry 6.21-B2, Table 6.6) 

exhibited a grafting density of 18.4, representing the highest value obtained using this ROMP 

procedure. The SEC traces of the mono- and the diblock of entry 6.21 (Table 6.6) exhibited 

narrow molecular weight distributions with a maximum molecular weight of 94,200 g/mol 

and a dispersity of 1.26. Since the molecular weight distribution of entry 6.21-B2 was found 
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to be slightly broader compared to entry 6.20-B2 (Table 6.6), steric hindrance of the resulting 

copolymer was assumed to remain a critical factor regarding the controlled synthesis of high 

molecular weight graft copolymers. Nonetheless, no distinct high or low molecular weight 

shoulder was detected after two macromonomer additions and reaching molecular weights 

of 94,200 g/mol and 156,000 g/mol, determined by SEC and 1H NMR spectroscopy, 

respectively. 

Finally, a triblock graft copolymer was synthesized by the consecutive addition of xNbM27 

and xNbB17 applying a comonomer ratio of 2:1:2 (entry 6.22, Table 6.6) and thus obtaining 

an ABA-type architecture (Figure 6.11). 

 
Figure 6.11. (A) Kinetic plots of entry 6.1 (Table 6.1), entry 6.22-B1, entry 6.22-B2 and 
entry 6.22-B3 (Table 6.6), (B) molar fraction (xi) of the macromonomers (MM) in entry 6.22 
as a function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.85), 
step-like MM incorporation highlighted by the grey dotted line, and (C) SEC traces of 
entry 6.22 before addition of first, second and third macroblock and after complete 
conversion of the first, second and third macroblock. 
 

 



 6 Sequence-controlled graft copolymers by delayed macromonomer addition 

 157 

The copolymerization kinetics of the first two macroblocks were similar to the entries 6.20 

and 6.21, whereby quantitative conversion was reached after five hours for the first block and 

after eight hours for the second block (Figure 6.11A). As expected, the copolymerization 

kinetics of the third macroblock (entry 6.22-B3, Table 6.6) showed pseudo first order kinetic 

behavior at low macromonomer conversions, whereas the polymerization rate at high 

conversions decreased with increasing molecular weight of the graft copolymer. This 

observation was found to be similar compared to the copolymerization kinetics of the 

exo norbornene dicarboximide–based macromonomers (Figure 6.7). It was assumed that the 

preorientation of the graft copolymer in solution was unfavorable toward the accessibility of 

the propagating chain end for the remaining macromonomer, hampering a controlled ROMP 

process at high molecular weights. Nonetheless, 95% macromonomer conversion was 

detected after 27 hours. The structure of entry 6.22 (Table 6.6) was found to be block-like 

with three distinct macroblocks, comprising a minimal gradient substructure (Figure 6.11B). 

Furthermore, the determined grafting densities of the first and the second macroblock were 

consistent with entries 6.20 and 6.21 (Table 6.6), whereas the third macroblock exhibited a 

lower value as expected. This observation was explained by the decreasing polymerization 

rate at high molecular weights of the resulting graft copolymer, leading to a longer reaction 

time and thus to a higher conversion of the nNbHex during the copolymerization process. The 

SEC traces of entry 6.22 exhibited narrow molecular weight distributions, whereby the 

triblock was found to exhibit a broader distribution compared to the mono- and the diblock 

(Figure 6.11C, Table 6.6). Nonetheless, an ABA-type graft copolymer was successfully 

synthesized applying three consecutive macromonomer additions, exhibiting a molecular 

weight of 87,200 g/mol and a dispersity of 1.26. 

As a result, the exchange of the polymerizable exo norbornene moiety of the 

macromonomers from a dicarboximide to an ester functionality allowed the synthesis of high 

molecular weight graft copolymers in a relatively controlled fashion. Although the 

copolymerization kinetics were slightly skewed, higher apparent propagation rates were 

found for the exo norbornene ester–based macromonomers, leading to sharp transitions 

between the macroblocks and the diluents and thus generating highly grafted macroblocks.  

The gradient substructure was still present, albeit strongly reduced compared to the graft 

copolymers derived from the exo norbornene dicarboximide–based macromonomers.  
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Using this method graft copolymers with controlled macromonomer sequences were 

obtained, including diblock- and triblock-like architectures. 

 

6.4 Conclusion 

In this chapter, it was shown that sequence-controlled graft copolymers were successfully 

synthesized via the G1-mediated ROMP applying a delayed macromonomer addition strategy. 

An endo monomer was polymerized to achieve a relatively slow ROMP acting as a continuous 

polymerization. After reaching a predetermined conversion, an exo norbornene–based 

macromonomer was added to the ROMP mixture, leading to the fast incorporation of the 

latter. Initially, different exo norbornene dicarboximide–based macromonomers, previously 

synthesized in chapter 5.3.1, were used to evaluate the effect of the macromonomer 

structure on the copolymerization process. It was found that the macromonomer structure 

influenced the macromonomer consumption during the copolymerization and thus 

influenced the architecture of the resulting graft copolymers. Hence, graft copolymers with a 

block-like structure and molecular weights up to 50,000 g/mol were obtained in a relatively 

controlled fashion. Furthermore, a sequence-controlled diblock graft copolymer was 

synthesized by two consecutive macromonomer additions, leading to the formation of two 

distinct macroblocks along the polymeric backbone. Additionally, the structural effect of the 

polymerizable norbornene moiety was evaluated regarding the ROMP using the delayed 

macromonomer addition strategy. Here, exo norbornene carboxylic acid was used a 

precursor for the synthesis of a new norbornene-functional ATRP initiator, followed by the 

successful ATRP of MMA and BnMA. The herein obtained exo norbornene ester–based 

macromonomers were found to exhibit rapid consumption using an analog ROMP procedure, 

leading to the formation of densely grafted macroblocks. Hereby, sequence-controlled 

multiblock graft copolymers (AB-, ABB- and ABA-type) were synthesized with molecular 

weights up to 100,000 g/mol, exhibiting narrow molecular weight distributions and a high 

degree of polymerization control.  

Future work will focus on the examination of the obtained graft copolymers regarding 

potential self-assembly in thin films via AFM and SAXS. Furthermore, the influences of the 

gradient substructure and the variation of the copolymer composition on the self-assembly 

are considered as an encouraging basis for future research. 
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7 Conclusion and outlook 

 

In this thesis, different approaches to synthesize functional polymers via the ROMP of 

norbornene derivatives were demonstrated, including monomer modification using the 

P-3CR, iterative ROMP of macromonomers, branched bifunctional macromonomers and 

delayed macromonomer addition. All the approaches were motivated by the ability of the 

ROMP process to generate sequence-controlled functional copolymers in a “living” fashion 

and thus influence the macro- and microscopic properties of the resulting material. 

In chapter 4, the synthesis of bifunctional norbornene-based monomers using the P-3CR 

capable of undergoing a controlled ROMP process, was explored. Due to the high versatility 

of the P-3CR, aliphatic, aromatic, and sterically hindered side groups were successfully 

connected to the polymerizable norbornene moieties in a straightforward fashion, thus 

allowing the synthesis of highly functional polymers via the G1-mediated ROMP. Although the 

influence of the attached side groups on the ROMP kinetics was found to be relatively small, 

all synthesized exo and endo monomers followed pseudo first order kinetic behavior leading 

to low dispersity polymers. Furthermore, the combination of monomers led to a variety of 

copolymers, including statistical copolymers and copolymers exhibiting diblock- and 

triblock-like structures. This further demonstrated the potential of the herein presented 

approach in the synthesis of sequence-controlled copolymers. The Tgs of the obtained 

polymers were found to be influenced by the attached side groups, covering a wide 

temperature range, whereas the Tds were found to be independent of the respective 

monomer structure. Future work on this topic will focus on the mimicking of proteins or 

enzymes by copolymerizing P-3CR-derived monomers and macromonomers in a 

sequence-controlled fashion, in order to fulfill functions in cellular environments or catalyze 

the conversion of biomolecules.450 

In chapter 5, the optimization of the ROMP of norbornene-based macromonomers and the 

formation of sequence-controlled graft copolymers using an iterative approach was 

described. The used macromonomers were successfully obtained via ATRP and their thermal 

properties were analyzed to confirm the immiscibility of the PMMA- and the PBnMA-based 

macromonomers on account of the presence of distinctive thermal transitions that indicate 

phase separation in the homopolymer blend. Such as, the corresponding copolymers were 
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hypothesized to self-assemble in bulk. Although the G1-mediated ROMP was hindered from 

the sterically demanding macromonomers, low molecular weight graft polymers were 

obtained in a controlled fashion. However, pseudo first order kinetics were determined using 

the G3 catalyst, leading to low dispersity graft polymers. The synthesis of sequence-controlled 

graft copolymers via an iterative approach was not possible, potentially due to the poisoning 

of the catalyst during the chain-extension process. Here, the use of low reaction temperatures 

and dry solvents was found to be beneficial, whereby glovebox conditions are necessary to 

obtain high chain-extension efficiency.472 Furthermore, bifunctional macromonomers were 

successfully synthesized by combining P-3CR, ATRP and CuAAC. Although the method 

suffered from coupling side reactions, purification via fractionated precipitation was found to 

be effective to remove byproducts. Subsequent ROMP led to low dispersity Janus graft 

copolymers comprising two potentially immiscible polymer chains. A future consideration of 

this project is to examine the self-assembly of the obtained graft copolymers in thin films 

using AFM and SAXS and further examine the influence of polymer dispersity on the 

generated self-assembled structures. 

In chapter 6, the different kinetic behavior of exo and endo norbornenes in G1-mediated 

ROMP was used to synthesize sequence-controlled graft copolymers. Here, distinct 

macroblocks exhibiting local gradient substructures due to the copolymerizability of the 

norbornene isomers were successfully introduced into a growing PNB backbone by delayed 

macromonomer addition. Although the ROMP kinetics was found to not follow first order 

kinetics during the copolymerization process, the obtained graft copolymers were 

characterized by relatively narrow and monomodal molecular weight distributions and a high 

degree of polymerization control for copolymers with molecular weights up to 50,000 g/mol. 

Notably, the achievable molecular weights were increased up to 100,000 g/mol by simple 

change of the norbornene precursor. Furthermore, the structure of the polymerizable 

norbornene unit was found to influence the gradient substructure of the resulting block-like 

graft copolymers. As a result, graft copolymers exhibiting diblock- and triblock-like structures 

were obtained in a controlled and straightforward fashion, avoiding the use of dry solvents 

and glovebox conditions. Future work will focus on the examination of the obtained graft 

copolymers regarding potential self-assembly in thin films via AFM and SAXS. Furthermore, 

the influences of the gradient substructure and the variation of the copolymer composition 

on the self-assembly are considered as an encouraging basis for future research.
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8 Experimental Section 

8.1 Materials 

 

1-Adamantyl isocyanide (95%), 1-pyrenecarboxaldehyde (99%), 4,4′-dinonyl-2,2′-dipyridyl 

(97%), 6-amino-1-hexanol (97 %), 11-aminoundecanoic acid (97%), aluminum oxide (neutral 

& basic), anhydrous dichloromethane (≥99.8%, contains 40-150 ppm amylene), anhydrous 

tetrahydrofuran (≥99.9%, inhibitor-free), cerium(IV)-sulfate (99%), copper(I) chloride 

(99.999% trace metals basis), copper(I) bromide (99.999% trace metals basis), 

dichloro(benzylidene)-bis(tricyclohexylphosphine)ruthenium(II) (97%), dichloro[1,3-

bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene](benzylidene).(tricyclohexylphosphine) 

ruthenium(II), dithranol (≥98.5%, puriss. p.a.), DMT-functionalized silica gel (≥99%), ethyl 

α-bromoisobutyrate (98%), exo-5-norbornene carboxylic acid (97%), glycine (99%),  

hexylamine (99%), Lithium aluminum hydride (1 M in dry THF), magnesium sulfate (dry), 

1-pentyl isocyanide (97%), methyl methacrylate (99 %, stabilized), 

N,N’-dicyclohexylcarbodiimide (≥99%), ninhydrin (ACS reagent), phosphomolybdic acid 

hydrate (99%), phosphorus pentoxide (≥98.5%), p-toluenesulfonyl chloride (≥98%, reagent 

grade), potassium-2-isocyanoacetate (85%), sodium (I) iodide (≥99.99%), SpheriCal™ 

10 Point, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (≥99%), 

sodium trifluoroacetate (98 %), silica gel (technical grade, pore size 60 Å. 230-400 mesh 

particle size, tetrabutylammonium fluoride (1 M in dry THF), 

N,N,N ,́N -́tetramethylethylenediamine (99%), TLC silica gel F254 and 40-63 μm particle size), , 

triethylamine (≥99.5%) and vanillin (99%, ReagentPlus®) were purchased from Sigma-Aldrich. 

2-Bromo-2-methylpropionic acid (98%), 4-(dimethylamino)pyridine (99%), α-bromoisobutyryl 

bromide (98%), benzyl methacrylate (98%, stabilized), Celite® 545, endo-norbornene 

dicarboxylic anhydride (>99%), ethanolamine (99%), ethyl vinyl ether (99%, stabilized), glacial 

acetic acid (≥99.7%), N,N,N ,́N  ́,́N -́pentamethyldiethylenetriamine (98%), pyridine (≥99.5%), 

sodium azide (99%), sodium chloride (>99%) and styrene (99%, stabilized) were obtained from 

Thermo Scientific. Exo-norbornene dicarboxylic anhydride (96%) and propionaldehyde (97%) 

were purchased from abcr. Copper(II) sulfate and sodium carbonate (>99%) were obtained 

from VWR. Sodium bicarbonate was obtained from Solvay. Sodium hydroxide was obtained 
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from Bernd Kraft. 11-Formamidoundecanoic acid and 4-TMS-ethynyl-benzaldehyde were 

generous gifts provided by K. Waibel and D. Hahn, respectively. All chemicals were used as 

received, unless otherwise stated. Before applying an ATRP, the monomer was flushed 

through a plug of basic aluminum oxide to remove present inhibitor. Cu(I)Cl and Cu(I)Br were 

purified by stirring for 1 h over glacial acetic acid, followed by filtration and a washing step 

with ethanol and diethyl ether. The dried copper salts were stored under argon atmosphere 

over P2O5 in a desiccator. CD2Cl2 (99.8%), CDCl3 (98%), C6D6 (99.5%) and C4D8O (99.5%) were 

purchased from Eurisotop. Additional solvents like ethyl acetate and cyclohexane were used 

in HPLC grade, unless otherwise stated. In some cases, the solvent was additionally degassed 

by three freeze pump thaw cycles. Argon (99.999%) was purchased from Air Liquide. 

 

8.2 Analytical instruments and methods 

 

Differential scanning calorimetry (DSC): 

DSC experiments were performed using a DSC 3 (Mettler Toledo) and a TA Q-200 

(TA Instruments) using 40 or 100 μL aluminum crucibles under nitrogen atmosphere. 

Measurements were performed by applying three consecutive heating cycles with a heating 

rate of 20 °C/min. Each measurement was performed with 5 – 20 mg sample. Tg values were 

determined from the onset of the second heating cycle. 

 

Infrared spectroscopy (IR): 

Infrared spectra (IR) were recorded on an Alpha-p instrument (Bruker) applying 

ATR-technology (ATR = attenuated total reflection) in a frequency range from 3,998 to 

374 cm-1. The band intensities were characterized in relation to the most intense signal as 

follows: vs = very strong, s = strong, m = medium, w = weak, vw = very weak. In addition, 

broad signals were expressed by the term: br = broad. 

 

Electrospray ionization-mass spectrometry (ESI-MS): 

ESI-MS experiments were recorded on a Q-Exactive (Orbitrap) mass spectrometer (Thermo 

Fisher Scientific) equipped with a HESI II probe. Calibration was carried out in the m/z range 

74 – 1,822 using premixed calibration solutions (Thermo Fisher Scientific). The spectra were 
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interpreted by peaks of protonated molecules [M+H]+. All peaks are indicated with their 

mass-to-charge ratio (m/z). 

 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 

MS):  

MALDI-TOF spectra were recorded on an Axima Confidence system (Shimadzu) equipped with 

a 50 Hz variable repetition rate nitrogen laser. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) and dithranol were used as the matrix and NaTFA as the 

ionizing agent. All components were dissolved in THF and mixed in a ratio of 30:2:1 (matrix : 

ionizing agent : analyte) and measured in positive reflectron mode. Calibration was carried 

out in the m/z range of 1,500 – 15,000 using a dendrimer-based calibration kit (SpheriCal™ 

10 Point). 

 

Nuclear magnetic resonance (NMR) spectroscopy: 

1H NMR spectra were recorded using a Bruker AscendTM 400 equipped with a Bruker AVANCE 

NEO console and a Bruker AscendTM 500 equipped with a Bruker AVANCE III HD console with 

16 scans for small molecules and 32 scans for polymers at ambient temperature. Data is 

reported in parts-per-million (ppm) relative to CDCl3 at 7.26 ppm, CD2Cl2 at 5.32 ppm or C6D6 

at 7.16 ppm. 13C NMR spectra were recorded using a Bruker AscendTM 400 equipped with a 

Bruker AVANCE NEO console and a Bruker AscendTM 500 equipped with a Bruker AVANCE III 

HD console with 1024 scans for small molecules and 2048 scans for polymers at ambient 

temperature. Data is reported in ppm relative to CDCl3 at 77.16 ppm, CD2Cl2 at 53.84 ppm or 

C6D6 at 128.06 ppm. 31P spectra were recorded using a Bruker AscendTM 500 equipped with a 

Bruker AVANCE III HD console with 512 scans at ambient temperature. Data is reported in 

ppm relative to H3PO4 at 0 ppm. Describing the multiplicity of the obtained signals, following 

shortcuts were used: s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, sex = sextet, 

m = multiplet, bs = broad signal. Coupling constants were abbreviated as J and determined in 

hertz (Hz). 

 

Size exclusion chromatography (SEC): 

SEC measurements were performed on a Shimadzu SEC system equipped with a Shimadzu 

isocratic pump (LC-20AD), a Shimadzu refractive index detector (30 °C) (RID-20A), a Shimadzu 
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autosampler (SIL-20A) and a Shimadzu column oven (30 °C). The column system comprised a 

SDV 5 µm, 8×50 mm precolumn, a SDV 5 µm, 1,000 Å, 8×300 mm column and a SDV 5 µm, 

100,000 Å, 8×300 mm column supplied by PSS, Germany. A mixture of THF stabilized with 

250 ppm butylated hydroxytoluene (≥99.9%) and 2 vol% triethylamine (≥99.5%) supplied by 

Sigma Aldrich was used at a flow rate of 1.00 mL/min. Calibration was carried out by injection 

of ten narrow PMMA standards ranging from 1,102 to 981,000 kDa. 

 

Thermogravimetric analysis (TGA): 

TGA measurements were performed on a TGA 5500 (TA Instruments). The sample 

(1.25 – 4.09 mg) were placed in a platinum HT pan and heated from ambient temperature to 

800 °C, applying a heating rate of 10 °C/min. TGA measurements were performed by S. Frech. 

 

Thin layer chromatography (TLC): 

TLC experiments were performed on silica-gel-coated aluminum foil (silica gel 60 F254, 

Sigma-Aldrich). Compounds were visualized by irradiation with a UV lamp, by staining with 

Seebach solution (mixture of phosphomolybdic acid hydrate, cerium (IV) sulfate, sulfuric acid 

and water), a solution of vanillin in sulfuric acid or a solution of ninhydrin in ethanol followed 

by heating with a heat gun.  

 

Cryostat: 

Reactions at -15 °C were performed using a Julabo FT901 cryostat and isopropanol as cooling 

agent. 

 

8.3 Synthesis procedures and analytical data 

8.3.1 Materials synthesized in chapter 4 

 

Note: Chapter 8.3.1 refers to the publication “Ring-Opening Metathesis Polymerization of 

Norbornene-Based Monomers Obtained via the Passerini Three Component Reaction”. The 

following data is taken from the corresponding SI, yet slightly adjusted to fit the optics of this 

thesis. Figures are reprinted with permission.518 
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General synthesis of carboxylic acid-functional norbornenes (xNb1, xNb10, nNb1, and nNb10): 

1.00 eq. cis-5-norbornene-exo-2,3-dicarboxylic anhydride or 1.00 eq. cis-5-norbornene-endo-

2,3-dicarboxylic anhydride (0.2 mol/L), 1.00 eq. of the corresponding amino acid and 0.20 eq. 

triethylamine were dissolved in toluene. The exo-isomer syntheses were performed at 130 °C 

for 24 hours using a Dean-Stark apparatus to remove forming water, whereas the 

endo-isomer syntheses were performed at 90 °C for 48 hours to avoid conversion to the 

thermodynamically more stable exo-isomer. Then, the solvent was removed under reduced 

pressure. The crude product was dissolved in DCM and washed with aqueous hydrochloric 

acid (0.1 mol/L) twice and then with brine. The organic phase was dried over magnesium 

sulfate and the solvent was removed under reduced pressure. The products were obtained 

as white solids in yields ranging from 44% to 91%. 

 

xNb1: 

 
Figure S4.1. 1H NMR spectrum of xNb1 in CDCl3. 
 
1H NMR: (400 MHz, CDCl3, δ): 8.77 (bs, 1H; COOH, a), 6.36 - 6.24 (m, 2H; CH=CH, b), 4.27 (s, 

2H; N-CH2, c), 3.37 - 3.26 (m, 2H; =CH-CH, d), 2.77 (d, J = 1.4 Hz, 2H; =CH-CH-CH, e), 1.67 - 1.44 

(m, 2H; CH2 bridge, f).  
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Figure S4.2. 13C NMR spectrum of xNb1 in CDCl3. 
 
13C NMR: (100 MHz, CDCl3, δ): 177.4, 172.0, 138.1, 48.2, 45.6, 43.0, 39.3. 

IR (ATR platinum diamond): ν / cm-1 = 3075 (vw), 3044 (vw), 2995 (w), 2985 (w), 2966 (w), 

2945 (w), 2915 (w), 2902 (w), 2894 (w), 2820 (w), 2723 (w), 2610 (vw), 2536 (vw), 1763 (w), 

1736 (s), 1705 (w), 1660 (vs), 1576 (w), 1473 (vw), 1423 (vs), 1397 (m), 1323 (s), 1288 (w), 

1271 (w), 1230 (w), 1203 (vs), 1170 (vs), 1146 (s), 1117 (w), 1092 (w), 1076 (w), 1022 (w), 

1006 (w), 938 (s), 909 (m), 899 (m), 884 (s), 815 (w), 784 (vs), 724 (w), 695 (vs), 634 (s), 609 

(s), 555 (w), 525 (w), 508 (w), 465 (s), 430 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C11H11NO4, 222.0761, found: 222.0758.  
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xNb10: 

 
Figure S4.3. 1H NMR spectrum of xNb10 in CDCl3. 
 
1H NMR: (400 MHz, CDCl3, δ): 10.8 (bs, 1H, COOH, a), 6.35 - 6.18 (m, 2H, CH=CH, b), 3.44 (t, 

J =  7.5 Hz, 2H, N-CH2, c), 3.31 - 3.22 (m, 2H, =CH-CH, d), 2.67 (d, J = 1.3 Hz, 2H, =CH-CH-CH, e), 

2.33 (t, J = 7.5 Hz, 2H, CH2-COOH, f), 1.62 (p, J = 7.4 Hz, 2H, CH2-CH2-COOH, g), 1.57 - 1.50 (m, 

2H, N-CH2-CH2, h), 1.52 - 1.18 (m, 2H, CH2 bridge, i), 1.37 - 1.17 (m, 12H, CH2, j). 

 
Figure S4.4. 13C NMR spectrum of xNb10 in CDCl3. 
 



 8 Experimental section 

 168 

13C NMR: (100 MHz, CDCl3, δ): 179.5, 178.3, 138.0, 47.9, 45.3, 42.9, 38.9, 34.1, 29.4, 29.3, 

29.2, 29.1, 27.9, 27.0, 24.8. 

IR (ATR platinum diamond): ν / cm-1 = 3036 (vw), 2993 (w), 2976 (vw), 2925 (m), 2880 (w), 

2851 (w), 1767 (w), 1691 (vs), 1467 (w), 1430 (w), 1399 (m), 1370 (m), 1353 (m), 1331 (w), 

1308 (w), 1298 (w), 1286 (w), 1275 (w), 1246 (m), 1220 (m), 1189 (m), 1146 (s), 1109 (vw), 

1070 (vw), 1039 (vw), 1008 (w), 944 (m), 895 (w), 887 (w), 837 (vw), 817 (w), 798 (m), 778 

(w), 720 (s), 681 (w), 644 (m), 615 (w), 535 (w), 461 (w), 438 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C20H29NO4, 348.2169, found: 348.2170.  

 

nNb1: 

 
Figure S4.5. 1H NMR spectrum of nNb1 in CDCl3. 
 
1H NMR: (400 MHz, CDCl3, δ): 8.88 (bs, 1H, COOH, a), 6.10 - 5.98 (m, 2H, CH=CH, b), 4.05 (s, 

2H, N-CH2, c), 3.38 - 3.32 (m, 2H, =CH-CH, d), 3.32 - 3.26 (m, 2H, =CH-CH-CH, e), 1.73 - 1.47 (m, 

2H, CH2 bridge, f). 
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Figure S4.6. 13C NMR spectrum of nNb1 in CDCl3. 
 
13C NMR: (100 MHz, CDCl3, δ): 177.0, 171.7, 134.7, 52.4, 46.3, 45.1, 38.9. 

IR (ATR platinum diamond): ν / cm-1 = 3059 (w), 3009 (w), 2991 (w), 2966 (w), 2945 (w), 2931 

(w), 2869 (w), 2836 (w), 2822 (w), 2806 (w), 2785 (w), 2715 (w), 1769 (w), 1740 (s), 1701 (vs), 

1652 (vs), 1569 (w), 1430 (m), 1415 (s), 1393 (s), 1327 (vs), 1294 (w), 1261 (m), 1234 (w), 1195 

(s), 1172 (vs), 1131 (s), 1082 (m), 1053 (w), 973 (w), 948 (m), 930 (m), 919 (s), 907 (m), 884 

(s), 841 (s), 815 (m), 806 (w), 798 (w), 786 (w), 747 (m), 734 (vs), 716 (vs), 648 (m), 617 (vs), 

607 (vs), 572 (w), 545 (w), 510 (w), 496 (m), 457 (w), 415 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C11H11NO4, 222.0761, found: 222.0758.  
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nNb10: 

 
Figure S4.7. 1H NMR spectrum of nNb10 in CDCl3. 
 
1H NMR: (400 MHz, CDCl3, δ): 10.8 (bs, 1H, COOH, a), 6.12 - 6.03 (m, 2H, CH=CH, b), 3.40 - 3.35 

(m, 2H, =CH-CH, c), 3.30 (t, J = 7.4 Hz, 2H, N-CH2, d), 3.26 - 3.20 (m, 2H, =CH-CH-CH, e), 2.33 (t, 

J = 7.5 Hz, 2H, CH2-COOH, f), 1.75 - 1.50 (m, 2H, CH2 bridge, g), 1.62 (p, J = 7.4 Hz, 2H, CH2-CH2-

COOH, h), 1.45 - 1.36 (m, 2H, N-CH2-CH2, i), 1.35 - 1.15 (m, 12H, CH2, j).  

 
Figure S4.8. 13C NMR spectrum of nNb10 in CDCl3. 
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13C NMR: (100 MHz, CDCl3, δ): 179.5, 178.0, 134.5, 52.4, 45.9, 45.0, 38.6, 34.1, 29.5, 29.4, 

29.3, 29.2, 29.1, 27.9, 27.0, 24.8. 

IR (ATR platinum diamond): ν / cm-1 = 3063 (vw), 2989 (w), 2927 (m), 2855 (w), 1767 (w), 1732 

(m), 1695 (vs), 1454 (w), 1436 (w), 1399 (s), 1368 (m), 1337 (s), 1290 (w), 1261 (w), 1226 (m), 

1170 (m), 1144 (s), 1127 (m), 1094 (w), 1049 (w), 1016 (w), 971 (w), 946 (w), 907 (w), 872 (w), 

843 (m), 802 (w), 786 (w), 745 (m), 720 (s), 664 (w), 648 (w), 615 (s), 572 (w), 549 (w), 531 

(w), 516 (w), 502 (w), 481 (w), 471 (w), 442 (w), 434 (w), 415 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C20H29NO4, 348.2169, found: 348.2162.  

 

General synthesis of bifunctional monomers: 

1.00 eq. of the corresponding acid-functional norbornene (1 mol/L), 1.50 eq. aldehyde 

component and 1.50 eq. isocyanide component were dissolved in DCM and stirred for 

48 hours at ambient temperature. The crude product was purified via column 

chromatography using a cyclohexane/ethyl acetate mixture as solvent. The products were 

obtained as white (xNb1PePr, nNb1PePr) or yellow (xNb1AdPy, xNb10AdPy, nNb1AdPy, 

nNb10AdPy) solids or as colorless oils (xNb10PePr, nNb10PePr) in yields ranging from 55% to 

94%. 

 

xNb1PePr: 

 
Figure S4.9. 1H NMR spectrum of xNb1PePr in CD2Cl2. 
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1H NMR (400 MHz, CD2Cl2, δ): 6.34 - 6.30 (m, 2H, CH=CH, a), 6.28 (bs, 1H, CONH, b), 5.06 (dd, 

J = 7.3 Hz, 4.4 Hz, 1H, COO-CH, c), 4.31 (dd, J = 17.0 Hz, 15.1 Hz, 2H, N-CH2, d), 3.28 (p, 

J = 1.8 Hz, 2H, =CH-CH, e), 3.28 - 3.13 (m, 2H, CONH-CH2, f), 2.78 (d, J = 1.4 Hz, 2H, =CH-CH-CH, 
g), 1.89 - 1.72 (m, 2H, CH-CH2-CH3, h), 1.58 - 1.47 (m, 2H, CH2 bridge, i), 1.55 - 1.47 (m, 2H, 

CONH-CH2-CH2, j), 1.39 - 1.24 (m, 4H, CH2, k), 0.94 - 0.84 (m, 6H, CH3, l). 

 
Figure S4.10. 13C NMR spectrum of xNb1PePr in CD2Cl2. 
 
13C NMR (100 MHz, CD2Cl2, δ): 179.0, 177.6, 169.0, 166.6, 77.1, 48.6, 48.6, 46.0, 43.4, 40.2, 

39.8, 29.6, 29.5, 25.6, 22.9, 14.3, 9.5. 

IR (ATR platinum diamond): ν / cm-1 = 3275 (w), 3104 (vw), 2991 (vw), 2962 (w), 2933 (w), 

2894 (vw), 2876 (vw), 2859 (w), 1777 (w), 1752 (s), 1699 (vs), 1656 (vs), 1569 (m), 1460 (w), 

1440 (w), 1413 (s), 1378 (s), 1325 (s), 1286 (w), 1271 (w), 1214 (vs), 1172 (vs), 1148 (m), 1140 

(m), 1109 (w), 1094 (w), 1078 (w), 1068 (w), 1051 (w), 1022 (vw), 1002 (vw), 975 (w), 938 (m), 

901 (m), 889 (w), 815 (w), 800 (vw), 782 (m), 740 (w), 726 (m), 716 (m), 689 (w), 640 (m), 621 

(w), 568 (w), 508 (vw), 426 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C20H28N2O5, 377.2071, found: 377.2064. 

Rf = 0.20 (cyclohexane/ethyl acetate, 2:1).  
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xNb1AdPy: 

 
Figure S4.11. 1H NMR spectrum of xNb1AdPy in CD2Cl2. 
 
1H NMR (400 MHz, CD2Cl2, δ): 8.35 – 8.02 (m, 9H, HAr, a), 6.91 (s, 1H, COO-CH, b), 6.31 - 6.18 

(m, 2H, CH=CH, c), 5.97 (s, 1H, CONH, d), 4.37 (dd, J = 26.1 Hz, 17.2 Hz, 2H, N-CH2, e), 3.21 - 3.10 

(m, 2H, =CH-CH, f), 2.74 - 2.65 (m, 2H, =CH-CH-CH, g), 2.09 - 2.03 (m, 3H, CH2-CH, h), 2.05 - 1.97 

(m, 6H, CONH-C-CH2, i), 1.76 - 1.64 (m, 6H, CH-CH2, j), 1.41 - 1.19 (m, 2H, CH2 bridge, k).  

 
Figure S4.12. 13C NMR spectrum of xNb1AdPy in CD2Cl2. 
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13C NMR (100 MHz, CD2Cl2, δ): 177.6, 177.6, 167.0, 166.6, 138.4, 132.7, 131.7, 131.1, 130.1, 

129.1, 128.9, 128.9, 127.7, 126.9, 126.8, 126.4, 126.2, 125.5, 125.3, 125.0, 123.4, 75.3, 53.1, 

48.6, 48.5, 46.0, 45.9, 43.2, 41.8, 40.2, 36.8, 30.2. 

IR (ATR platinum diamond): ν / cm-1 = 3361 (vw), 2904 (w), 2849 (w), 1755 (m), 1703 (vs), 1602 

(w), 1518 (m), 1454 (w), 1409 (m), 1393 (w), 1360 (w), 1345 (w), 1318 (m), 1284 (w), 1269 

(w), 1214 (m), 1170 (vs), 1125 (w), 1103 (w), 1092 (w), 1057 (w), 1014 (w), 993 (w), 981 (w), 

961 (w), 936 (m), 897 (w), 845 (s), 817 (w), 782 (m), 759 (w), 714 (s), 693 (w), 683 (w), 636 

(w), 613 (w), 572 (w), 564 (w), 555 (w), 545 (w), 529 (w), 516 (w), 487 (w), 467 (w), 446 (w), 

438 (w), 424 (m). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C39H36N2O5, 613.2697, found: 613.2689. 

Rf = 0.30 (cyclohexane/ethyl acetate, 3:1). 

 

xNb10PePr (synthesized by A. Seliwjorstow under my supervision): 

 
Figure S4.13. 1H NMR spectrum of xNb10PePr in CD2Cl2. 
 
1H NMR (400 MHz, CD2Cl2, δ): 6.32 - 6.24 (m, 2H, CH=CH, a), 6.10 (bs, 1H, CONH, b), 5.04 (dd, 

J = 6.7 Hz, 4.8 Hz, 1H, COO-CH, c), 3.41 (t, J = 7.5 Hz, 2H, N-CH2, d), 3.28 -  3.14 (m, 2H, =CH-CH, 
e), 3.28 - 3.14 (m, 2H, CONH-CH2, f), 2.64 (d, J = 1.4 Hz, 2H, =CH-CH-CH, g), 3.48 (t, J = 7.5 Hz, 

2H, CH2-COO, h), 1.92 - 1.74 (m, 2H, CH-CH2-CH3, i), 1.66 - 1.58 (m, 2H, CH2-CH2-COO, j), 

1.49 - 1.17 (m, 2H, CH2 bridge, k), 1.55 - 1.47 (m, 2H, N-CH2-CH2, l), 1.55 - 1.47 (m, 2H, CONH-

CH2-CH2, m), 1.39 - 1.23 (m, 16H, CH2, n), 0.94 - 0.83 (m, 6H, CH3, o). 
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Figure S4.14. 13C NMR spectrum of xNb10PePr in CD2Cl2. 
 
13C NMR (100 MHz, CD2Cl2, δ): 178.5, 172.9, 170.0, 75.3, 48.3, 45.8, 43.2, 39.6, 39.1, 34.8, 

29.9, 29.9, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 27.5, 25.7, 25.5, 22.9, 14.3, 9.4. 

IR (ATR platinum diamond): ν / cm-1 = 2927 (m), 2855 (w), 1769 (w), 1740 (w), 1695 (vs), 1534 

(w), 1460 (w), 1436 (w), 1395 (m), 1368 (m), 1345 (m), 1327 (w), 1286 (w), 1234 (w), 1214 

(w), 1164 (s), 1144 (s), 1100 (m), 1047 (w), 1016 (w), 1002 (w), 971 (w), 948 (w), 926 (w), 915 

(w), 897 (w), 887 (w), 850 (w), 810 (w), 782 (w), 720 (m), 691 (w), 662 (w), 642 (m), 615 (w), 

584 (w), 559 (w), 539 (w), 533 (w), 525 (w), 518 (w), 504 (w), 485 (w), 475 (w), 455 (w), 442 

(w), 428 (w), 413 (w), 401 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C29H46N2O5, 503.3479, found: 503.3466. 

Rf = 0.30 (cyclohexane/ethyl acetate, 3:1).  

  



 8 Experimental section 

 176 

xNb10AdPy: 

 
Figure S4.15. 1H NMR spectrum of xNb10AdPy in CD2Cl2. 
 
1H NMR (400 MHz, CD2Cl2, δ): 8.45 – 8.03 (m, 9H, HAr, a), 6.91 (s, 1H, COO-CH, b), 6.32 - 6.24 

(m, 2H, CH=CH, c), 5.93 (s, 1H, CONH, d), 3.39 (t, J = 7.5 Hz, 2H, N-CH2, e), 3.21 (p, J = 1.8 Hz, 

2H, =CH-CH, f), 2.61 (d, J = 1.4 Hz, 2H, =CH-CH-CH, g), 2.52 - 2.36 (m, 2H, CH2-COO, h), 

2.08 - 2.02 (m, 3H, CH2-CH, i), 2.02 - 1.97 (m, 6H, CONH-C-CH2, j), 1.75 - 1.59 (m, 6H, CH-CH2, 
k), 1.75 - 1.59 (m, 2H, CH2-CH2-COO, l), 1.53 - 1.43 (m, 2H, N-CH2-CH2, m), 1.53 - 1.09 (m, 2H, 

CH2 bridge, n), 1.34 - 1.05 (m, 12H, CH2, o).  

 
Figure S4.16. 13C NMR spectrum of xNb10AdPy in CD2Cl2. 
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13C NMR (100 MHz, CD2Cl2, δ): 178.4, 172.7, 167.9, 138.0, 132.3, 131.8, 131.2, 130.4, 130.0, 

128.8, 128.6, 127.8, 126.8, 126.8, 126.2, 126.0, 125.5, 125.3, 125.1, 123.8, 73.9, 52.8, 48.3, 

45.8, 43.2, 42.0, 39.1, 36.8, 34.8, 30.7, 30.1, 29.9, 29.8, 29.7, 29.6, 29.6, 28.3, 27.5, 25.5. 

IR (ATR platinum diamond): ν / cm-1 = 2906 (m), 2851 (w), 1738 (w), 1693 (vs), 1516 (m), 1454 

(w), 1436 (w), 1395 (m), 1360 (m), 1343 (m), 1325 (w), 1310 (w), 1286 (w), 1269 (w), 1232 

(w), 1142 (s), 1094 (m), 1057 (w), 1016 (w), 998 (w), 983 (w), 963 (w), 944 (w), 897 (w), 887 

(w), 847 (s), 817 (w), 784 (w), 759 (w), 718 (s), 683 (w), 662 (w), 642 (m), 611 (w), 580 (w), 562 

(w), 545 (w), 531 (w), 520 (w), 490 (w), 463 (w), 442 (w), 426 (w), 415 (w), 405 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C48H54N2O5, 739.4105, found: 739.4081. 

Rf = 0.46 (cyclohexane/ethyl acetate, 3:1). 

 

nNb1PePr: 

 
Figure S4.17. 1H NMR spectrum of nNb1PePr in CD2Cl2. 
 
1H NMR (400 MHz, CD2Cl2, δ): 6.33 (bs, 1H, CONH, a), 6.15 - 6.05 (m, 2H, CH=CH, b), 5.05 (dd, 

J = 7.6 Hz, 4.3 Hz, 1H, COO-CH, c), 4.15 (dd, J = 34.7 Hz, 17.0 Hz, 2H, N-CH2, d), 3.44 - 3.32 (m, 

2H, =CH-CH, e), 3.44 - 3.32 (m, 2H, =CH-CH-CH, f), 3.29 - 3.13 (m, 2H, CONH-CH2, g), 1.97 - 1.71 

(m, 2H, CH-CH2-CH3, h), 1.83 - 1.54 (m, 2H, CH2 bridge, i), 1.56 - 1.46 (m, 2H, CONH-CH2-CH2, j), 

1.39 - 1.25 (m, 4H, CH2, k), 0.95 - 0.84 (m, 6H, CH3, l). 
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Figure S4.18. 13C NMR spectrum of nNb1PePr in CD2Cl2. 
 
13C NMR (100 MHz, CD2Cl2, δ): 177.6, 177.3, 169.2, 166.4, 135.1, 135.1, 76.8, 52.9, 46.8, 45.5, 

45.5, 40.0, 39.7, 29.6, 29.5, 25.6, 22.9, 14.3, 9.6. 

IR (ATR platinum diamond): ν / cm-1 = 3273 (w), 3100 (vw), 2954 (w), 2931 (w), 2873 (w), 2859 

(w), 1759 (m), 1695 (vs), 1656 (vs), 1567 (m), 1458 (w), 1440 (w), 1415 (s), 1382 (m), 1333 

(m), 1329 (m), 1306 (w), 1292 (w), 1273 (w), 1255 (w), 1207 (vs), 1174 (vs), 1129 (w), 1113 

(m), 1090 (w), 1051 (w), 1012 (vw), 996 (vw), 979 (w), 946 (w), 926 (m), 909 (w), 882 (w), 843 

(w), 796 (w), 749 (w), 732 (w), 716 (vs), 683 (w), 652 (w), 615 (m), 574 (w), 559 (vw), 438 (w), 

418 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C20H28N2O5, 377.2071, found: 377.2061. 

Rf = 0.20 (cyclohexane/ethyl acetate, 3:2).  
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nNb1AdPy: 

 
Figure S4.19. 1H NMR spectrum of nNb1AdPy in CD2Cl2. 
 
1H NMR (400 MHz, CD2Cl2, δ): 8.31 - 8.03 (m, 9H, HAr, a), 6.91 (s, 1H, COO-CH, b), 5.96 (s, 1H, 

CONH, c), 5.86 (dd, J = 5.7 Hz, 2.5 Hz, 1H, CH=CH, d), 5.66 (dd, J = 5.7 Hz, 2.9 Hz, 1H, CH=CH, d), 

4.22 (dd, J = 38.2 Hz, 17.2 Hz, 2H, N-CH2, e), 3.33 - 3.25 (m, 2H, =CH-CH, f), 3.33 - 3.20 (m, 2H, 

=CH-CH-CH, g), 2.12 - 2.00 (m, 6H, CONH-C-CH2, h), 2.08 - 2.00 (m, 3H, CH2-CH, i), 1.74 - 1.66 

(m, 6H, CH-CH2, j), 1.64 - 1.46 (m, 2H, CH2 bridge, k).  

 
Figure S4.20. 13C NMR spectrum of nNb1AdPy in CD2Cl2. 
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13C NMR (100 MHz, CD2Cl2, δ): 177.3, 177.1, 167.1, 166.3, 135.0, 134.8, 132.6, 131.8, 131.1, 

130.2, 129.1, 129.0, 128.8, 127.8, 126.9, 126.7, 126.3, 126.2, 125.4, 125.3, 125.0, 123.4, 75.0, 

53.1, 52.7, 46.7, 45.4, 45.4, 41.8, 40.0, 36.8, 30.2. 

IR (ATR platinum diamond): ν / cm-1 = 3328 (w), 2904 (w), 2849 (w), 1773 (w), 1757 (s), 1701 

(vs), 1691 (vs), 1549 (m), 1454 (w), 1415 (s), 1388 (w), 1376 (w), 1360 (w), 1337 (w), 1321 (m), 

1292 (w), 1281 (w), 1267 (w), 1244 (w), 1230 (w), 1187 (vs), 1174 (vs), 1129 (w), 1103 (w), 

1094 (w), 1053 (w), 1018 (w), 998 (w), 981 (w), 961 (w), 948 (w), 934 (w), 919 (m), 852 (s), 

841 (m), 833 (m), 810 (w), 786 (w), 753 (m), 740 (m), 722 (s), 654 (w), 638 (w), 613 (s), 588 

(w), 541 (w), 516 (w), 490 (w), 453 (w), 434 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C39H36N2O5, 613.2697, found: 613.2676. 

Rf = 0.35 (cyclohexane/ethyl acetate, 2:1).  

 

nNb10PePr (synthesized by A. Seliwjorstow under my supervision): 

 
Figure S4.21. 1H NMR spectrum of nNb10PePr in CD2Cl2. 
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1H NMR (400 MHz, CD2Cl2, δ): 6.10 - 6.04 (m, 2H, CH=CH, a), 6.08 - 5.95 (m, 1H, CONH, b), 5.04 

(dd, J = 6.7 Hz, 4.9 Hz, 1H, COO-CH, c), 3.36 - 3.30 (m, 2H, =CH-CH, d), 3.26 (m, J = 7.4 Hz, 2H, 

N-CH2, e), 3.24 - 3.14 (m, 2H, CONH-CH2, f), 3.22 - 3.20 (m, 2H, =CH-CH-CH, g), 3.48 (t, 

J = 7.6 Hz, 2H, CH2-COO, h), 1.92 - 1.74 (m, 2H, CH-CH2-CH3, i), 1.72 - 1.45 (m, 2H, CH2 bridge, 
j), 1.65 - 1.58 (m, 2H, CH2-CH2-COO, k), 1.51 - 1.44 (m, 2H, N-CH2-CH2, l), 1.44 - 1.36 (m, 2H, 

CONH-CH2-CH2, m), 1.36 - 1.16 (m, 16H, CH2, n), 0.93 - 0.86 (m, 6H, CH3, o). 

 
Figure S4.22. 13C NMR spectrum of nNb10PePr in CD2Cl2. 
 
13C NMR (100 MHz, CD2Cl2, δ): 178.6, 172.9, 170.0, 75.3, 48.3, 45.8, 43.2, 39.6, 39.1, 34.8, 

29.9, 29.9, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 27.5, 25.7, 25.5, 22.9, 14.3, 9.4. 

IR (ATR platinum diamond): ν / cm-1 = 2927 (m), 2855 (w), 1767 (w), 1740 (m), 1695 (vs), 1534 

(m), 1458 (w), 1436 (w), 1397 (m), 1368 (m), 1337 (m), 1290 (w), 1228 (m), 1164 (s), 1144 (s), 

1127 (m), 1100 (m), 1049 (w), 1014 (w), 973 (w), 946 (w), 907 (w), 876 (w), 843 (w), 802 (w), 

786 (w), 745 (w), 720 (s), 662 (w), 646 (w), 615 (m), 568 (w), 557 (w), 545 (w), 537 (w), 529 

(w), 512 (w), 490 (w), 481 (w), 469 (w), 463 (w), 434 (w), 411 (m). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C29H46N2O5, 503.3479, found: 503.3467. 

Rf = 0.35 (cyclohexane/ethyl acetate, 2:1). 
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nNb10AdPy (synthesized by A. Seliwjorstow under my supervision): 

 
Figure S4.23. 1H NMR spectrum of nNb10AdPy in CD2Cl2. 
 
1H NMR (400 MHz, CD2Cl2, δ): 8.45 – 8.03 (m, 9H, HAr, a), 6.91 (s, 1H, COO-CH, b), 6.11 - 6.01 

(m, 2H, CH=CH, c), 5.94 (s, 1H, CONH, d), 3.21 (p, J = 1.7 Hz, 2H, =CH-CH, e), 3.25 (t, J = 7.4 Hz, 

2H, N-CH2, f), 3.22 - 3.17 (m, 2H, =CH-CH-CH, g), 2.52 - 2.36 (m, 2H, CH2-COO, h), 2.08 - 2.03 

(m, 3H, CH2-CH, i), 2.02 - 1.97 (m, 6H, CONH-C-CH2, j), 1.71 - 1.49 (m, 2H, CH2 bridge, k), 

1.69 - 1.61 (m, 6H, CH-CH2, l), 1.69 - 1.61 (m, 2H, CH2-CH2-COO, m), 1.41 - 1.32 (m, 2H, N-CH2-

CH2, n), 1.29 - 1.10 (m, 12H, CH2, o).  
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Figure S4.24. 13C NMR spectrum of nNb10AdPy in CD2Cl2. 
 
13C NMR (100 MHz, CD2Cl2, δ): 178.1, 172.7, 167.9, 134.9, 132.3, 131.8, 131.2, 130.9, 130.0, 

128.8, 128.6, 127.8, 126.9, 126.7, 126.2, 126.0, 125.5, 125.3, 125.1, 123.8, 73.9, 52.8, 52.7, 

46.2, 45.4, 42.0, 38.8, 36.8, 34.9, 30.1, 29.9, 29.9, 29.7, 29.6, 29.6, 28.3, 27.4, 25.5. 

IR (ATR platinum diamond): ν / cm-1 = 2906 (m), 2851 (w), 1736 (w), 1691 (vs), 1514 (m), 1454 

(w), 1436 (w), 1397 (m), 1360 (m), 1337 (m), 1310 (w), 1292 (w), 1263 (w), 1228 (m), 1154 

(m), 1142 (s), 1127 (m), 1103 (m), 1094 (m), 1053 (w), 1020 (w), 996 (w), 981 (w), 963 (w), 

944 (w), 907 (w), 843 (vs), 819 (w), 786 (w), 757 (w), 747 (w), 718 (s), 683 (w), 662 (w), 644 

(w), 615 (m), 582 (w), 568 (w), 545 (w), 527 (w), 516 (w), 490 (w), 467 (w), 455 (w), 442 (w), 

422 (w), 411 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C48H54N2O5, 739.4105, found: 739.4084. 

Rf = 0.50 (cyclohexane/ethyl acetate, 2:1). 
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General synthesis of homopolymers (poly(xNb1PePr), poly(xNb1AdPy), poly(xNb10PePr), 

poly(xNb10AdPy), poly(nNb1PePr), poly(nNb1AdPy), poly(nNb10PePr), and 

poly(nNb10AdPy)): 

An ampoule equipped with a J Young tap was evacuated and purged with argon three times. 

Subsequently, 50.0 eq. bifunctional monomer (0.1 mol/L) and 1.00 eq. G1 catalyst were each 

dissolved in degassed DCM and transferred into the ampoule under an argon flow, initiating 

the polymerization. The polymerization was carried out at ambient temperature under an 

argon atmosphere and was quenched by adding an excess of ethyl vinyl ether. The 

polymerization mixture was then flushed through a plug of DMT-functionalized silica to 

remove residual catalyst. The endo derived polymers were additionally purified by 

precipitating the polymers three times from the tenfold excess of cold ethyl acetate 

(poly(nNb1PePr), poly(nNb1AdPy), and poly(nNb10AdPy)) or cold methanol 

(poly(nNb10PePr)) to remove unreacted monomer. 

 

Poly(xNb1PePr): 

 
Figure S4.25. 1H NMR spectrum of poly(xNb1PePr) in CD2Cl2 (500 MHz). 
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Figure S4.26. 13C NMR spectrum of poly(xNb1PePr) in CD2Cl2 (126 MHz). 
 

Poly(xNb1AdPy): 

 
Figure S4.27. 1H NMR spectrum of poly(xNb1AdPy) in CD2Cl2 (500 MHz). 
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Figure S4.28. 13C NMR spectrum of poly(xNb1AdPy) in CD2Cl2 (126 MHz). 
 

 
Figure S4.29. (A) DSC and (B) TGA traces of poly(xNb1AdPy). 
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Poly(xNb10PePr): 

 
Figure S4.30. 1H NMR spectrum of poly(xNb10PePr) in CD2Cl2 (500 MHz). 
 

 
Figure S4.31. 13C NMR spectrum of poly(xNb10PePr) in CD2Cl2 (126 MHz). 
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Figure S4.32. SEC trace of poly(xNbPePr). 
 

 
Figure S4.33. (A) DSC and (B) TGA traces of poly(xNb10PePr). 
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Poly(xNb10AdPy): 

 
Figure S4.34. 1H NMR spectrum of poly(xNb10AdPy) in CD2Cl2 (500 MHz). 
 

 
Figure S4.35. 13C NMR spectrum of poly(xNb10AdPy) in CD2Cl2 (126 MHz). 
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Figure S4.36. SEC trace of poly(xNb10AdPy). 
 

 
Figure S4.37. (A) DSC and (B) TGA traces of poly(xNb10AdPy). 
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Cleavage product (Small molecule isolated from exposing poly(xNb10AdPy) to potassium 

2-isocyanoacetate): 

 
Figure S4.38. 1H NMR spectrum of the small molecule isolated from exposing 
poly(xNb10AdPy) to potassium 2-isocyanoacetate in CD2Cl2. 
 
1H NMR (400 MHz, CD2Cl2, δ): 8.35 - 7.97 (m, 9H, HAr, a), 5.75 (d, J = 2.8 Hz, 1H, CH-OH, b), 5.65 

(bs, 1H, CONH, c), 4,24 (d, J = 3.2 Hz, 1H, OH, d), 2.02 - 1.94 (m, 3H, CH2-CH, e), 1.93 - 1.82 (m, 

6H, CONH-C-CH2, f), 1.66 - 1.55 (m, 6H, CH-CH2, g). 

 
Figure S4.39. 13C NMR spectrum of the small molecule isolated from exposing 
poly(xNb10AdPy) to potassium 2-isocyanoacetate in CD2Cl2. 
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13C NMR (100 MHz, CD2Cl2, δ): 172.1, 133.6, 132.1, 131.8, 131.2, 129.6, 128.6, 128.4, 127.8, 

126.8, 126.7, 126.1, 125.9, 125.7, 125.5, 125.2, 123.6, 72.9, 52.8, 41.8, 36.7, 30.0. 

IR (ATR platinum diamond): ν / cm-1 = 3361 (w), 3355 (w), 3334 (w), 3320 (w), 3314 (w), 3305 

(w), 3291 (w), 3279 (w), 2902 (s), 2849 (m), 1646 (vs), 1600 (w), 1588 (w), 1520 (vs), 1454 (m), 

1438 (w), 1417 (w), 1390 (w), 1360 (m), 1343 (w), 1310 (w), 1296 (m), 1277 (w), 1242 (w), 

1230 (w), 1214 (w), 1185 (w), 1162 (w), 1137 (w), 1125 (w), 1103 (w), 1094 (m), 1061 (m), 

1041 (m), 837 (vs), 819 (m), 794 (w), 786 (w), 757 (w), 720 (m), 706 (s), 681 (m), 664 (w), 631 

(m), 611 (w), 588 (w), 568 (w), 545 (m), 529 (w), 494 (w), 485 (w), 469 (w), 450 (w), 440 (w), 

424 (w), 411 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C28H27NO2, 410.2115, found: 410.2107. 

Rf = 0.21 (DCM). 

 

Poly(nNb1PePr): 

 
Figure S4.40. 1H NMR spectrum of poly(nNb1PePr) in CD2Cl2 (500 MHz). 
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Figure S4.41. 13C NMR spectrum of poly(nNb1PePr) in CD2Cl2 (126 MHz). 
 

 
Figure S4.42. SEC trace of poly(nNb1PePr). 
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Figure S4.43. (A) DSC and (B) TGA traces of poly(nNb1PePr). 
 

Poly(nNb1AdPy): 

 
Figure S4.44. 1H NMR spectrum of poly(nNb1AdPy) in CD2Cl2 (500 MHz). 
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Figure S4.45. 13C NMR spectrum of poly(nNb1AdPy) in CD2Cl2 (126 MHz). 
 

 
Figure S4.46. (A) DSC and (B) TGA traces of poly(nNb1AdPy). 
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Poly(nNb10PePr): 

 
Figure S4.47. 1H NMR spectrum of poly(nNb10PePr) in CD2Cl2 (500 MHz). 
 

 
Figure S4.48. 13C NMR spectrum of poly(nNb10PePr) in CD2Cl2 (126 MHz). 
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Figure S4.49. SEC trace of poly(nNb10PePr). 
 

 
Figure S4.50. (A) DSC and (B) TGA traces of poly(nNb10PePr). 
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Poly(nNb10AdPy): 

 
Figure S4.51. 1H NMR spectrum of poly(nNb10AdPy) in CD2Cl2 (500 MHz). 
 

 
Figure S4.52. 13C NMR spectrum of poly(nNb10AdPy) in CD2Cl2 (126 MHz). 
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Figure S4.53. SEC trace of poly(nNb10AdPy). 
 

 
Figure S4.54. (A) DSC and (B) TGA traces of poly(nNb10AdPy). 
 

General synthesis of homopolymers – kinetic measurements (entries 4.1 – 4.9): 

An NMR tube equipped with a J Young tap was evacuated and purged with argon three times. 

Subsequently, 50.0 eq. of the bifunctional monomer (0.10 mol/L) and 1.00 eq. G1 catalyst 

were each dissolved in degassed DCM-d2 and transferred to the NMR tube, initiating the 

polymerization. The polymerization was carried out at ambient temperature under an argon 

atmosphere and was monitored by on-line 1H NMR spectroscopy. The polymerization was 

quenched by adding an excess of ethyl vinyl ether. Entry 4.9 was performed in a similar 

manner applying a M:I ratio of 200:1 and, whereby the monomer concentration was 

increased to 0.4 mol/L 
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Figure S4.55. Representative stacked 1H NMR spectra of the ROMP of xNb1PePr (entry 4.1) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S4.56. Representative stacked 1H NMR spectra of the ROMP of xNb1AdPy (entry 4.2) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 



 8 Experimental section 

 201 

 
Figure S4.57. Representative stacked 1H NMR spectra of the ROMP of xNb10PePr (entry 4.3) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S4.58. Representative stacked 1H NMR spectra of the ROMP of xNb10AdPy (entry 4.4) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
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Figure S4.59. Representative stacked 1H NMR spectra of the ROMP of nNb1PePr (entry 4.5) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S4.60. Representative stacked 1H NMR spectra of the ROMP of nNb1AdPy (entry 4.6) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
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Figure S4.61. Representative stacked 1H NMR spectra of the ROMP of nNb10PePr (entry 4.7) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S4.62. Representative stacked 1H NMR spectra of the ROMP of nNb10AdPy (entry 4.8) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 



 8 Experimental section 

 204 

 
Figure S4.63. Representative stacked 1H NMR spectra of the ROMP of xNb1PePr (entry 4.9) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

General synthesis of copolymers – kinetic measurements (entries 4.10 – 4.13): 

An NMR tube equipped with a J Young tap was evacuated and purged with argon three times. 

Subsequently, 25.0 eq. of the corresponding bifunctional monomers (0.1 mol/L) and 1.00 eq. 

G1 catalyst were each dissolved in degassed DCM-d2 and transferred into the NMR tube, 

initiating the polymerization. The polymerization was carried out at ambient temperature 

under an argon atmosphere and was monitored by on-line 1H NMR spectroscopy. The 

polymerization was quenched by adding excess of ethyl vinyl ether. Entries 4.11 – 4.13 were 

purified by removal of the cleaved catalyst via a DMT-functionalized silica plug and were 

additionally precipitated three times from the tenfold excess of cold ethyl acetate to remove 

unreacted monomer. 
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Figure S4.64. Representative stacked 1H NMR spectra of the copolymerization of xNb10PePr 
and xNb10AdPy (entry 4.10) in CD2Cl2 (500 MHz) and the 1H NMR spectra of the 
corresponding monomers in CD2Cl2 (400 MHz). Boxes: norbornene olefinic moieties (solid); 
poly(norbornene) olefinic backbone (dashed). 
 

 
Figure S4.65. 1H NMR spectrum of poly(xNb10PePr-stat-xNb10AdPy) (entry 4.10) in CD2Cl2 
(500 MHz). 
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Figure S4.66. 13C NMR spectrum of poly(xNb10PePr-stat-xNb10AdPy) (entry 4.10) in CD2Cl2 
(126 MHz). 
 

 
Figure S4.67. Representative stacked 1H NMR spectra of the copolymerization of nNb1PePr 
and nNb1AdPy (entry 4.11) in CD2Cl2 (500 MHz) and the 1H NMR spectra of the corresponding 
monomers in CD2Cl2 (400 MHz). Boxes: nNb1PePr olefinic moiety (solid); nNb1AdPy olefinic 
moiety (dashed); poly(norbornene) olefinic backbone (dotted). 
 



 8 Experimental section 

 207 

 
Figure S4.68. 1H NMR spectrum of entry 4.11 in CD2Cl2 (500 MHz). Note: Deuterated solvent 
was contaminated with traces of DMSO. 
 

 
Figure S4.69. 13C NMR spectrum of entry 4.11 in CD2Cl2 (126 MHz). 
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Figure S4.70. Representative stacked 1H NMR spectra of the copolymerization of xNb1PePr 
and nNb10AdPy (entry 4.12) in CD2Cl2 (500 MHz) and the 1H NMR spectra of the 
corresponding monomers in CD2Cl2 (400 MHz). Boxes: xNb1PePr olefinic moiety (solid); 
nNb10AdPy olefinic moiety (dashed); poly(norbornene) olefinic backbone (dotted). 
 

 
Figure S4.71. 1H NMR spectrum of entry 4.12 in CD2Cl2 (500 MHz). 
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Figure S4.72. 13C NMR spectrum of entry 4.12 in CD2Cl2 (126 MHz). 
 

 
Figure S4.73. Representative stacked 1H NMR spectra of the copolymerization of xNb10AdPy 
and nNb10PePr (entry 4.13) in CD2Cl2 (500 MHz) and the 1H NMR spectra of the 
corresponding monomers in CD2Cl2 (400 MHz). Boxes: xNb10AdPy olefinic moiety (solid); 
nNb10PePr olefinic moiety (dashed); poly(norbornene) olefinic backbone (dotted). 
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Figure S4.74. 1H NMR spectrum of entry 4.13 in CD2Cl2 (500 MHz). 
 

 
Figure S4.75. 13C NMR spectrum of entry 4.13 in CD2Cl2 (126 MHz). 
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8.3.2 Materials synthesized in chapter 5 

 

It is noted that the stacked 1H NMR spectra (entries 5.1 – 5.39) represent the crude products 

after quenching with EVE without further purification. Hence, some spectra may contain 

signals of remaining EVE, solvent, silicone grease or not polymerized starting material. 

Compounds that have been synthesized by M. Jäger and that have been already published 

(Bachelor thesis under my supervision) are further labelled with a “*” symbol.502 

 
General synthesis of hydroxy-terminated norbornenes (xNb2OH and xNb6OH): 

The synthesis procedure was adapted from recent literature.474 1.00 eq. cis-5-norbornene-

exo-2,3-dicarboxylic anhydride (0.21 mol/L), 1.50 eq. of the corresponding amino alcohol and 

0.20 eq. triethylamine were dissolved in toluene. The condensation was performed at 130 °C 

for 16 hours using a Dean-Stark apparatus to remove forming water. Then, the solvent was 

removed under reduced pressure. The crude product was dissolved in DCM and washed with 

aqueous hydrochloric acid (0.1 mol/L) twice and then with brine. The organic phase was dried 

over magnesium sulfate and the solvent was removed under reduced pressure. The products 

were obtained as a white solid (xNb2OH) in a yield of 85% and as a colorless liquid (xNb6OH) 

in yield of 98%. 

 
xNb2OH: 

 
Figure S5.1. 1H NMR spectrum of xNb2OH. 
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1H NMR: (500 MHz, CDCl3, δ): 6.28 (t, J = 2.0 Hz, 2H; CH=CH, a), 3.78 - 3.73 (m, 2H; CH2-OH, b), 

3.70 - 3.66 (m, 2H; N-CH2, c), 3.29 - 3.25 (m, 2H; =CH-CH, d), 2.71 (d, J = 1.4 Hz, 2H; =CH-CH-CH, 
e), 2.36 (t, J = 5.8 Hz, 1H; OH, f), 1.54 - 1.31 (m, 2H; CH2 bridge, g). 

 
Figure S5.2. 13C NMR spectrum of xNb2OH. 
 
13C NMR: (126 MHz, CDCl3, δ): 178.87, 137.94, 60.50, 48.01, 45.39, 42.90, 41.43. 

IR (ATR platinum diamond): ν / cm-1 = 3509 (w), 3067 (vw), 2989 (w), 2964 (w), 2948 (w), 2886 

(w), 1755 (w), 1678 (vs), 1425 (m), 1401 (s), 1349 (m), 1325 (s), 1298 (w), 1286 (w), 1238 (w), 

1168 (s), 1148 (m), 1076 (w), 1063 (s), 989 (s), 934 (w), 903 (w), 880 (w), 854 (s), 771 (s), 732 

(s), 646 (s), 603 (w), 514 (w), 483 (w), 479 (w), 471 (w), 455 (w), 428 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C11H14NO3, 208.0968, found: 208.0968. 
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xNb6OH (synthesized by P. Conen under my supervision): 

 
Figure S5.3. 1H NMR spectrum of xNb6OH. 
 
1H NMR: (400 MHz, CDCl3, δ): 6.27 (t, J = 2.0 Hz, 2H; CH=CH, a), 3.61 (t, J = 6.6 Hz, 2H; CH2-OH, 
b), 3.48 - 3.41 (m, 2H; N-CH2, c), 3.28 - 3.24 (m, 2H; =CH-CH, d), 2.66 (d, J = 1.9 Hz, 2H; 

=CH-CH-CH, e), 1.75 - 1.55 (bs, 1H; OH, f), 1.60 - 1.50 (m, 4H; CH2, g), 1.53 - 1.17 (m, 2H; CH2 

bridge, h), 1.43 - 1.25 (m, 4H; CH2, i). 

 
Figure S5.4. 13C NMR spectrum of xNb6OH. 
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13C NMR: (100 MHz, CDCl3, δ): 178.30, 137.94, 62.77, 47.92, 45.27, 42.83, 38.63, 32.59, 27.80, 

26.68, 25.23. 

IR (ATR platinum diamond): ν / cm-1 = 3443 (vw), 2983 (vw), 2935 (w), 2861 (w), 1767 (w), 

1683 (vs), 1460 (w), 1436 (w), 1397 (s), 1368 (m), 1343 (m), 1327 (w), 1286 (w), 1269 (w), 

1257 (w), 1214 (w), 1195 (w), 1148 (m), 1100 (w), 1072 (w), 1053 (w), 1035 (w), 1018 (w), 

1002 (w), 981 (w), 946 (vw), 928 (vw), 887 (w), 858 (w), 812 (w), 780 (m), 720 (m), 691 (w), 

662 (w), 642 (s), 617 (w), 584 (w), 553 (w), 520 (w), 504 (w), 477 (w), 465 (w), 455 (w), 428 

(w), 407 (w), 401 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C15H22NO3, 264.1594, found: 264.1589. 

 

General synthesis of norbornene-based ATRP initiators (xNb2Br and xNb6Br): 

The synthesis procedure was adapted from recent literature.474 1.00 eq. of the corresponding 

hydroxy-terminated norbornene (0.15 mol/L), 0.40 eq. DMAP and 1.50 eq. triethylamine 

were dissolved in THF. Subsequently, 1.50 eq. α-bromoisobutyryl bromide were dissolved in 

THF (0.16 mol/L) and added dropwise to the reaction mixture at 0°C. Afterwards, the mixture 

was stirred for 16 hours at ambient temperature and the solvent was removed under reduced 

pressure. The crude product was dissolved in DCM, washed with saturated aqueous NaHCO3 

solution and brine. The organic phase was dried over magnesium sulfate and the solvent was 

removed under reduced pressure. The crude product was then purified via column 

chromatography using a cyclohexane/ethyl acetate mixture as solvent. The products were 

obtained as a white solid (xNb2Br) in a yield of 96% and as a colorless liquid (xNb6Br) in a 

yield of 88%. 
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xNb2Br: 

 
Figure S5.5. 1H NMR spectrum of xNb2Br. 
 
1H NMR: (500 MHz, CDCl3, δ): 6.28 (t, J = 1.9 Hz, 2H; CH=CH, a), 4.36 - 4.29 (m, 2H; N-CH2-CH2, 
b), 3.83 - 3.77 (m, 2H; N-CH2, c), 3.29 - 3.23 (m, 2H; =CH-CH, d), 2.69 (d, J = 1.4 Hz, 2H; 

=CH-CH-CH, e), 1.88 (s, 6H; CH3, f), 1.54 - 1.28 (m, 2H; CH2 bridge, g). 

 
Figure S5.6. 13C NMR spectrum of xNb2Br. 
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13C NMR: (126 MHz, CDCl3, δ): 177.83, 171.49, 137.94, 62.70, 55.59, 47.98, 45.32, 43.03, 

37.46, 30.73.  

IR (ATR platinum diamond): ν / cm-1 = 3003 (w), 2964 (vw), 2886 (vw), 1765 (w), 1734 (s), 1693 

(vs), 1467 (w), 1448 (w), 1432 (w), 1417 (w), 1393 (s), 1374 (w), 1360 (w), 1327 (m), 1281 (m), 

1267 (m), 1193 (w), 1156 (vs), 1121 (m), 1100 (s), 1010 (w), 985 (m), 950 (w), 942 (w), 928 

(w), 903 (w), 880 (w), 850 (w), 825 (w), 775 (s), 759 (w), 732 (w), 720 (m), 691 (w), 654 (s), 648 

(s), 599 (w), 475 (w), 426 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C15H19BrNO4, 356.0492, found: 356.0486. 

 

xNb6Br (synthesized by P. Conen under my supervision): 

 
Figure S5.7. 1H NMR spectrum of xNb6Br. 
 
1H NMR: (400 MHz, CDCl3, δ): 6.28 (t, J = 1.9 Hz, 2H; CH=CH, a), 4.15 (t, J = 6.5 Hz, 2H; CH2-O, 
b), 4.36 - 4.29 (m, 2H; N-CH2-CH2, b), 3.49 - 3.41 (m, 2H; N-CH2, c), 3.29 - 3.24 (m, 2H; =CH-CH, 
d), 2.67 (d, J = 1.3 Hz, 2H; =CH-CH-CH, e), 1.92 (s, 6H; CH3, f), 1.72 - 1.62 (m, 2H; CH2-CH2-O, g), 

1.59 - 1.46 (m, 2H; N-CH2-CH2, h), 1.55 - 1.17 (m, 2H; CH2 bridge, i), 1.45 - 1.28 (m, 4H; CH2, j). 
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Figure S5.8. 13C NMR spectrum of xNb6Br. 
 
13C NMR: (100 MHz, CDCl3, δ): 178.23, 171.84, 137.96, 66.00, 56.09, 47.94, 45.29, 42.87, 

38.67, 30.91, 28.33, 27.76, 26.67, 25.52. 

IR (ATR platinum diamond): ν / cm-1 = 2974 (vw), 2939 (w), 2861 (vw), 1769 (w), 1732 (m), 

1693 (vs), 1462 (w), 1436 (w), 1395 (m), 1370 (m), 1345 (w), 1327 (w), 1275 (m), 1238 (w), 

1216 (w), 1199 (w), 1160 (vs), 1107 (m), 1014 (w), 975 (w), 946 (vw), 928 (vw), 887 (w), 856 

(vw), 835 (vw), 812 (w), 780 (w), 763 (w), 720 (w), 662 (w), 642 (m), 615 (w), 601 (vw), 522 

(vw), 475 (w), 455 (vw), 428 (w), 405 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C19H27BrNO4, 412.1118, found: 412.1110. 

 

General ATRP procedure using methacrylate monomers (xNb2M12, xNb2M27, xNb6M13, 

xNb6M17, and xNb2B12): 

Two ampoules equipped with J Young taps were evacuated and purged with argon three 

times. Ampoule 1, equipped with a stirring bar, was charged with 1.00 eq. copper(I) chloride 

(0.075 mol/L) and 2.00 eq. dNbpy dissolved in toluene. Ampoule 2 was charged with 1.00 eq. 

of the corresponding norbornene functional ATRP initiator (0.17 mol/L) and 12.0 eq. 

methacrylate monomer dissolved in toluene. The mixtures were degassed by three 

consecutive freeze pump thaw cycles under high vacuum. Subsequently, the solution of 

ampoule 2 was transferred to ampoule 1 by via degassed syringe, initiating the 

polymerization. The polymerization was carried out at 90 °C for 2.5 hours under an argon 
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atmosphere. After complete monomer conversion, the polymerization was cooled quickly to 

ambient temperature by immersing the ampoule into liquid nitrogen, exposing to air, and 

quenching by the addition of THF. The solution was then flushed through a plug of neutral 

aluminum oxide to remove the copper. Subsequently, the solvent was removed under 

reduced pressure. The crude product was dissolved in a small amount of THF and precipitated 

three times from the tenfold amount of cold n-hexane. The polymers were filtered, dried 

under high vacuum, and obtained as white solids. 

 

xNb2M12: 

 
Figure S5.9. 1H NMR spectrum of xNb2M12 in CDCl3 (500 MHz). 
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Figure S5.10. 13C NMR spectrum of xNb2M12 in CDCl3 (126 MHz). 
 

 
Figure S5.11. Comparison between measured and calculated isotopic patterns of xNb2M12 
determined via MALDI-TOF MS (Figure 5.2) with (A) the chloride-terminated species (S1), (B) 
the hydrogen- and the vinylidene-terminated species (S2 and S3), (C) the dinorbornene 
species (S4), and (D) the double charged vinylidene species (S5).  
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xNb2M27: 

 
Figure S5.12. 1H NMR spectrum of xNb2M27 in CDCl3 (500 MHz). 
 

 
Figure S5.13. 13C NMR spectrum of xNb2M27 in CDCl3 (126 MHz). 
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Figure S5.14. (A) MALDI-TOF spectrum (DCTB, NaTFA) of xNb2M27 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (1410 – 1720 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNb2M27 species 
(S1 – S5) and their calculated and measured monoisotopic masses. 
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Figure S5.15. Comparison between measured and calculated isotopic patterns of xNb2M27 
determined via MALDI-TOF MS (Figure S5.14) with (A) the chloride-terminated species (S1), 
(B) the hydrogen- and the vinylidene-terminated species (S2 and S3), (C) the 
lactone-terminated species (S4), and (D) the dinorbornene species (S5). 
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xNb6M13: 

 
Figure S5.16. 1H NMR spectrum of xNb6M13 in CDCl3 (400 MHz). 
 

 
Figure S5.17. 13C NMR spectrum of xNb6M13 in CDCl3 (126 MHz). 
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Figure S5.18. (A) MALDI-TOF spectrum (DCTB, NaTFA) of xNb6M13 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (1400 – 1725 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNb6M13 species 
(S1 – S3) and their calculated and measured monoisotopic masses. 
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Figure S5.19. Comparison between measured and calculated isotopic patterns of xNb6M13 
determined via MALDI-TOF MS (Figure S5.18) with (A) the chloride-terminated species (S1), 
(B) the hydrogen-terminated species (S2), and (C) the lactone-terminated species (S3). 
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xNb6M17 (synthesized by B. Felker under my co-supervision): 

 
Figure S5.20. 1H NMR spectrum of xNb6M17 in CDCl3 (500 MHz). 
 

 
Figure S5.21. 13C NMR spectrum of xNb6M17 in CDCl3 (126 MHz). 
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Figure S5.22. (A) MALDI-TOF spectrum (DCTB, NaTFA) of xNb6M17 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (1330 – 1620 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNb6M17 species 
(S1 – S4) and their calculated and measured monoisotopic masses. 
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Figure S5.23. Comparison between measured and calculated isotopic patterns of xNb6M17 
determined via MALDI-TOF MS (Figure S5.22) with (A) the chloride-terminated species (S1), 
(B) the dinorbornene species (S2), (C) the hydrogen-terminated species (S3), and (C) the 
vinylidene-terminated species (S4). 
 

xNb2B12: 

 
Figure S5.24. 1H NMR spectrum of xNb2B12 in CD2Cl2 (500 MHz). 
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Figure S5.25. 13C NMR spectrum of xNb2B12 in CD2Cl2 (126 MHz). 
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Figure S5.26. Comparison between measured and calculated isotopic patterns of xNb2B12 
determined via MALDI-TOF MS (Figure 5.3) with (A) the chloride-terminated species (S1), (B) 
the hydrogen- and the vinylidene-terminated species (S2 and S3), (C) the double charged 
dinorbornene species (S4), (D) the dinorbornene species (S5), and (E) the lactone-terminated 
species (S6). 
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General ATRP procedure using styrene as monomer (xNb2S20): 

Two ampoules equipped with J Young taps were evacuated and purged with argon three 

times. Ampoule 1, equipped with a stirring bar, was charged with 1.00 eq. copper(I) bromide. 

Ampoule 2 was charged with 1.00 eq. xNb2Br (0.042 mol/L), 1.00 eq. PMDETA and 120 eq. 

styrene dissolved in toluene. The mixtures were degassed by three consecutive pump thaw 

cycles under high vacuum. Subsequently, the solution of ampoule 2 was transferred to 

ampoule 1 via a degassed syringe, initiating the polymerization. The polymerization was 

carried out at 80 °C for 70 minutes under an argon atmosphere. Afterwards, the reaction was 

cooled quickly to ambient temperature by immersing the ampoule into liquid nitrogen, 

exposed to air, and quenched by adding THF. The solution was then flushed through a plug of 

neutral aluminum oxide to remove the copper. Subsequently, the solvent was removed under 

reduced pressure. The crude product was dissolved in a small amount of THF and precipitated 

three times from the tenfold amount of cold methanol. The polymer was filtered, dried under 

high vacuum, and obtained as a white solid. 

 
Figure S5.27. 1H NMR spectrum of xNb2S20 in CD2Cl2 (500 MHz). 
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Figure S5.28. 13C NMR spectrum of xNb2S20 in CD2Cl2 (126 MHz). 
 

 
Figure S5.29. Comparison between measured and calculated isotopic patterns of xNb2S20 
determined via MALDI-TOF MS (Figure 5.4) with (A) the olefin-terminated species (S1), and 
(B) the double charged hydrogen-terminated species (S2). 
 

General ROMP procedure – homopolymerizations using non-degassed solvent (entries 

5.1 – 5.16): 

A vial equipped with a stirring bar was charged with the desired amount of monomer and 

G1 catalyst dissolved in the desired solvent. The polymerization was carried out at ambient 

temperature for 24 hours. Subsequently, the polymerization was quenched by adding an 

excess of ethyl vinyl ether. 
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Figure S5.30. Stacked 1H NMR spectra of entries 5.1 – 5.5 after quenching with EVE in CDCl3 
(400 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 (500 MHz). 
Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone (dashed). 
 

 
Figure S5.31. Stacked 1H NMR spectra of entries 5.6 – 5.10 after quenching with EVE and the 
1H NMR spectrum of the corresponding monomer in CDCl3 (500 MHz). Boxes: norbornene 
olefinic moiety (solid); poly(norbornene) olefinic backbone (dashed). 
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Figure S5.32. Stacked 1H NMR spectra of entries 5.11 and 5.12 after quenching with EVE in 
CDCl3 (400 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 
(500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S5.33. Stacked 1H NMR spectra of entries 5.13 – 5.16 after quenching with EVE in CDCl3 
(400 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 (500 MHz). 
Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone (dashed). 
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Figure S5.34. SEC trace of entry 5.14. 
 

General ROMP procedure – kinetic measurements (entries 5.17, 5.23 – 5.27): 

An NMR tube equipped with a J Young tap was evacuated and purged with argon three times. 

Subsequently, 25.0 eq. macromonomer (10 mmol/L) and 1.00 eq. Grubbs-type catalyst 

(0.4 mmol/L) were each dissolved in degassed DCM-d2 and transferred into the NMR tube, 

initiating the polymerization. The polymerization was carried out at ambient temperature 

under an argon atmosphere and monitored by on-line 1H NMR spectroscopy. After complete 

conversion, the polymerization was quenched by adding an excess of ethyl vinyl ether. 
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Figure S5.35. Representative stacked 1H NMR spectra of the ROMP of xNb2M27 (entry 5.17) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 
(500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

General ROMP procedure – homopolymerizations using degassed solvent (entries 

5.18 – 5.22): 

An ampoule equipped with a J Young tap and a stirring bar was evacuated and purged with 

argon three times. Subsequently, the desired amount of macromonomer and 

Grubbs-type catalyst were each dissolved in degassed DCM and transferred into the ampoule 

under an argon flow, initiating the polymerization. The polymerization was carried out at 

ambient temperature under an argon atmosphere and was quenched by adding an excess of 

ethyl vinyl ether. 
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Figure S5.36. Stacked 1H NMR spectra of entries 5.18 and 5.19 after quenching with EVE in 
CDCl3 (400 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S5.37. Stacked 1H NMR spectra of entry 5.20 after quenching with EVE in CDCl3 
(400 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 (500 MHz). 
Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone (dashed). 
 

 

 



 8 Experimental section 

 238 

G3 catalyst: 

The synthesis procedure was adapted from recent literature.376 1.00 eq. G2 catalyst and 

30.0 eq. pyridine were mixed in a vial. The mixture was stirred at ambient temperature for 

5 minutes, whereby a color change from dark red to dark green was immediately observed. 

Afterwards, n-pentane (15 mL per gram G2) was layered onto the green mixture and the vial 

was capped and stored at -15 °C for 24 hours. The crude product was filtered, washed with 

n-pentane three times and dried under high vacuum. The product was obtained as a green 

solid in a yield of 81% and stored under argon atmosphere at low temperature. 

 
Figure S5.38. 1H NMR spectrum of the G3 catalyst. 
 
1H NMR: (500 MHz, C6D6, δ): 19.67 (s, 1H; CHPh, a), 8.76 (bs, 2H; pyridine N-CH, b), 8.38 (bs, 

2H; pyridine N-CH, c), 8.07 (d, J = 8.0 Hz, 2H; ortho CH, d), 7.19 (t, J = 7.3 Hz, 1H; para CH, e), 

6.93 (t, J = 7.7 Hz, 2H; meta CH, f), 6.83 - 6.02 (m, 10H; pyridine CH, g, Mes CH, h), 3.55 - 3.27 

(m, 4H; CH2, i), 2.83 (bs, 6H; Mes CH3, j), 2.46 (bs, 6H; Mes CH3, k), 2.10 (bs, 6H; Mes para CH3, 
l). 
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Figure S5.39. 13C NMR spectrum of the G3 catalyst. 
 
13C NMR: (126 MHz, C6D6, δ): 313.81, 218.80, 152.74, 150.46, 139.82, 138.04, 135.80, 134.85, 

130.68, 129.65, 128.35, 128.14, 127.97, 123.16, 51.68, 50.87, 21.07, 20.80, 18.89. 

 
Figure S5.40. Stacked 31P NMR spectra of the G2 and the G3 catalyst. 
 
IR (ATR platinum diamond): ν / cm-1 = 3065 (w), 2945 (w), 2913 (w), 1678 (vw), 1629 (w), 1596 

(w), 1483 (s), 1446 (s), 1405 (s), 1384 (w), 1263 (vs), 1246 (vs), 1222 (s), 1199 (w), 1177 (w), 

1150 (w), 1072 (vs), 1061 (vs), 1053 (vs), 1037 (vs), 1002 (m), 878 (w), 852 (m), 759 (m), 743 

(w), 697 (vs), 685 (s), 638 (w), 617 (w), 578 (w), 572 (w), 522 (w), 483 (w), 428 (w). 
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HRMS (ESI-MS) m/z: [monopyridine species+H]+ calc. for C33H38Cl2N3Ru, 648.1481, found: 

648.1428. 

 

 
Figure S5.41. Stacked 1H NMR spectra of entries 5.21 and 5.22 after quenching with EVE in 
CDCl3 (400 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 
(500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S5.42. Representative stacked 1H NMR spectra of the ROMP of xNb2M12 (entry 5.23) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 
(500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
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Figure S5.43. Representative stacked 1H NMR spectra of the ROMP of xNb2M27 (entry 5.24) 
in CD2Cl2 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 
(500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
 

 
Figure S5.44. Representative stacked 1H NMR spectra of the ROMP of xNb2B12 (entry 5.25) 
and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 (500 MHz). Boxes: 
norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone (dashed). 
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Figure S5.45. Representative stacked 1H NMR spectra of the ROMP of xNb2S20 (entry 5.26) 
and the 1H NMR spectrum of the corresponding monomer in CD2Cl2 (500 MHz). Boxes: 
norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone (dashed). 
 

 
Figure S5.46. Representative stacked 1H NMR spectra of the ROMP of xNb2M12 (entry 5.27) 
in THF-d8 (500 MHz) and the 1H NMR spectrum of the corresponding monomer in CDCl3 
(500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
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xNbHex: 

The synthesis procedure was adapted from recent literature.93 1.00 eq. cis-5-norbornene-

exo-2,3-dicarboxylic anhydride (0.2 mol/L), 1.50 eq. 6-amino-1-hexane and 0.20 eq. 

triethylamine were dissolved in toluene. The condensation was performed at 130 °C for 

16 hours using a Dean-Stark apparatus to remove forming water. Then, the solvent was 

removed under reduced pressure. The crude products were dissolved in DCM and washed 

with aqueous hydrochloric acid (0.1 mol/L) twice and then with brine. The organic phase was 

dried over magnesium sulfate and the solvent was removed under reduced pressure. The 

product was obtained a colorless viscous liquid in yield of 99%. 

 
Figure S5.47. 1H NMR spectrum of xNbHex. 
 
1H NMR: (500 MHz, CDCl3, δ): 6.26 (t, J = 1.9 Hz, 2H; CH=CH, a), 3.46 - 3.40 (m, 2H; N-CH2, b), 

3.27 - 3.23 (m, 2H; =CH-CH, c), 2.65 (d, J = 1.4 Hz, 2H; =CH-CH-CH, d), 1.56 - 1.48 (m, 2H; 

N-CH2-CH2, e), 1.51 - 1.18 (m, 2H; CH2 bridge, f), 1.33 - 1.23 (m, 6H; CH2, g), 0.88 - 0.81 (m, 3H; 

CH3, h). 
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Figure S5.48. 13C NMR spectrum of xNbHex. 
 
13C NMR: (126 MHz, CDCl3, δ): 178.20, 137.93, 47.90, 45.27, 42.81, 38.86, 31.41, 27.83, 26.72, 

22.57, 14.08. 

 IR (ATR platinum diamond): ν / cm-1 = 2954 (w), 2931 (w), 2871 (w), 2859 (w), 1769 (w), 1693 

(vs), 1460 (w), 1436 (w), 1395 (m), 1368 (m), 1343 (m), 1327 (w), 1286 (w), 1232 (w), 1216 

(w), 1174 (m), 1140 (m), 1103 (vw), 1033 (vw), 1016 (w), 985 (w), 884 (w), 864 (vw), 812 (w), 

800 (w), 778 (w), 755 (vw), 720 (m), 691 (vw), 662 (w), 642 (m), 615 (w), 601 (vw), 453 (vw), 

428 (w), 401 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C15H22NO2, 248.1645, found: 248.1645. 

 

General iterative ROMP procedure (entries 5.28 – 5.37): 

An ampoule equipped with a J Young tap and a stirring bar was evacuated and purged with 

argon three times. Subsequently, the desired amount of the first monomer and 

Grubbs-type catalyst were each dissolved in degassed DCM and transferred to the ampoule 

under an argon flow, initiating the polymerization. After complete conversion of the first 

monomer, a sample was withdrawn and quenched by adding an excess of ethyl vinyl ether. 

Then, the second monomer was dissolved in degassed DCM and transferred to the ampoule 

under an argon flow, initiating the chain-extension. This procedure was repeated depending 

on the desired number of introduced blocks. The copolymerization was carried out at ambient 
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temperature under an argon atmosphere and was quenched after reaching the desired 

number of blocks by adding an excess of ethyl vinyl ether. 

 

 
Figure S5.49. Stacked 1H NMR spectra of the homopolymer and the diblock of entry 5.28 after 
quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectrum of the corresponding 
monomer in CDCl3 (500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) 
olefinic backbone (dashed). 
 

 
Figure S5.50. Stacked 1H NMR spectra of the homopolymer and failed re-initiation of 
entry 5.29 after quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectrum of the 
corresponding monomer in CDCl3 (500 MHz). Boxes: norbornene olefinic moiety (solid); 
poly(norbornene) olefinic backbone (dashed). 
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Figure S5.51. Stacked 1H NMR spectra of the homopolymer and the diblock and failed second 
re-initiation of entry 5.30 after quenching with EVE in CDCl3 (400 MHz) and the 1H NMR 
spectra of the corresponding monomers in CDCl3 (500 MHz). Boxes: norbornene olefinic 
moiety (solid); poly(norbornene) olefinic backbone (dashed). 
 

 
Figure S5.52. Stacked 1H NMR spectra of the homopolymer and the diblock and failed second 
re-initiation of entry 5.31 after quenching with EVE in CDCl3 (400 MHz) and the 1H NMR 
spectra of the corresponding monomers in CDCl3 (500 MHz). Boxes: norbornene olefinic 
moiety (solid); poly(norbornene) olefinic backbone (dashed). 
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Figure S5.53. Stacked 1H NMR spectra of the homopolymer and the diblock and failed second 
re-initiation of entry 5.32 after quenching with EVE in CDCl3 (400 MHz) and the 1H NMR 
spectra of the corresponding monomers in CDCl3 (500 MHz). Boxes: norbornene olefinic 
moiety (solid); poly(norbornene) olefinic backbone (dashed). 
 

 
Figure S5.54. Stacked 1H NMR spectra of the homopolymer and the diblock of entry 5.33 after 
quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectra of the corresponding 
monomer in CDCl3 (500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) 
olefinic backbone (dashed). 
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Figure S5.55. Stacked 1H NMR spectra of the homopolymer and the diblock of entry 5.34 after 
quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectra of the corresponding 
monomers in CDCl3 (500 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) 
olefinic backbone (dashed). 
 

 
Figure S5.56. Stacked 1H NMR spectra of the homopolymer and the diblock of entry 5.35 after 
quenching with EVE and the 1H NMR spectra of the corresponding monomer in CDCl3 
(400 MHz). Boxes: norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone 
(dashed). 
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Figure S5.57. Stacked 1H NMR spectra of the homopolymer, di-, and triblock of entry 5.36 
after quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectra of the corresponding 
monomers in CDCl3 (xNbHex: 500 MHz; xNb6M13: 400 MHz). Boxes: norbornene olefinic 
moiety (solid); poly(norbornene) olefinic backbone (dashed). 
 

 
Figure S5.58. Stacked 1H NMR spectra of the homopolymer and the diblock of entry 5.37 after 
quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectra of xNb2M12 in CDCl3 
(500 MHz) and xNb2B12 in CD2Cl2 (500 MHz). Boxes: norbornene olefinic moiety (solid); 
poly(norbornene) olefinic backbone (dashed). 
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General iterative ROMP procedure using dry solvents (entries 5.38 and 5.39): 

Gas tight glass syringes and reusable metal needles were used to handle the reagents under 

argon atmosphere, whereby the metal needles and the used glassware were dried in a 

vacuum oven at elevated temperature overnight.  

Three ampoules equipped with J Young taps and a stirring bar were evacuated and purged 

with argon three times. Subsequently, the desired amount of the G3 catalyst and the 

macromonomers was added to the argon-flushed ampoules and dried under high vacuum 

overnight. The compounds were dissolved in degassed dry DCM and the polymerization was 

initiated by transferring the solution of the first macromonomer to the ampoule with the 

catalyst solution under an argon flow. After complete conversion of the first macromonomer, 

a sample was withdrawn and quenched by adding an excess of ethyl vinyl ether. Then, the 

second macromonomer was transferred to the ampoule with the polymerization mixture 

under an argon flow, initiating the chain-extension. Entry 5.38 was performed at ambient 

temperature, whereas entry 5.39 was performed at -15 °C, using a cryostat. Both 

polymerizations were carried out under an argon atmosphere and quenched after reaching 

the desired macromonomer conversion by adding an excess of ethyl vinyl ether. 

 
Figure S5.59. Stacked 1H NMR spectra of the homopolymer and the diblock of entry 5.38 after 
quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectra of xNb2M12 in CDCl3 
(500 MHz) and xNb2B12 in CD2Cl2 (500 MHz). Boxes: norbornene olefinic moiety (solid); 
poly(norbornene) olefinic backbone (dashed). 
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Figure S5.60. Stacked 1H NMR spectra of the homopolymer and the diblock of entry 5.39 after 
quenching with EVE in CDCl3 (400 MHz) and the 1H NMR spectra of xNb2M12 in CDCl3 
(500 MHz) and xNb2B12 in CD2Cl2 (500 MHz). Boxes: norbornene olefinic moiety (solid); 
poly(norbornene) olefinic backbone (dashed). 
 

xNbOH*: 

A Schlenk flask was equipped with a stirring bar and evacuated and purged with argon three 

times. Then, 2.00 eq. LiAlH4 (1 mol/L in dry THF) were added under argon to the Schlenk flask 

and placed into an ice bath. Then, 1.00 eq. exo-5-norbornene-2-carboxylic acid was dissolved 

in dry THF (0.5 mol/L) and added slowly. The reaction mixture was refluxed for 25 hours and 

cooled in an ice bath. Unreacted LiAlH4 was quenched by adding water, aqueous sodium 

hydroxide solution (10 wt%) and again water. The flask was allowed to warm to ambient 

temperature and diluted with diethyl ether. The solid by-products were removed by filtrating 

through Celite®, the filtrate was washed with brine and dried over magnesium sulfate. The 

solvent was removed under reduced pressure to obtain the product as a colorless viscous 

liquid in a yield of 81%. 
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Figure S5.61. 1H NMR spectrum of xNbOH in CDCl3. 
 
1H NMR (400 MHz, CDCl3, δ): 6.17 - 5.99 (m, 2H; CH=CH, a), 3.77 - 3.45 (m, 2H; CH2-OH, b),  

2.90 - 2.78 (m, 1H; =CH-CH-CH, c), 2.77 - 2.70 (m, 1H; =CH-CH-CH2, d), 1.72 - 1.48 (bs, 1H; OH, 
e), 1.66 - 1.56 (m, 1H; CH, f), 1.37 - 1.26 (m, 2H; CH2, g), 1.26 - 1.07 (m, 2H; CH2 bridge, h). 

 
Figure S5.62. 13C NMR spectrum of xNbOH. 
 

13C NMR (100 MHz, CDCl3, δ): 136.92, 136.58, 67.65, 45.08, 43.39, 41.99, 41.65, 29.64. 
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IR (ATR platinum diamond): ν / cm-1 = 3332 (w), 3312 (w), 3141 (vw), 3059 (w), 2958 (m), 2929 

(w), 2867 (w), 1469 (vw), 1458 (w), 1446 (w), 1423 (vw), 1415 (vw), 1372 (w), 1333 (w), 1292 

(vw), 1279 (vw), 1251 (vw), 1212 (vw), 1084 (m), 1026 (vs), 979 (w), 903 (w), 860 (w), 829 (w), 

788 (w), 778 (w), 755 (vw), 703 (vs), 658 (w), 619 (w), 605 (w), 525 (vw), 514 (w), 504 (w), 457 

(vw), 438 (vw).  

HRMS (ESI-MS) m/z: [M+H]+ calc. for C8H13O, 125.0961, found: 125.0963. 

 

xNbHNCHO*: 

1.00 eq. xNbOH (0.4 mol/L), 1.20 eq. 11-formamidoundecanoic acid, 1.20 eq. DCC and 

1.20 eq. DMAP were dissolved in DCM. The mixture was stirred for 40 hours at ambient 

temperature. Subsequently, the reaction mixture was filtered and washed with saturated 

aqueous CuSO4 solution, water, and brine. The organic phase was separated, and the solvent 

was removed under reduced pressure. The crude product was further purified via column 

chromatography using a cyclohexane/ethyl acetate mixture with 2 vol% triethylamine as 

solvent. The product was obtained as a white waxy solid in a yield of 84%. 

 
Figure S5.63. 1H NMR spectrum of xNbHNCHO. 
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1H NMR (400 MHz, CDCl3, δ): 8.13 - 7.92 (m, 1H; CHO, a), 6.31 - 6.09 (bs, 1H; NHCO, b), 

6.08 - 5.95 (m, 2H; CH=CH, c), 4.13 - 3.83 (m, 2H; CH2-O, d), 3.27 - 3.09 (m, 2H; CH2-NHCO, e), 

2.82 - 2.71 (m, 1H; =CH-CH-CH, f), 2.70 - 2.58 (m, 1H; =CH-CH-CH2, g), 2.25 (t, J = 7.5 Hz, 2H; 

CH2-CO, h), 1.70 - 1.61 (m, 1H; CH, i), 1.60 - 1.51 (m, 2H; CH2-CH2-CO, j), 1.50 - 1.41 (m, 2H; 

CH2-CH2-NHCO, k), 1.34 - 1.14 (m, 14H; CH2, l), 1.23 - 1.06 (m, 2H; CH2 bridge, m). 

 

 
Figure S5.64. 13C NMR spectrum of xNbHNCHO. 
 
13C NMR (100 MHz, CDCl3, δ): 173.95, 164.70, 161.33, 136.90, 136.17, 68.34, 44.93, 43.64, 

41.81, 41.56, 38.14, 37.97, 34.37, 31.20, 29.55, 29.46, 29.39, 29.30, 29.17, 29.07, 26.81, 

26.35, 24.98. 

IR (ATR platinum diamond): ν / cm-1 = 3295 (w), 3287 (w), 2925 (vs), 2855 (m), 1734 (vs), 1662 

(vs), 1534 (w), 1465 (w), 1448 (w), 1419 (vw), 1384 (m), 1360 (w), 1331 (w), 1284 (w), 1236 

(s), 1174 (vs), 1103 (w), 1059 (vw), 1047 (w), 1002 (w), 971 (w), 905 (w), 831 (w), 788 (w), 778 

(w), 755 (w), 706 (vs), 658 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C20H34NO3, 336.2533, found: 336.2530. 

Rf = 0.20 (cyclohexane/ethyl acetate, 2:1 with 2 vol% triethylamine). 
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xNbNC*: 

The synthesis procedure was adapted from recent literature.506 1.00 eq. xNbHNCHO (1 mol/L) 

and 3.00 eq. pyridine were dissolved in DCM. Subsequently, 1.50 eq. p-TsCl were added under 

cooling with a water bath. Afterwards, the reaction mixture was stirred for 3 hours at ambient 

temperature. Remaining p-TsCl was quenched by adding aqueous Na2CO3 solution (20 wt%) 

and stirring for 30 minutes. Then, water and DCM were added, and the organic phase was 

separated. The aqueous phase was extracted three times with DCM, the organic layers were 

combined and washed three times with water and brine. The organic phase was dried over 

magnesium sulfate, filtered and the solvent was removed under reduced pressure. The crude 

product was further purified via column chromatography using a cyclohexane/ethyl acetate 

mixture as solvent. The product was obtained as a brown viscous liquid in a yield of 95%. 

 
Figure S5.65. 1H NMR spectrum of xNbNC. 
 
1H NMR (400 MHz, CDCl3, δ): 6.19 - 5.97 (m, 2H; CH=CH, a), 4.18 - 391 (m, 2H; CH2-O, b), 3.37 

(tt, J = 6.6 Hz, 1.9 Hz, 2H; CH2-NC, c), 2.91 - 2.76 (m, 1H; =CH-CH-CH, d), 2.75 - 2.62 (m, 1H; 

=CH-CH-CH2, e), 2.31 (t, J = 7.5 Hz, 2H; CH2-CO, f), 1.75 - 1.58 (m, 1H; CH, g), 1.75 - 1.58 (m, 2H; 

CH2-CH2-NC, h), 1.75 - 1.58 (m, 2H; CH2-CH2-CO, i), 1.48 - 1.22 (m, 14H; CH2, j), 1.29 - 1.10 (m, 

2H; CH2 bridge, k). 
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Figure S5.66. 13C NMR spectrum of xNbNC. 
 
13C NMR (100 MHz, CDCl3, δ): 174.08, 155.82, 155.76, 155.71, 137.07, 136.34, 68.50, 45.09, 

43.80, 41.75, 41.72, 41.69, 41.62, 38.13, 34.53, 29.72, 29.42, 29.32, 29.24, 28.80, 26.43, 

25.14. 

IR (ATR platinum diamond): ν / cm-1 = 2927 (s), 2855 (w), 2145 (w), 1732 (vs), 1465 (w), 1456 

(w), 1388 (w), 1372 (w), 1358 (w), 1331 (w), 1298 (w), 1238 (s), 1174 (s), 1100 (w), 1047 (m), 

1002 (w), 969 (w), 905 (w), 854 (vw), 708 (s). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C20H32NO2, 318.2428, found: 318.2427. 

Rf = 0.90 (cyclohexane/ethyl acetate, 1:1). 

 

xNbBrTMS*: 

1.00 eq. 2-bromo-2-methylpropionic acid (1 mol/L), 1.50 eq. 4-TMS-ethynyl-benzaldehyde 

and 1.50 eq. xNbNC were dissolved in DCM and stirred for 3 days at ambient temperature. 

Then, the solvent was removed under reduced pressure. The crude product was purified via 

column chromatography using a cyclohexane/ethyl acetate mixture as solvent. The product 

was obtained as a brown solid in a yield of 53%. 
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Figure S5.67. 1H NMR spectrum of xNbBrTMS. 
 
1H NMR (400 MHz, CDCl3, δ): 7.46 (d, J = 8.5 Hz, 2H; C-C-CHAr, a), 7.38 (d, J = 8.1 Hz, 2H; 

CH-C-CHAr, b), 6.39 (bs, 1H; CONH, c), 6.10 (s, 1H; CH, d), 6.09 - 6.05 (m, 2H; CH=CH, e), 

4.19 - 3.90 (m, 2H; CH2-O, f), 3.40 - 3.17 (m, 2H; CH2-NHCO, g), 2.90 - 2.77 (m, 1H; =CH-CH-CH, 
h), 2.75 - 2.64 (m, 1H; =CH-CH-CH2, i), 2.31 (t, J = 7.5 Hz, 2H; CH2-CO, j), 2.04 - 1.95 (m, 6H; 

C-CH3, k), 1.77 - 1.68 (m, 1H; =CH-CH-CH, l), 1.68 - 1.58 (m, 2H; CH2-CH2-CO, m), 1.55 - 1.45 (m, 

2H; CH2-CH2-NHCO, n), 1.39 - 1.20 (m, 14H; CH2, o), 1.30 - 1.09 (m, 2H, CH2 bridge, p), 0.24 (s, 

9H; Si-CH3, q). 

 
Figure S5.68. 13C NMR spectrum of xNbBrTMS. 
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13C NMR (100 MHz, CDCl3, δ): 174.07, 169.50, 167.43, 137.02, 136.31, 135.26, 132.36, 127.08, 

124.08, 104.41, 95.44, 76.09, 68.46, 56.06, 45.05, 43.76, 41.68, 39.59, 38.09, 34.51, 30.82, 

30.60, 29.68, 29.52, 29.44, 29.41, 29.31, 29.23, 26.86, 25.12, 0.00. 

IR (ATR platinum diamond): ν / cm-1 = 3279 (w), 2923 (w), 2853 (w), 2156 (w), 1742 (vs), 1724 

(s), 1687 (w), 1656 (vs), 1567 (m), 1499 (w), 1460 (w), 1446 (w), 1436 (w), 1374 (w), 1356 (w), 

1337 (w), 1323 (w), 1300 (w), 1265 (s), 1249 (s), 1207 (w), 1189 (w), 1156 (vs), 1105 (s), 1016 

(m), 940 (w), 862 (vs), 841 (vs), 810 (w), 763 (m), 732 (w), 712 (s), 642 (w), 634 (w), 551 (w), 

537 (w). HRMS (ESI-MS) m/z: [M+H]+ calc. for C36H53BrNO5Si, 686.2871, found: 686.2867. 

Rf = 0.20 (cyclohexane/ethyl acetate, 7:1). 

 

xNbBrH*: 

A Schlenk flask equipped with a stirring bar was evacuated and purged with argon three times. 

The Schlenk flask was charged with 1.00 eq. xNbBrTMS dissolved in dry THF (0.5 mol/L). The 

solution was cooled at -78 °C using an isopropanol/dry ice bath, then 2.00 eq. TBAF (1 mol/L 

in dry THF) were added dropwise. The solution was stirred for 3 hours at -78 °C. After 

complete conversion (monitored via TLC), remaining TBAF was quenched by adding water. 

The organic phase was separated, and the aqueous phase was extracted three times with 

DCM. The combined organic layers were washed with water and brine. The slightly impure 

product was obtained as an off-white solid in a yield of 89%. 

 
Figure S5.69. 1H NMR spectrum of xNbBrH. 
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1H NMR (400 MHz, CDCl3, δ): 7.50 (d, J = 8.4 Hz, 2H; C-C-CHAr, a), 7.42 (d, J = 8.4 Hz, 2H; 

CH-C-CHAr, b), 6.41i (bs, 1H; CONH, c), 6.12 (s, 1H; CH, d), 6.11 - 6.05 (m, 2H; CH=CH, e), 

4.18 - 3.92 (m, 2H; CH2-O, f), 3.39 - 3.18 (m, 2H; CH2-NHCO, g), 3.10 (s, 1H; C≡CH, h), 2.89 - 2.77 

(m, 1H; =CH-CH-CH, i), 2.74 - 2.63 (m, 1H; =CH-CH-CH2, j), 2.31 (t, J = 7.6 Hz, 2H; CH2-CO, k), 

2.03 - 1.94 (m, 6H; C-CH3, l), 1.76 - 1.68 (m, 1H; =CH-CH-CH, m), 1.67 - 1.58 (m, 2H; 

CH2-CH2-CO, n), 1.55 - 1.46 (m, 2H; CH2-CH2-NHCO, o), 1.38 - 1.19 (m, 14H; CH2, p), 1.30 - 1.11 

(m, 2H, CH2 bridge, q). 

 

 
Figure S5.70. 13C NMR spectrum of xNbBrH. 
 
13C NMR (100 MHz, CDCl3, δ): 173.98, 169.41, 167.32, 136.94, 136.23, 135.61, 132.47, 127.06, 

122.95, 82.99, 78.11, 75.95, 68.38, 55.96, 44.97, 43.68, 41.60, 39.51, 38.01, 34.43, 30.75, 

30.52, 29.60, 29.45, 29.35, 29.33, 29.23, 29.15, 26.77, 25.04. 

IR (ATR platinum diamond): ν / cm-1 = 3293 (w), 3262 (w), 2962 (w), 2925 (m), 2853 (w), 1728 

(vs), 1658 (vs), 1561 (w), 1465 (w), 1448 (w), 1388 (w), 1372 (w), 1329 (w), 1304 (w), 1267 

(m), 1244 (m), 1191 (w), 1179 (m), 1156 (vs), 1105 (s), 1010 (w), 905 (w), 827 (w), 706 (m), 

650 (w), 636 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C33H45BrNO5, 614.2476, found: 614.2466. 

Rf = 0.70 (cyclohexane/ethyl acetate, 2:1 with 2 vol% triethylamine). 
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PS-Br*: 

The synthesis procedure was adapted from recent literature.472 A Schlenk flask equipped with 

a stirring bar and an ampoule equipped with J Young tap were evacuated and purged with 

argon three times. The Schlenk flask was charged with 0.10 eq. PMDETA (0.017 mol/L), and 

0.50 eq. copper(I) bromide dissolved in anisole. The ampoule was charged with 1.00 eq. ethyl 

α-bromoisobutyrate (0.4 mol/L) and 100 eq. styrene dissolved in anisole. The mixtures were 

degassed by three consecutive pump thaw cycles under high vacuum. Subsequently, the 

solution of the ampoule was transferred to the Schlenk flask via a degassed syringe, initiating 

the polymerization. The polymerization was carried out at 100 °C for 15 hours under an argon 

atmosphere. Afterwards, the reaction was cooled quickly to ambient temperature by 

immersing the flask into liquid nitrogen, exposing to air, and quenching by the addition of 

THF. The solution was then flushed through a plug of neutral aluminum oxide to remove the 

copper. Subsequently, the solvent was removed under reduced pressure. The crude product 

was dissolved in a small amount of THF and precipitated three times from the tenfold amount 

of cold methanol. The polymer was filtered, dried under high vacuum, and obtained as white 

solid. 

 
Figure S5.71. 1H NMR spectrum of PS-Br in CD2Cl2 (400 MHz). 
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Figure S5.72. 13C NMR spectrum of PS-Br in CD2Cl2 (100 MHz). 
 

 
Figure S5.73. (A) MALDI-TOF spectrum (dithranol, NaTFA) of PS-Br with highlighted mass 
distribution in color to guide the eye, (B) selected region of the spectrum (3520 – 3840 m/z) 
with peak color coded as per the identified species, and (C) structure of PS-Br species (S1) and 
its calculated and measured monoisotopic masses. 
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Figure S5.74. Comparison between measured and calculated isotopic patterns of PS-Br 
determined via MALDI-TOF MS (Figure S5.73) with the olefin-terminated species (S1). 
 

PS-N3*: 

Warning: Within this synthesis procedure a potentially explosive compound (NaN3) is used. 

Reading of the MSDS prior use is recommended. Handle with care and avoid contact with 

acids. 

 

The synthesis procedure was adapted from recent literature.472 A Schlenk flask equipped with 

a rubber septum and a stirring bar was evacuated and purged with argon three times. The 

flask was charged with 1.50 eq. sodium azide suspended in dry DMF (0.1 mol/L). Then, 

1.00 eq. PS-Br were dissolved in dry DMF (0.067 mol/L) and added to the azide solution while 

cooling in a water bath. The reaction was carried out at ambient temperature for 20 hours 

under an argon atmosphere. The crude product was precipitated three times from the tenfold 

amount of cold methanol. The polymer was filtered, dried under high vacuum, and obtained 

as white solid. 
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Figure S5.75. 1H NMR spectrum of PS-N3 in CD2Cl2 (400 MHz). 
 

 
Figure S5.76. 13C NMR spectrum of PS-N3 in CD2Cl2 (100 MHz). 
 

xNbBr-PS*: 

The synthesis procedure was adapted from recent literature.472 1.00 eq. PS-N3 and 0.40 eq. 

Cu(I)Br were added to a pressure tube equipped with a stirring bar. The tube was filled with 

argon and equipped with an argon balloon. Then, 1.50 eq. xNbBrH (0.24 mol/L) and 0.40 eq. 

PMDETA were dissolved in THF and added to the azide solution via a degassed syringe. The 
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reactions mixture was heated at 50 °C for 16 hours under an argon atmosphere. Afterwards, 

the reaction was cooled quickly to ambient temperature by immersing the flask into liquid 

nitrogen, exposing to air, and quenching by the addition of THF. The solution was then flushed 

through a plug of neutral aluminum oxide to remove the copper. Subsequently, the solvent 

was removed under reduced pressure. The crude product was dissolved in a small amount of 

THF and precipitated from the tenfold amount of cold methanol three times. The polymer 

was filtered, dried under high vacuum, and obtained as white solid. 

 
Figure S5.77. 1H NMR spectrum of the impure xNbBr-PS in CDCl3 (400 MHz). 
 

 
Figure S5.78. 13C NMR spectrum of the impure xNbBr-PS in CDCl3 (100 MHz). 
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xNb-PMMA-PS*: 

The synthesis procedure was adapted from recent literature.467 A Schlenk flask equipped with 

a stirring bar and an ampoule equipped with a J Young tap were evacuated and purged with 

argon (3x). The Schlenk flask was charged with 1.00 eq. copper(I) chloride (0.11 mol/L) and 

2.00 eq. TMEDA dissolved in anisole. The ampoule was charged with 1.00 eq. xNbBr-PS 

(0.074 mol/L) and 75.0 eq. methyl methacrylate and dissolved in anisole. The mixtures were 

degassed by three consecutive pump thaw cycles under high vacuum. Subsequently, the 

solution of the ampoule was transferred to the Schlenk flask via a degassed syringe, initiating 

the polymerization. The polymerization was carried out at 70 °C for 5 hours under an argon 

atmosphere. Afterwards, the reaction was cooled quickly to ambient temperature by 

immersing the flask into liquid nitrogen, exposing to air, and quenching by the addition of 

THF. The solution was then flushed through a plug of neutral aluminum oxide to remove the 

copper. Subsequently, the solvent was removed under reduced pressure. The crude product 

was then precipitated three times from the fifteenfold amount of cold cyclohexane. The 

polymer was filtered, dried under high vacuum, and obtained as white solid. 

 
Figure S5.79. Stacked 1H NMR spectra of the different filtrates obtained during the 
purification process and the purified bifunctional macromonomer xNb-PMMA-PS in CDCl3 
(400 MHz). Boxes: aromatic signals of PS (solid); methoxy signals of PMMA (dashed). 
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Figure S5.80. 1H NMR spectrum of xNbPMMA-PS in CDCl3 (400 MHz). 
 

 
Figure S5.81. 13C NMR spectrum of xNbPMMA-PS in CDCl3 (126 MHz). 
 

General synthesis of Janus graft copolymers (Janus10*, Janus 20*, and Janus30*): 

An ampoule equipped with a J Young tap was evacuated and purged with argon three times. 

Subsequently, the desired amount of xNb-PMMA-PS and G3 catalyst were each dissolved in 

degassed DCM and transferred into the ampoule under an argon flow, initiating the 

polymerization. The polymerization was carried out at ambient temperature for 30 minutes 
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under an argon atmosphere and was then immediately quenched by adding an excess of ethyl 

vinyl ether. Afterwards, the polymerization mixture was flushed trough a plug of 

DMT-functionalized silica to remove residual catalyst and was additionally precipitated three 

times from the tenfold excess of cold n-hexane. The polymers were filtered, dried under high 

vacuum, and obtained as white solids. 

 
Figure S5.82. Representative 1H NMR spectrum of a Janus graft copolymers (Janus10) in 
CD2Cl2 (500 MHz). 
 

 
Figure S5.83. Stacked 1H NMR spectra of the bifunctional macromonomer xNb-PMMA-PS in 
CDCl3 (400 MHz) and the obtained polymers Janus10, Janus20 and Janus30 in CD2Cl2 
(500 MHz). Box: norbornene olefinic moiety. 
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Figure S5.84. Stacked 13C NMR spectra of the bifunctional macromonomer xNb-PMMA-PS 
and the obtained polymers Janus10, Janus20 and Janus30 in CD2Cl2 (500 MHz). Box: 
norbornene olefinic moiety. 
 

8.3.3 Materials synthesized in chapter 6 

 

It is noted that the stacked 1H NMR spectra (entries 6.4 – 6.22) represent the crude products 

after quenching with EVE without further purification. Hence, some spectra may contain 

signals of remaining EVE, solvent, silicone grease, or not polymerized starting material. 

 

nNbHex: 

The synthesis procedure was adapted from recent literature.93 1.00 eq. cis-5-norbornene-

endo-2,3-dicarboxylic anhydride (0.2 mol/L), 1.50 eq. 6-amino-1-hexane and 0.20 eq. 

triethylamine were dissolved in toluene. The condensation was performed at 90 °C for 

16 hours using a Dean-Stark apparatus to remove forming water. Then, the solvent was 

removed under reduced pressure. The crude products were dissolved in DCM and washed 

with aqueous hydrochloric acid (0.1 mol/L) twice and then with brine. The organic phase was 

dried over magnesium sulfate and the solvent was removed under reduced pressure. The 

product was obtained a light brown viscous liquid in yield of 82%. 
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Figure S6.1. 1H NMR spectrum of nNbHex. 
 
1H NMR: (500 MHz, CDCl3, δ): 6.07 (t, J = 1.9 Hz, 2H; CH=CH, a), 3.38 - 3.33 (m, 2H; =CH-CH, b), 

3.31 - 3.26 (m, 2H; N-CH2, c), 2.77 (dd, J = 2.9 Hz, 1.5 Hz, 2H; =CH-CH-CH, d), 1.72 - 1.50 (m, 2H; 

CH2 bridge, e), 1.43 - 1.35 (m, 2H; N-CH2-CH2, f), 1.29 - 1.17 (m, 6H; CH2, g), 0.84 (t, J = 6.9 Hz, 

3H; CH3, h). 

 
Figure S6.2. 13C NMR spectrum of nNbHex. 
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13C NMR: (126 MHz, CDCl3, δ): 177.86, 134.49, 52.31, 45.81, 44.99, 38.56, 31.42, 27.85, 26.64, 

22.59, 14.10. 

IR (ATR platinum diamond): ν / cm-1 = 2933 (w), 2859 (w), 1769 (w), 1691 (vs), 1456 (w), 1436 

(w), 1395 (m), 1368 (m), 1353 (m), 1337 (m), 1308 (w), 1292 (w), 1249 (w), 1228 (w), 1172 

(m), 1140 (w), 1129 (m), 1092 (vw), 1049 (vw), 987 (w), 975 (w), 917 (vw), 909 (vw), 884 (w), 

843 (w), 802 (vw), 786 (vw), 745 (w), 720 (s), 662 (w), 646 (w), 615 (m), 570 (vw), 529 (vw), 

502 (vw), 481 (vw), 459 (vw), 436 (w), 413 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C15H22NO2, 248.1645, found: 248.1644. 

 

General ROMP procedure – homopolymerization kinetics of nNbHex (entries 6.1 – 6.4): 

An NMR tube equipped with a J Young tap was evacuated and purged with argon three times. 

Subsequently, the desired amount of nNbHex and G1 catalyst (2 mmol/L) were each dissolved 

in degassed DCM-d2 and transferred to the NMR tube under an argon flow, initiating the 

polymerization. The polymerization was carried out at ambient temperature under an argon 

atmosphere and was monitored by on-line 1H NMR spectroscopy. After reaching the desired 

monomer conversion, the polymerization was quenched by adding an excess of ethyl vinyl 

ether. The crude product was purified by removal of the cleaved catalyst via a 

DMT-functionalized silica plug and was additionally precipitated three times from the tenfold 

excess of cold n-hexane to remove unreacted monomer. The polymers were obtained as 

brown solids. 

Entry 6.4 was performed in an argon-flushed ampoule at ambient temperature under an 

argon atmosphere. Samples were withdrawn and quenched by adding an excess of ethyl vinyl 

ether to monitor the monomer conversion and the evolution of the molecular weight 

distribution. The samples were not further purified. 

 



 8 Experimental section 

 271 

 
Figure S6.3. 1H NMR spectrum of entry 6.1 in CD2Cl2 (500 MHz). Note: Deuterated solvent was 
contaminated with traces of DMSO. 
 

 
Figure S6.4. 13C NMR spectrum of entry 6.1 in CD2Cl2 (126 MHz). 
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Figure S6.5. 1H NMR spectrum of entry 6.2 in CD2Cl2 (500 MHz). 
 

 
Figure S6.6. 13C NMR spectrum of entry 6.2 in CD2Cl2 (126 MHz). 
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Figure S6.7. 1H NMR spectrum of entry 6.3 in CD2Cl2 (500 MHz). Note: Deuterated solvent was 
contaminated with traces of DMSO. 
 

 
Figure S6.8. 13C NMR spectrum of entry 6.3 in CD2Cl2 (126 MHz). 
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Figure S6.9. Stacked 1H NMR spectra of entry 6.4 after quenching with EVE in CDCl3 (400 MHz) 
and the 1H NMR spectrum of the corresponding monomer in CDCl3 (500 MHz). Boxes: 
norbornene olefinic moiety (solid); poly(norbornene) olefinic backbone (dashed). 
 

General ROMP by delayed addition of macromonomer (entries 6.5 – 6.22): 

An ampoule equipped with a J Young tap and a stirring bar was evacuated and purged with 

argon three times. Subsequently, the desired amount of nNbHex and G1 catalyst were each 

dissolved in degassed DCM and transferred into the ampoule under an argon flow, initiating 

the polymerization. After reaching a DP of ca. 19, a sample was withdrawn and quenched by 

adding an excess of ethyl vinyl ether. Then, the desired amount of the first macromonomer 

was dissolved in degassed DCM and transferred to the ampoule under an argon flow, initiating 

the copolymerization. A sample was withdrawn and quenched by adding an excess of ethyl 

vinyl ether after reaching complete macromonomer conversion. This procedure was repeated 

depending on the desired number of introduced blocks. The polymerization was carried out 

at ambient temperature under an argon atmosphere and was quenched after reaching the 

desired number of blocks by adding an excess of ethyl vinyl ether. The crude product was 

purified by removal of the cleaved catalyst via a DMT-functionalized silica plug and was 

additionally precipitated three times from the tenfold excess of cold n-hexane to remove 

unreacted monomer. The polymers were obtained as off-white solids. 
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Figure S6.10. Representative stacked 1H NMR spectra of entry 6.5 before (bottom) and after 
(middle) the addition of xNb2M12, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
 

 
Figure S6.11. 1H NMR spectrum of entry 6.5 in CD2Cl2 (500 MHz). 
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Figure S6.12. 13C NMR spectrum of entry 6.5 in CD2Cl2 (126 MHz). 
 

 
Figure S6.13. Representative stacked 1H NMR spectra of entry 6.6 before (bottom) and after 
(middle) the addition of xNb2M12, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.14. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.6 (Table 6.2), (B) highlighting 
xNb2M12 during copolymerization, (C) molar fraction (xi) of xNb2M12 in entry 6.6 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.13), and (D) 
SEC traces of entry 6.6 before xNb2M12 addition and after xNb2M12 conversion. Line 
represents linear fit. 
 

 
Figure S6.15. 1H NMR spectrum of entry 6.6 in CD2Cl2 (500 MHz). 
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Figure S6.16. 13C NMR spectrum of entry 6.6 in CD2Cl2 (126 MHz). 
 

 
Figure S6.17. Representative stacked 1H NMR spectra of entry 6.7 before (bottom) and after 
(middle) the addition of xNb2M12, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.18. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.7 (Table 6.2), (B) highlighting 
xNb2M12 during copolymerization, (C) molar fraction (xi) of xNb2M12 in entry 6.7 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.17), and (D) 
SEC traces of entry 6.7 before xNb2M12 addition and after xNb2M12 conversion. Line 
represents linear fit. 
 

 
Figure S6.19. 1H NMR spectrum of entry 6.7 in CD2Cl2 (500 MHz). 
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Figure S6.20. 13C NMR spectrum of entry 6.7 in CD2Cl2 (126 MHz). 
 

 
Figure S6.21. Representative stacked 1H NMR spectra of entry 6.8 before (bottom) and after 
(middle) the addition of xNb2M12, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.22. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.8 (Table 6.2), (B) highlighting 
xNb2M12 during copolymerization, (C) molar fraction (xi) of xNb2M12 in entry 6.8 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.21), and (D) 
SEC traces of entry 6.8 before xNb2M12 addition and after xNb2M12 conversion. Line 
represents linear fit. 
 

 
Figure S6.23. 1H NMR spectrum of entry 6.8 in CD2Cl2 (500 MHz). 
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Figure S6.24. 13C NMR spectrum of entry 6.8 in CD2Cl2 (126 MHz). 
 

 
Figure S6.25. Representative stacked 1H NMR spectra of entry 6.9 before (bottom) and after 
(middle) the addition of xNb6M13, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.26. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.9 (Table 6.2), (B) highlighting 
xNb6M13 during copolymerization, (C) molar fraction (xi) of xNb6M13 in entry 6.9 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.25), and (D) 
SEC traces of entry 6.9 before xNb6M13 addition and after xNb6M13 conversion. Line 
represents linear fit. 
 

 
Figure S6.27. 1H NMR spectrum of entry 6.9 in CD2Cl2 (500 MHz). 
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Figure S6.28. 13C NMR spectrum of entry 6.9 in CD2Cl2 (126 MHz). 
 

 
Figure S6.29. Representative stacked 1H NMR spectra of entry 6.10 before (bottom) and after 
(middle) the addition of xNb6M13, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
 



 8 Experimental section 

 285 

 
Figure S6.30. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.10 (Table 6.2), (B) highlighting 
xNb6M13 during copolymerization, (C) molar fraction (xi) of xNb6M13 in entry 6.10 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.29), and (D) 
SEC traces of entry 6.10 before xNb6M13 addition and after xNb6M13 conversion. Line 
represents linear fit. 
 

 
Figure S6.31. 1H NMR spectrum of entry 6.10 in CD2Cl2 (500 MHz). 
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Figure S6.32. 13C NMR spectrum of entry 6.10 in CD2Cl2 (126 MHz). 
 

 
Figure S6.33. Representative stacked 1H NMR spectra of entry 6.11 before (bottom) and after 
(middle) the addition of xNb6M13, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.34. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.11 (Table 6.2), (B) highlighting 
xNb6M13 during copolymerization, (C) molar fraction (xi) of xNb6M13 in entry 6.11 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.33), and (D) 
SEC traces of entry 6.11 before xNb6M13 addition and after xNb6M13 conversion. Line 
represents linear fit. 
 

 
Figure S6.35. 1H NMR spectrum of entry 6.11 in CD2Cl2 (500 MHz). 
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Figure S6.36. 13C NMR spectrum of entry 6.11 in CD2Cl2 (126 MHz). 
 

 
Figure S6.37. Representative stacked 1H NMR spectra of entry 6.12 before (bottom) and after 
(middle) the addition of xNb6M13, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.38. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.12 (Table 6.2), (B) highlighting 
xNb6M13 during copolymerization, (C) molar fraction (xi) of xNb6M13 in entry 6.12 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.37), and (D) 
SEC traces of entry 6.12 before xNb6M13 addition and after xNb6M13 conversion. Line 
represents linear fit. 
 

 
Figure S6.39. 1H NMR spectrum of entry 6.12 in CD2Cl2 (500 MHz). 
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Figure S6.40. 13C NMR spectrum of entry 6.12 in CD2Cl2 (126 MHz). 
 

 
Figure S6.41. Representative stacked 1H NMR spectra of entry 6.13 before (bottom) and after 
(middle) the addition of xNb6M17, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.42. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.13 (Table 6.2), (B) highlighting 
xNb6M17 during copolymerization, (C) molar fraction (xi) of xNb6M17 in entry 6.13 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.41), and (D) 
SEC traces of entry 6.13 before xNb6M17 addition and after xNb6M17 conversion. Line 
represents linear fit. 
 

 
Figure S6.43. 1H NMR spectrum of entry 6.13 in CD2Cl2 (500 MHz). 
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Figure S6.44. 13C NMR spectrum of entry 6.13 in CD2Cl2 (126 MHz). 
 

 
Figure S6.45. Representative stacked 1H NMR spectra of entry 6.14 before (bottom) and after 
(middle) the addition of xNb6M17, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.46. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.14 (Table 6.2), (B) highlighting 
xNb6M17 during copolymerization, (C) molar fraction (xi) of xNb6M17 in entry 6.14 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.45), and (D) 
SEC traces of entry 6.14 before xNb6M17 addition and after xNb6M17 conversion. Line 
represents linear fit. 
 

 
Figure S6.47. 1H NMR spectrum of entry 6.14 in CD2Cl2 (500 MHz). 
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Figure S6.48. 13C NMR spectrum of entry 6.14 in CD2Cl2 (126 MHz). 
 

 
Figure S6.49. Representative stacked 1H NMR spectra of entry 6.15 before (bottom) and after 
(middle) the addition of xNb6M17, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.50. (A) Kinetic plots of entries 6.1 (Table 6.1Scheme 6.1) and 6.15 (Table 6.2), (B) 
highlighting xNb6M17 during copolymerization, (C) molar fraction (xi) of xNb6M17 in 
entry 6.15 as a function of polymerization time, based on 1H NMR spectroscopy data (Figure 
S6.49), and (D) SEC traces of entry 6.15 before xNb6M17 addition and after xNb6M17 
conversion. Line represents linear fit. 
 

 
Figure S6.51. 1H NMR spectrum of entry 6.15 in CD2Cl2 (500 MHz). 
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Figure S6.52. 13C NMR spectrum of entry 6.15 in CD2Cl2 (126 MHz). 
 

 
Figure S6.53. Representative stacked 1H NMR spectra of entry 6.16 before (bottom) and after 
(middle) the addition of xNb6M17, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
 



 8 Experimental section 

 297 

 
Figure S6.54. (A) Kinetic plots of entries 6.1 (Table 6.1) and 6.16 (Table 6.2), (B) highlighting 
xNb6M17 during copolymerization, (C) molar fraction (xi) of xNb6M17 in entry 6.16 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.53), and (D) 
SEC traces of entry 6.16 before xNb6M17 addition and after xNb6M17 conversion. Line 
represents linear fit. 
 

 
Figure S6.55. 1H NMR spectrum of entry 6.16 in CD2Cl2 (500 MHz). 
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Figure S6.56. 1H NMR spectrum of entry 6.16 in CD2Cl2 (126 MHz). 
 

 
Figure S6.57. Representative stacked 1H NMR spectra of entry 6.17 before (bottom) and after 
(middle) the addition of xNb6M17, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.58. (A) Kinetic plots of entries 6.2 (Table 6.1) and 6.17 (Table 6.3), (B) highlighting 
xNb6M17 during copolymerization, (C) molar fraction (xi) of xNb6M17 in entry 6.17 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.57), and (D) 
SEC traces of entry 6.17 before xNb6M17 addition and after xNb6M17 conversion. Line 
represents linear fit. 
 

 
Figure S6.59. 1H NMR spectrum of entry 6.17 in CD2Cl2 (500 MHz). 
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Figure S6.60. 13C NMR spectrum of entry 6.17 in CD2Cl2 (126 MHz). 
 

 
Figure S6.61. Representative stacked 1H NMR spectra of entry 6.18 before (bottom) and after 
(middle) the addition of xNb6M17, and after its complete conversion (top) in CD2Cl2 
(500 MHz). Boxes: endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
exo norbornene olefin (dotted); methoxy groups (dash-dotted). 
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Figure S6.62. (A) Kinetic plots of entries 6.3 (Table 6.1) and 6.18 (Table 6.3), (B) highlighting 
xNb6M17 during copolymerization, (C) molar fraction (xi) of xNb6M17 in entry 6.18 as a 
function of polymerization time, based on 1H NMR spectroscopy data (Figure S6.61), and (D) 
SEC traces of entry 6.18 before xNb6M17 addition and after xNb6M17 conversion. Line 
represents linear fit. 
 

 
Figure S6.63. 1H NMR spectrum of entry 6.18 in CD2Cl2 (500 MHz). 
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Figure S6.64. 13C NMR spectrum of entry 6.18 in CD2Cl2 (126 MHz). 
 

 
Figure S6.65. Representative stacked 1H NMR spectra of entry 6.19 (diblock) before and after 
the additions of xNb6M17, and after their complete conversions in CD2Cl2 (500 MHz). Boxes: 
endo norbornene olefin (solid); poly(norbornene) olefin (dashed); exo norbornene olefin 
(dotted); methoxy groups (dash-dotted). 
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xNbBr: 

The synthesis procedure was adapted from recent literature.474 1.00 eq. of xNbOH 

(0.16 mol/L), 0.40 eq. DMAP and 1.50 eq. triethylamine were dissolved in THF. Subsequently, 

1.50 eq. α-bromoisobutyryl bromide were dissolved in THF (0.15 mol/L) and added dropwise 

to the reaction mixture at 0°C. Afterwards, the mixture was stirred for 16 hours at ambient 

temperature and the solvent was removed under reduced pressure. The crude product was 

dissolved in DCM, washed with saturated aqueous NaHCO3 solution and brine. The organic 

phase was dried over magnesium sulfate and the solvent was removed under reduced 

pressure. The crude product was then purified via column chromatography using a 

pentane/ethyl acetate mixture as solvent. The product was obtained as a colorless liquid in a 

yield of 79%. 

 
Figure S6.66. 1H NMR spectrum of xNbBr. 
 
1H NMR: (500 MHz, CDCl3, δ): 6.13 - 6.06 (m, 2H; CH=CH, a), 4.27 - 4.04 (m, 2H; CH2-OH, b), 

2.88 - 2.81 (m, 1H; =CH-CH-CH, c),2.77 - 2.71 (m, 1H; =CH-CH-CH2, d), 1.94 (s, 6H; CH3, e), 

1.83 - 1.74 (m, 1H; CH, f), 1.40 - 1.30 (m, 2H; CH2, g), 1.32 - 1.17 (m, 2H; CH2 bridge, h). 
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Figure S6.67. 13C NMR spectrum of xNbBr. 
 
13C NMR: (126 MHz, CDCl3, δ): 171.83, 137.24, 136.30, 70.15, 56.13, 45.13, 43.70, 41.74, 

37.95, 30.93, 29.56. 

IR (ATR platinum diamond): ν / cm-1 = 3065 (vw), 2966 (w), 2869 (vw), 1732 (vs), 1571 (vw), 

1462 (w), 1448 (w), 1388 (w), 1370 (w), 1327 (w), 1273 (vs), 1154 (vs), 1107 (vs), 1047 (vw), 

1010 (w), 998 (m), 971 (w), 946 (w), 919 (w), 905 (w), 862 (vw), 850 (w), 831 (vw), 821 (vw), 

788 (vw), 778 (vw), 763 (vw), 708 (vs), 660 (w), 644 (w), 514 (vw), 475 (w), 448 (w). 

HRMS (ESI-MS) m/z: [M+H]+ calc. for C12H18BrO3, 273.0485, found: 273.0481. 

 

General ATRP procedure using methacrylate monomers (xNbM27 and xNbB17): 

The synthesis procedure was adapted from recent literature.467 A Schlenk flask equipped with 

a stirring bar and an ampoule equipped with a J Young tap were evacuated and purged with 

argon (3x). The Schlenk flask was charged with 1.00 eq. copper(I) chloride (0.11 mol/L) and 

2.00 eq. TMEDA dissolved in anisole. The ampoule was charged with 1.00 eq. xNbBr 

(0.074 mol/L) and 50.0 eq. methyl methacrylate dissolved in anisole. The mixtures were 

degassed by three consecutive pump thaw cycles under high vacuum. Subsequently, the 

solution of the ampoule was transferred to the Schlenk flask via a degassed syringe, initiating 

the polymerization. The polymerization was carried out at 70 °C for 8.75 hours under an argon 

atmosphere. Afterwards, the reaction was cooled quickly to ambient temperature by 
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immersing the flask into liquid nitrogen, exposing to air, and quenching by the addition of 

THF. The solution was then flushed through a plug of neutral aluminum oxide to remove the 

copper. Subsequently, the solvent was removed under reduced pressure. The crude product 

was then precipitated three times from the tenfold amount of cold n-hexane. The polymers 

were filtered, dried under high vacuum, and obtained as white solids. 

 
Figure S6.68. 1H NMR spectrum of xNbM27 in CDCl3 (500 MHz). 
 

 
Figure S6.69. 13C NMR spectrum of xNbM27 in CDCl3 (126 MHz). 
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Figure S6.70. (A) MALDI-TOF spectrum (DCTB, NaTFA) of xNbM27 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (1980 – 2290 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNbM27 species 
(S1 – S2) and their calculated and measured monoisotopic masses. 
 

 
Figure S6.71. Comparison between measured and calculated isotopic patterns of xNbM27 
determined via MALDI-TOF MS (Figure S6.70) with (A) the chloride-terminated species (S1), 
and (B) the hydrogen-terminated species (S2). 
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Figure S6.72. 1H NMR spectrum of xNbB17 in CD2Cl2 (500 MHz). 
 

 
Figure S6.73. 13C NMR spectrum of xNbB17 in CD2Cl2 (126 MHz). 
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Figure S6.74. (A) MALDI-TOF spectrum (DCTB, NaTFA) of xNbB17 with highlighted mass 
distributions in color to guide the eye, (B) selected region of the spectrum (2210 – 2760 m/z) 
with peaks color coded as per the identified species, and (C) structures of xNbB17 species 
(S1 – S2) and their calculated and measured monoisotopic masses. 
 

 
Figure S6.75. Comparison between measured and calculated isotopic patterns of xNbB17 
determined via MALDI-TOF MS (Figure S6.74) with (A) the chloride-terminated species (S1), 
and (B) the double charged dinorbornene species (S2). 
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Figure S6.76. DSC traces of (A) xNbM27, xNbB17 and the respective 1:1 polymer blend. 
 

 
Figure S6.77. 1H NMR spectrum of entry 6.19 in CD2Cl2 (500 MHz) and corresponding chemical 
structure. 
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Figure S6.78. 13C NMR spectrum of entry 6.19 in CD2Cl2 (126 MHz). 
 

 
Figure S6.79. Representative stacked 1H NMR spectra of entry 6.20 (diblock) before and after 
the additions of xNbM27 and xNbB12, and after their complete conversions in CD2Cl2 
(500 MHz). Boxes: exo and endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
benzyl groups (dotted); methoxy groups (dash-dotted). 
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Figure S6.80. 1H NMR spectrum of entry 6.20 in CD2Cl2 (500 MHz) and corresponding chemical 
structure. 
 

 
Figure S6.81. 13C NMR spectrum of entry 6.20 in CD2Cl2 (126 MHz). 
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Figure S6.82. Representative stacked 1H NMR spectra of entry 6.21 (diblock) before and after 
the additions of xNbM27 and xNbB12, and after their complete conversions in CD2Cl2 
(500 MHz). Boxes: exo and endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
benzyl groups (dotted); methoxy groups (dash-dotted). 
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Figure S6.83. 1H NMR spectrum of entry 6.21 in CD2Cl2 (500 MHz) and corresponding chemical 
structure. 
 

 
Figure S6.84. 13C NMR spectrum of entry 6.21 in CD2Cl2 (126 MHz) 
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Figure S6.85. Representative stacked 1H NMR spectra of entry 6.22 (triblock) before and after 
the additions of xNbM27 (2x) and xNbB12 (1x), and after their complete conversions in CD2Cl2 
(500 MHz). Boxes: exo and endo norbornene olefin (solid); poly(norbornene) olefin (dashed); 
benzyl groups (dotted); methoxy groups (dash-dotted). 
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Figure S6.86. 1H NMR spectrum of entry 6.22 in CD2Cl2 (500 MHz) and corresponding chemical 
structure. 
 

 
Figure S6.87. 13C NMR spectrum of entry 6.22 in CD2Cl2 (126 MHz). 
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9 Appendix 

9.1 List of abbreviations 

 

1,4-DHP  1,4-Dihydropyridine 

Ad   Adamantyl 

ADMET  Acyclic diene metathesis 

AFM   Atomic force microscopy 

Ar   Argon 

ARGET   Activators regenerated by electron transfer 

ATRP   Atom transfer radical polymerization 

Bn   Benzyl 

BnMA   Benzyl methacrylate 

CP   Copolymer 

CTA   Chain transfer agent 

Cy   Cyclohexyl 

d   Days 

DCC   N,N’-Dicyclohexylcarbodiimide 

DCM   Dichloromethane 

DCM-d2  Deuterated dichloromethane 

DCTB  Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 

malononitrile 

DHPM   Dihydropyrimidinone 

ĐM   Molecular weight dispersity 

DMAP   4-Dimethylaminopyridine 

DMC   Dimethyl carbonate 

DMT Dimercaptotriazine 

DNA   Desoxyribonucleic acid 

dNbpy   4,4ʹ-Dinonyl-2,2ʹ-dipyridyl 

DP   Degree of polymerization 

DSC   Differential scanning calorimetry 
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ED-ROMP  Entropy-driven ring-opening metathesis polymerization 

eq.   Equivalents 

ESI   Electrospray ionization 

EVE   Ethyl vinyl ether 

G1   Grubbs first generation catalyst 

G2   Grubbs second generation catalyst 

G3   Grubbs third generation catalyst 

h   Hours 

HP   Homopolymer 

Hz   Hertz 

ICAR   Initiators for continuous activator regeneration 

IMCR   Isocyanide-based multicomponent reaction 

J   Coupling constant 

kp   Apparent propagation rate constant 

L   Ligand 

M:I   Monomer-to-initiator ratio 

m/z   Mass-to-charge ratio 

M0,i   Molecular weight of repeat unit i 

MALDI   Matrix-assisted laser desorption/ionization 

MCO   Macrocyclic oligomers 

MCR   Multicomponent reaction 

MF-ROMP  Metal-free ring-opening metathesis polymerization 

min   Minutes 

MM   Macromonomer 

MMA   Methyl methacrylate 

Mn   Number-average molecular weight 

MS   Mass spectrometry 

Mw   mass-average molecular weight 

NHC N-heterocyclic carbene 

ni   Number of repeat units i 

NIPU   Non-isocyanate polyurethane 

NMP   Nitroxide-mediated radical polymerization 
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NMR   Nuclear magnetic resonance 

nNb   endo norbornene 

P-3CR   Passerini three-component reaction 

PBnMA  Poly(benzyl methacrylate) 

Pe   Pentyl 

PEG   Poly(ethylene glycol) 

Ph   Phenyl 

PMDETA  N,N,Nʹ,Nʹʹ,Nʹʹ-Pentamethyl diethylenetriamine 

PMMA   Poly(methyl methacrylate) 

PNB Poly(norbornene) 

ppm   Parts-per-million 

Pr   Propyl 

PS   Poly(styrene) 

p-TsCl p-Toluenesulfonyl chloride 

PU   Polyurethane 

Py   Pyrenyl 

r.t.   room temperature 

RAFT   Reversible addition-fragmentation chain-transfer 

RDRP   Reversible-deactivation radical polymerization 

Rh   Hydrodynamic radius 

RNA   Ribonucleic acid 

ROMP   Ring-opening metathesis polymerization 

ROMPISA  Ring-opening metathesis polymerization-induced self-assembly 

ROP   Ring-opening polymerization 

SARA   Supplemental activator and reducing agent 

SAXS   Small-angle X-ray scattering 

SEC   Size exclusion chromatography 

St   Styrene  

stat Statistical 

T   Temperature 

t1/2   Monomer half-live 

TBACl   Tetrabutylammonium chloride 
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Td   Decomposition Temperature 

TFA   Trifluoroacetate 

Tg   Glass transition temperature 

TGA   Thermogravimetric analysis 

THF   Tetrahydrofuran 

TLC Thin-layer chromatography 

TOF   Time-of-flight  

U-4CR   Ugi four-component reaction 

wi   Weight fraction of i 

xi Molar fraction of i 

xNb   exo norbornene 

σ Grafting density 
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