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Abstract 
The very existence of a causal link between the topology and the thermo-mechanical properties 

of polymers is a unique aspect of polymer science with no equivalent in the world of small 

organic molecules. Since the birth of modern polymer chemistry 100 years ago, polymer 

chemists competed ingeniously to produce ever more numerous and sophisticated polymer 

topologies. Among them, cage-shaped polymers stand out by their polycyclic architecture and 

the absence of polymer chain-ends. Although the synthesis of cage-shaped polymers turned out 

to be particularly tedious and constituted a major challenge to polymer chemists, several 

synthesis strategies with their own strengths and weaknesses were developed over the past 

20 years. With one notable exception, the topological conversion of acyclic polymer precursors 

was particularly employed. However, the usual complex nature of these precursors, the 

common necessity to work in high-dilution and the frequent low yields of the topological 

conversion step made cage-shaped polymers difficult to obtain beyond the 100-milligram-scale 

and in a reproducible manner.  

It is in this context that, within this work, a new methodology to generate cage-shaped polymers 

was conceptualized and developed. Starting from star-shaped polymer precursors, the 

topological conversion was envisaged to occur by (AB)n n-oligomerization of n bifunctional 

end-groups present at each arm of the polymer into a chemically inert macrocyclic structure. 

To do so, the chemistry involved in the (AB)n n-oligomerization was carefully chosen to fulfil 

a strict list of prerequisites in order to be viable, namely inter alia to be orthogonally initiated 

by a specific trigger as well as to irreversibly proceed with a high conversion and a high kinetic 

rate. As a result, CuAAC (copper-catalyzed azide-alkyne cycloaddition) click chemistry was 

selected and the syntheses of several potential AB end-groups examined. The first efforts to 

produce star-shaped polymer precursors were focused on the syntheses of star-shaped RAFT 

(reversible addition−fragmentation chain-transfer) agents, that were designed to directly bear 

the bifunctional end-groups. The synthesis of cage-shaped polymers was then intended to be 

achieved in only two steps, which were the RAFT polymerization itself and the topological 

conversion without the need of further post-polymerization modification in between. However, 

the synthesis of end-functionalized star-shaped RAFT agent proved to be more difficult than 

anticipated and the following polymerization suffered from side-reactions between the CTAs 

(chain transfer agents) and the end-group functionalities. In consequence, the star-shaped 

polymers were envisioned to be obtained by proton-catalyzed ROP (ring-opening 
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polymerization) of -caprolactone from multifunctional initiators. Meanwhile, the core idea of 

this work, namely the topological conversion of star-shaped polymers into polymer cages by 

(AB)n n-oligomerization, was greatly strengthened by the reports of D2h-[34]triazolophane 

macrocycles in the scientific literature. While D2h-[34]triazolophanes cannot be strictly 

speaking obtained by (AB)4 tetramerization, their unreported D4h regioisomer owns all 

prerequisites to do so from m-azidoethynylbenzene units. Thus, a well-defined four-arm 

star-shaped poly(-caprolactone) was synthetized and quantitively end-functionalized with a 

m-azidoethynylbenzene carboxylic acid derivative. From this point, a first 50-milligram-scale 

synthesis of cage-shaped polymer was achieved in high dilution condition. Motivated by these 

results, the kinetic of the intramolecular topological conversion was optimized by progressive 

reduction of the reaction time. Subsequently, the polymer concentration was gradually 

increased to examine its impact on the undesired intermolecular cross-linking reactions. Once 

these preliminary studies were completed, the influence of the polymer size on the synthesis 

yield and thermo-mechanical properties of the cage-shaped polymers was thoroughly 

considered. To do so, four star-shaped poly(-caprolactone)s varying in molecular weights 

were synthetized, end-functionalized and converted into their respective polymer cages at the 

50-miligram-scale. The core of this work was later published in detail. Afterwards, the 

upscaling of the topological conversion from a known poly(-caprolactone) was examined by 

using a semi-batch process. From this point onwards, the robustness of the procedure was 

challenged by varying the nature of the polymer substrate and increasing the topological 

conversion yield beyond the gram-scale to finally envisage a concrete application for cage-

shaped polymer materials. Accordingly, a cage-shaped poly(ethylene oxide) polymer was 

produced up to the 1.5-gram-scale and its ability to be used as a polymer electrolyte for lithium-

ion batteries was later examined in the framework of a collaboration. Thanks to the particular 

topology of its polymer, purely amorphous poly(ethylene oxide) electrolytes were obtained 

with minimal lithium-salt loading ratios. The ionic conductivity being highly favored by the 

presence of non-crystalline phases within the polymer lattice, the cage-shaped polymer 

electrolytes widely outperformed the ionic conductivity values recorded for standard 

poly(ethylene oxide) electrolytes below their crystallization temperature. The results of this 

collaboration are in the process of being published. 
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Zusammenfassung 
Die Existenz eines kausalen Zusammenhangs zwischen der Topologie und den 

thermomechanischen Eigenschaften von Polymeren ist ein einzigartiger Aspekt der 

Polymerwissenschaft, der keine Entsprechung in der Untersuchung kleiner organischer 

Moleküle hat. Seit der Geburtsstunde der modernen Polymerchemie vor 100 Jahren 

wetteiferten Polymerchemiker mit Erfindungsreichtum, um immer zahlreichere und 

komplexere Polymertopologien herzustellen. Unter ihnen stechen die käfigförmigen Polymere 

durch ihre polyzyklische Architektur und das Fehlen von Polymerkettenenden hervor. Obwohl 

sich die Synthese von käfigförmigen Polymeren als besonders langwierig erwies und eine große 

Herausforderung für Polymerchemiker darstellte, wurden in den letzten 20 Jahren mehrere 

Synthesestrategien mit ihren eigenen Stärken und Schwächen entwickelt. Mit einer 

bemerkenswerten Ausnahme war die topologische Umsetzung von azyklischen 

Polymervorstufen besonders verwendet. Die übliche Komplexität dieser Vorstufen, die häufige 

Notwendigkeit in hoher Verdünnung zu arbeiten, und die oftmals geringen Ausbeuten des 

topologischen Konversionsschrittes machten es jedoch schwierig, käfigförmige Polymere 

jenseits des 100-Milligramm-Maßstabs und in reproduzierbarer Weise zu erhalten.  

Vor diesem Hintergrund wurde im Rahmen dieser Arbeit eine neue Methodik zur Herstellung 

käfigförmiger Polymere konzipiert und entwickelt. Ausgehend von sternförmigen 

Polymervorstufen wurde die topologische Umwandlung durch (AB)n n-Oligomerisierung von 

n bifunktionellen Endgruppen, die an jedem Arm des Polymers vorhanden sind, in eine 

chemisch inerte makrozyklische Struktur vorgesehen. Dazu wurde die Chemie der (AB)n 

n-Oligomerisierung sorgfältig ausgewählt, um eine Liste strenger Voraussetzungen zu erfüllen, 

nämlich u.a. Irreversibilität der Reaktion, hoher Umsatz, hohe kinetische Rate und eine 

mögliche Initiation durch einen spezifischen Auslöser.Als Ergebnis wurde die CuAAC 

(Kupfer-katalysierte Alkin-Azid-Cycloaddition) Click-Chemie gewählt und die Synthesen 

mehrerer potentieller AB-Endgruppen untersucht. Die ersten Bemühungen zur Herstellung 

sternförmiger Polymervorstufen konzentrierten sich auf die Synthesen sternförmiger RAFT 

(Reversible Additions-Fragmentierungs Kettenübertragungspolymerisation)-Agenzien, welche 

direkt bifunktionelle Endgruppen tragen sollten. Die Synthese von käfigförmigen Polymeren 

sollte dann in nur zwei Schritten erfolgen, nämlich der RAFT-Polymerisation selbst und der 

topologischen Umwandlung. Die Synthese der endfunktionalisierten sternförmigen 



 

VII 

RAFT-Agenzien erwies sich jedoch als problematisch und die anschließende Polymerisation 

litt unter Nebenreaktionen zwischen den Kettenübertragungsagenzien und den 

Endgruppenfunktionalitäten. Als Konsequenz sollten die sternförmigen Polymere durch 

protonenkatalysierte ROP (ringöffnende Polymerisation) von -Caprolacton aus 

multifunktionalen Initiatoren gewonnen werden. Der Kerngedanke dieser Arbeit, nämlich die 

topologische Umwandlung sternförmiger Polymere in Polymerkäfige durch 

(AB)n-n-Oligomerisierung, wurde indes durch die Existenz von D2h-[34]Triazolophan-

Makrozyklen in der wissenschaftlichen Literatur stark verstärkt. Während 

D2h-[34]Triazolophane streng genommen nicht durch (AB)4-Tetramerisierung erhalten werden 

können, besitzt das bis dahin literaturunbekannte D4h-Regioisomer alle Voraussetzungen, um 

aus m-Azidoethinylbenzol-Einheiten erhalten zu werden. So wurde ein wohldefiniertes 

vierarmiges sternförmiges Poly(-caprolacton) synthetisiert und quantitativ mit einem 

m-Azidoethynylbenzol-Carbonsäurederivat endfunktionalisiert. Von diesem Punkt aus wurde 

eine erste Synthese von käfigförmigem Polymer im 50-Milligramm-Maßstab unter 

Hochverdünnungsbedingungen erreicht. Ausgehend von diesen Ergebnissen wurde die Kinetik 

der intramolekularen topologischen Umsetzung durch schrittweise Verkürzung der 

Reaktionszeit optimiert. Anschließend wurde die Polymerkonzentration schrittweise erhöht, 

um deren Einfluss auf die unerwünschten intermolekularen Vernetzungsreaktionen zu 

untersuchen. Nach Abschluss dieser Vorstudien wurde der Einfluss der Polymergröße auf die 

Syntheseausbeute und die thermomechanischen Eigenschaften der käfigförmigen Polymere 

eingehend betrachtet. Dazu wurden vier sternförmige Poly(-caprolactone) mit 

unterschiedlichen Molekulargewichten synthetisiert, endfunktionalisiert und im 

50-Milligramm-Maßstab in ihre jeweiligen Polymerkäfige überführt. Anschließend wurde die 

Aufskalierung der topologischen Umsetzung aus einem bekannten Poly(-caprolacton) im 

Semi-Batch-Verfahren untersucht. Von diesem Zeitpunkt an wurde die Robustheit des 

Verfahrens durch Variation der Beschaffenheit des Polymersubstrats und Erhöhung der 

topologischen Umsatzausbeute über den Gramm-Maßstab hinaus gestestet, um schließlich eine 

konkrete Anwendung für käfigförmige Polymermaterialien ins Auge zu fassen. So wurde ein 

käfigförmiges Poly(ethylenoxid)-Polymer im 1,5-Gramm-Maßstab hergestellt und im Rahmen 

einer Kooperation auf seine Eignung als Polymerelektrolyt für Lithium-Ionen-Batterien 

untersucht. Dank der besonderen Topologie des Polymers konnten rein amorphe 

Poly(ethylenoxid)-Elektrolyte mit minimalen Lithium-Salz-Beladungsverhältnissen erhalten 

werden. Da die Ionenleitfähigkeit durch das Vorhandensein nicht-kristalliner Phasen innerhalb 
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des Polymergitters stark begünstigt wird, übertrafen die käfigförmigen Polymerelektrolyte die 

für Standard-Poly(ethylenoxid)-Elektrolyte bekannten Werte der Ionenleitfähigkeit unterhalb 

ihrer Kristallisationstemperatur deutlich. 
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1 Introduction 
Since Staudinger published his first seminal work on macromolecules in 1920,[1] many 

generations of researchers have dedicated their efforts to polymer chemistry and allowed over 

the past 100 years the creation of a wide choice of complex and precise macromolecular 

architectures.[2,3] Among them, cyclic topologies benefit from their absence of terminal chains 

and of their singular structure to minimize their hydrodynamic volume in solution, increase 

their chemical stability against degradation, limit their conformations that they can adopt as 

well as reduce their propensity to crystallize in bulk compared to their acyclic counterparts. 

In this context, cage-shaped polymers – consisting of at least two cyclic chains covalently 

interconnected through two junction points – hold a very special place among them, although 

their synthesis turned out to constitute a worthy challenge for polymer chemists over the past 

two decades. Nonetheless, the design of cage-shaped architectures is not restricted to polymer 

science and nano-capsules made out of gold,[4] silica,[5] DNA,[6,7] protein,[8,9,10,11] or discrete 

metal organic framework (MOF)[12,13] nanostructures were inter alia reported and their potential 

applications as drug carrier, supramolecular catalytic flasks, host-guest recognition analytic 

devices as well as molecular machines have aroused the interest in a broad range of scientific 

disciplines.[14,15] Despite this apparent diversity however, only few synthetic methodologies 

exist that allow the efficient synthesis of polymeric cage architectures.  

Hence, novel routes for the generation of cage-shaped polymers by means of topological 

conversion of star-shaped polymers will be investigated in the current thesis. In order to enable 

a better understanding of the present work, the following theoretical background will focus on 

a) a brief introduction on key concepts relative to polymer chemistry; b) an overview of the past 

advances that enabled the synthesis of macrocyclic molecules and cyclic polymers; c) an in-

depth discussion on the current state-of-art of the cage-shaped polymer syntheses and 

applications. At last, the driving motivation leading to this work will be stated and the key 

aspects of the present approach to produce polymer cages provided. 
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2  Theoretical Background 

2.1 General Introduction to Polymer Science 

2.1.1 Polymer topology 

The study, design, and production of polymeric materials with specific physical properties is 

one of the primordial objectives of polymer science. Although the polymer composition is of 

great importance, the influence of topology on the physical properties is not to be neglected. 

For example, poly(ethylene) – the most produced polymer worldwide – is available with a wide 

range of mechanical properties fitting each specific application.[16,17] These properties depend 

on the degree of crystallinity present in the polymer and therefore on the abundance of 

branching within their structure. Thus, crystalline high-density poly(ethylene)s consisting 

mostly of linear polymer chains result to rigid materials while amorphous low-density 

poly(ethylene)s display softer properties and are used when flexibility is needed. In a similar 

manner, most polymers produced at the industrial scale are obtained by free radical 

polymerization and usually possess a certain branching degree. This branching results from 

high radical concentration leading to termination and chain transfers reactions. In particular, 

the hydrogen abstractions of the propagating radical to random parts of the polymer chains lead 

to the transfer of the propagating unit along the polymer chain.[18] By tuning the branching ratio 

to follow exponential trends, hyperbranched polymer can even be obtained.[19] 

By further variation of the polymerization and post-polymerization modification procedures, 

more complex architectures can be achieved.[20] (Scheme 1) For instance, lateral polymer 

chains can be incorporated by several grafting methods, yielding so-called graft polymers.[21] 

Thus, previously synthesized polymer chains can be ‘’grafted onto’’ the central polymer by 

direct trapping of the propagating chains onto functionalized polymers or by 

post-polymerization modification methods, ‘’grafted from’’ by initiating secondary 

polymerization from a preexistent polymer chain, or finally ‘’grafted through’’ by direct 

polymerization of macromonomers bearing large side chains. By analogy, polymer stars can be 

obtained by a ‘’core-first’’ method, which involves the polymerization from a multivalent 

initiator, or by an ‘’arm-first’’ method, using the aggregation of multiple polymer chains by 

multivalent small molecular cores.[22] In case of interconnected polymer structures, 
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tridimensional polymer networks can be formed, and thus changing drastically the mechanical 

properties of the materials compared to the parent, linear polymers. 

 

Scheme 1: Common linear (I), branched (II), hyperbranched (III), graft (IV), star (V) and network (VI) 

polymer topologies. 

2.1.2 Living Chain-growth Polymerizations 

In order to be able to produce highly complex polymer architectures, precise and defect-free 

polymerization methodologies are fundamental.[23] In this regards, well-defined polymers can 

be obtained by living chain-growth polymerization or polymerization methods approaching this 

behavior, inter alia the living anionic and cationic polymerizations as well as the reversible-

deactivation radical polymerizations. To be considered ‘’living’’, a chain-growth 

polymerization must thoroughly fulfill a specific list of criteria. Foremost, living 

polymerizations are characterized by a strict absence of side reactions, which can occur during 

the polymerization combined with the simultaneous initiation and growth of all chains. 

(Scheme 2, I–III) Thus, in absence of termination or chain transfer reactions, all propagating 

chains remain active even when all monomers are consumed, yielding ideally dispersity below 

1.05 and following a monodisperse Gaussian distribution focused on a precise degree of 

polymerization (DP) as well as nearly defect-free polymer structure with high end-group 

fidelity. (Scheme 2, IV) The formation of block copolymers by subsequent addition of distinct 

I II III

IV V VI
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monomer(s) on living chains constitute another major feature brought by living 

polymerizations. 

 

Scheme 2: Schematic view of a living chain-growth polymerization. 

The anionic polymerization of vinyl monomers bearing electron-withdrawing groups is usually 

considered as the first[24] and closest example of a flawless living polymerization at the cost of 

a low functional group and impurity tolerance.[25,26] Famously, the anionic polymerization of 

styrene can be initiated by the combination of alkali metal and naphthalene can also lead to 

linear polymer bearing two propagating chains located at both chain ends. In these conditions, 

alkali metal and naphthalene are first reacted together to form reactive alkali naphthalenide 

radical anions, which can subsequently react by single electron transfer with vinyl monomers. 

Once the radical anions formed on the monomer, the formed unstable radicals immediately 

dimerize, forming telechelic anionic propagating chains. (Scheme 3, I) Alternatively, the 

nucleophilic addition of a strong organometallic base like n-butyllithium on a first styrene 

molecule can be used to directly initiate the propagating anion. (Scheme 3, II) 

 

Scheme 3: Mechanisms of styrene living anionic polymerization initiated by alkali naphthalenide (I) or 

n-butyllithium (II). 

In addition, the anionic (AROP) and cationic (CROP) ring-opening polymerizations can also 

display under appropriate conditions some characteristics of living polymerizations.[27] Unlike 

the polymerization techniques mentioned above, the actual nature and number of chemical 

bonds in the polymers does not vary from the monomers. Therefore, the ring-opening 
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polymerizations are thermodynamically-driven by the release of ring-strain. Hence, AROPs are 

initiated by formation of a propagating nucleophilic anion in presence of cyclic monomers 

bearing an electrophile functional group (i.e. ester, amide, carbonate). As each step yields the 

next propagating anion, AROP results in strictly linear polymers with narrow dispersity and 

does not terminate in absence of protic impurities. (Scheme 4, I) On the contrary, CROPs 

require Brønsted or Lewis acids as catalysts to enhance the reactivity of the monomer 

electrophile group. (Scheme 4, II) 

 

Scheme 4: Examples of anionic and cationic ring-opening polymerization mechanisms using 

-caprolactone as monomer. 

At last, cationic[28] and radical[29] polymerizations can also exhibit – in some extent – some 

living character. Although living cationic polymerizations will not be further discussed herein, 

a closer look will be taken at living radical polymerization methods. Unlike free radical 

polymerization (FRP), the group of the reversible-deactivation radical polymerizations (RDRP) 

allow radical polymerizations to acquire living character by lowering the instantaneous radical 

concentration in the polymerization medium. To do so, two distinct strategies based on 

reversible equilibrium with a dormant species (NMP, ATRP) or a chain-transfer agent (RAFT) 

were developed during the two last decades of the 20th century. 

The oldest of the current three main RDRPs – the nitroxide mediated polymerization (NMP)[30] 

– was developed by Rizzardo, Moad and Solomon in the late 1980s[31] by taking advantage of 

the unreactive nature of nitroxide radicals to induce a thermal equilibrium between propagating 

radicals and dormant species. (Scheme 5, I) Unlike typical radicals, neither hydrogen 

abstraction, polymerization initiation, nor dimerization occurs with nitroxide radicals due to the 

delocalization of the unpaired electron within their π-orbitals located between the oxygen and 
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nitrogen atoms. Even so, nitroxide radicals conserve the capacity to pair with unstable 

carbon-centered radicals by forming alkoxyamine groups. Besides the reaction temperature, the 

alkoxyamine recombination-dissociation equilibrium is influenced by the monomers reactivity 

and nitroxide structures. Thus, the chemical structure of the nitroxide and more precisely the 

electronic and steric hindrance effects induced by its substituents define the equilibrium 

constant of a polymerization at given monomers and temperature. Thus, commercially available 

nitroxide radicals like TEMPO can efficiently control the polymerization of styrenic monomers 

at temperatures usually above 100 °C. On the contrary, acyclic nitroxide radicals produce less 

stable alkoxyamine and therefore allow the use of lower polymerization temperatures as well 

as other monomers like acrylic esters or acrylamides. Nevertheless, at the exception of the 

commercially available TEMPO and of some of its derivatives, the synthesis of most of the 

complex nitroxide radicals remains challenging and time consuming. At last, as TEMPO 

compatibility with monomers and functional group tolerance at high polymerization 

temperatures is restricted, the industrial application of NMP remains detrimental in comparison 

to the other two RDRP techniques and more generally to all FRP methods. 

 

Scheme 5: Overview of the (I) NMP and (II) ATRP mechanisms, including the equilibrium taking place 

between propagating and dormant species. 

On the contrary, the atom transfer radical polymerization (ATRP)[32] was independently and 

simultaneously reported by Sawamoto[33] and Matyjaszewski[34] in 1995. Similar to NMP, its 

mechanism is based on an equilibrium taking place between a predominant dormant species 

and a propagating radical. (Scheme 5, II) Thus, the dormant species, usually an alkyl halide, 

can be activated by a transition metal complex via reversible one-electron transfer mechanism 

with no need of an additional radical source. Moreover, as each alkyl halide has equal 

probability to react in the equilibrium, each chain can grow in parallel while keeping a low 
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instantaneous radical concentration in the medium. Although many transition metals are 

available as ATRP catalysts, copper(I) remains by far the most popular one due to its ease of 

use combined with its large functional group tolerance. Furthermore, the controlled 

polymerization of a wide range of monomers is made possible by simple variation of the 

transition metal ligand, making ATRP a very versatile, easy-to-use, and inexpressive technique 

for the synthesis of well-defined polymers. However, no polymerization technique is exempted 

of drawbacks. Thus, in the present case, the transition metal catalyst often needs to be removed 

post-polymerization either due to the inherent metal toxicity or due to the dyeing of the polymer, 

depending on the final application. 

 

Scheme 6: Simplified mechanism of RAFT polymerization, consisting in (I) Initiation and propagation 

of polymer chains from an external radical source; (II) RAFT pre-equilibrium; (III) Re-initiation and 

propagation of new radical species issued from the RAFT pre-equilibrium; (IV) RAFT main equilibrium 

and further polymerization. 

Finally, the last and most recent of the three main RDRP methods, the Reversible Addition 

Fragmentation chain Transfer (RAFT), was reported in the late 1990s.[35] Unlike NMP and 

ATRP techniques, which are based on a reversible equilibrium between a dormant and an active 

species, RAFT allows a substantial reduction of the radical initiator equivalent by a factor of at 

least 10. Indeed, the very fast equilibrium taking place between the few propagating chains and 

the chain-transfer agents (CTA) allows a simultaneous growth of all polymer chains present in 

the polymerization medium.[36] In term of mechanism, the RAFT process can be subdivided in 

four distinct steps. Foremost, the initiation and propagation of a small amount of polymer chains 

occurs from an external radical source (usually 5 to 10 mol% to the CTA). (Scheme 6, I) Then, 
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a pre-equilibrium is almost instantaneously established by capture of the propagating radicals 

to the CTA, leading to the random release of one of the CTA leaving substituents. (Scheme 

6, II) Subsequently, the radical species released from the RAFT pre-equilibrium can further 

reinitiate chain-growth polymerization. (Scheme 6, III) From this point, all polymer chains are 

allowed to virtually grow simultaneously as the CTA exchange kinetic remains faster than the 

propagation rate. (Scheme 6, IV) Among its qualities, the RAFT process allows the preparation 

of a large range of polymers featuring low dispersity in a broad temperature range by adapting 

the CTA structure. Additionally, the high end-group fidelity and high tolerance to functional 

groups, water and impurities makes RAFT a versatile and reliable polymerization method in 

many application domains.[37] 
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2.2 From Macrocycles to Cyclic Polymers 

Since the first postulate of the cyclic nature of benzene by Kekulé in 1865,[38,39] chemists have 

never stopped marveling at the extremely rich architectural diversity that cyclic – and later 

macrocyclic – molecules could offer. Hence, the first synthesis and isolation of covalently or 

supramolecularly bonded macrocycles were progressively reported from the end of the 

19th century to nowadays, each possessing their own set of properties and possible applications 

in host-guest supramolecular chemistry as well as in materials science.[40] Despite this, the 

International Union of Pure and Applied Chemistry (IUPAC) does not actually give any 

quantitative description of the ‘’macrocycle’’ terminology but rather describes them simply as 

‘’cyclic macromolecules or macromolecular cyclic portions of a macromolecule’’.[41] However, 

cyclic molecules contending at least 10–15 atoms participating to the cycle are commonly 

described as macrocycles in the scientific literature. While the earliest reports of macrocycle 

synthesis were derived from thermodynamically-driven reactions, most common and recent 

synthesis strategies rely on favoring the kinetic products by working in highly diluted 

concentrations. In this regard, it is worthwhile to take a closer look at a non-exhaustive series 

of named and unnamed macrocyclic structures that have marked their research field back at 

their times in order to better follow the evolution of macrocycles to cyclic polymers. 

2.2.1 Synthesis of Macrocyclic Molecules  

Among most prominent thermodynamically-driven macrocyclic products, cyclodextrins consist 

in a series of cyclic oligosaccharides industrially produced by enzymatic intramolecular 

trans-glycosylation reactions from helical amylose (i.e. starch partial constituent, 

poly[(1→4)-α-D-glucopyranan]).[42] While cyclodextrins were discovered in the late 

19th century[43] and formally characterized in the 1940s by X-ray crystallography,[44] their use 

at large scale in the pharma-, food-, textile- and cosmetic industrial processes was only initiated 

from the second half of the 20th century.[45,46] The three main most abundant cyclodextrins 

constituted of six, seven and eight glucose units – namely -, -, and -cyclodextrins  – 

respectively are well-known to possess their own set of physicochemical and biological 

properties while keeping a low oral toxicity.[47] (Scheme 7) In this regard, taking advantage of 

the lipophilic character of their conic internal cavity coupled to their more hydrophilic outer 

surface, supramolecular host-guest interactions of various guests with different polarity and size 

were reported and used inter alia for drug delivery applications and analytical methodologies 
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by enhancing the guest chemical stability and solubility.[48] In particular, their cavity diameter 

is known to be directly related to the cyclodextrin size and therefore vary from a range of 

4.7-5.3 Å for α-cyclodextrin, to 6.0–6.5 Å for β-cyclodextrin, and finally 7.5–8.3 Å for 

γ-cyclodextrin.[49] Furthermore, cyclodextrins own the possibility to be functionalized three 

times per glucose unit at each of their primary/secondary alcohol, yielding 18 to 24 substitutions 

from α-cyclodextrin to γ-cyclodextrin. 

 

Scheme 7: Structures of -, -, and -cyclodextrins constituted of six, seven and eight glucose units, 

respectively. 

Apart from cyclodextrins, a series of thermodynamically-driven macrocyclic products, which 

did not reach the same industrial success, can be mentioned. Thus, under the term of 

calix[n]arenes[50] is gathered a family of para-substituted phenols condensed at their 

ortho-positions by formaldehyde units in basic condition. While the existence of calix[n]arenes 

was reported since the 1940s[51,52] and the industrial interest for related Bakelite polymer,[53] 

their structures remained mainly unambiguous until the 1980-90s and Gutsche’s work.[54] 

Etymologically, the calix[n]arenes took their names from the singular cup shape (calix meaning 

cup in Latin) adopted by the iconic calix[4]arene (Scheme 8, I) obtained from the condensation 

of four para-(tert-butyl)phenol and formaldehyde units. Although the permanent cup-shaped 

conformation results from the four tert-butyl groups bulkiness, larger calix[6]arenes and 

calix[8]arenes do not usually share the same conformation. In general, calix[n]arenes are 

synthetized in a single step in good yields up to the multigram-scale and without any prior 

dilution requirement. Nonetheless, while calix[4]arenes tend to be thermodynamically favored, 

calix[6]arenes and calix[8]arenes kinetical products are synthetized by further optimizing the 

temperature and the reaction time. In term of applications, calix[4]arenes are particularly used 

in supramolecular chemistry to act as an efficient host to encapsulate a wide range of apolar 

molecular guests in polar solvents due to their lipophilic internal cavity.[55] By further 
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functionalizing the phenol positions, larger structures made from calix[n]arene dimers were 

later transformed into large spherical cavities enabling thermal host-guest equilibrium 

(i.e. hemicarcerand) or irreversible (i.e. carcerand) encapsulation of large molecular guests[56,57] 

next to miscellaneous spherand[58,59] and other cavitand[60,61] macrostructures. In a similar 

manner, veratrole alcohol trimerization by acid-catalyzed condensation leading to 

cyclotriveratrylene macrostructures (Scheme 8, II) were formally characterized in 1965.[62] In 

analogy to the (hemi)carcerand carriers made out of calix[n]arenes dimers, cyclotriveratrylene 

dimerization led to similar macromolecular cavities (i.e. (hemi)cryptophane) enabling host-

guest supramolecular chemistry.[63,64] Furthermore, the condensation of glycolurils (usually five 

to ten units) and formaldehyde molecules taking place under acidic conditions and yielding 

pumpkin-shaped (i.e. cucurbitaceae) macrocycles, named accordingly cucurbit[n]urils. While 

their existences was first reported in 1905[65], the cucurbit[n]uril structures were only formally 

established in 1981[66] and led to a large range of host-guest supramolecular chemistry 

applications.[67] Further examples of cup-shaped macrocyclic structures were also published. 

Thus, resorcinol and pyrogallol condensation with aldehydes in acidic condition led to the 

respective formation of resorc[4]arenes[68] (Scheme 8, III) and pyrogallol[4]arenes (Scheme 

8, IV) and were in both cases further employed as supramolecular carriers for the complexation 

of guests by the formation of large hydrogen-bonded molecular capsules.[69,70,71,72] 

 

Scheme 8: A series of thermodynamically-favored macrocyclic products. 

Unlike previous examples, most recent macrocycles are not thermodynamically favored and 

therefore necessitate specific conditions during their synthesis to yield the desired products. 

Thus, cyclic ethylene oxide oligomers – commonly known as crown ethers due to the 
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resemblance their conformations share with crowns once complexed to cations – are a family 

of multidentate chelating ligands developed in the 1960s, notably by C. J. Pedersen, which 

display high and size-selective complexation equilibriums, notoriously for alkali metal cations 

in low polar solvents.[73,74] (Scheme 9, I–III) Crown ethers are cataloged according to the 

macrocycle size and by the oxygen atom number present in the cycle. Thus, the most common 

12-crown-4, 15-crown-5 and 18-crown-6 ethers are known to preferably bind respectively 

lithium, sodium and potassium cations by matching their effective ionic radius with their cavity 

size.[75] However, the structural diversity of crown ether-like structures does not limit itself to 

these examples and further substitution of oxygen atoms by other heteroatoms and variation of 

the structures led to many singular macrocycles. For instance, ethylene imine oligomers – 

referred as aza-crown ethers – chelating abilities were recognized for their transition metal 

complexation abilities.[76] Further enhancement of binding constants and selectivity were 

achieved by having resort to tridimensional macromolecules as proposed by J. M. Lehn and 

J. P. Sauvage in 1967.[77,78] Taking their name from the metaphor of an ion trapped in a crypt, 

these cryptands expanded the ion recognition toolbox by obtaining higher selectivity and higher 

chelating constants than their two-dimensional crown ether counterparts could ever offer.[79] In 

particular, the [2.2.2]-cryptand (Scheme 9, IV) – referring to the number of oxygens present on 

each chain – was found to outmatch 18-crown-6 for the complexation of potassium cations in 

terms of selectively and binding constants by several orders of magnitude. In a more general 

way, cryptands were widely reported to efficiently coordinate not only cations but also anions 

by producing amine-rich cryptands at low pH.[80]  

 

Scheme 9: Most common crown ethers and cryptand known to selectively bind lithium, sodium and 

potassium cations, respectively. 

On the contrary, the synthesis of cyclocholate[81] and cyclocholamide[82] macrocycles in high 

dilution and sharing steroid oligomers as linear building blocks were successfully employed to 

serve as supramolecular hosts for ionic or polar guests.[83] In this regard, the rigid steroid 

structure strongly restrains the macrostructure conformations, leading to the formation of outer 

lipophilic and internal hydrophilic parts created by the presence of the steroidal polar 
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substituents directed towards the cavity center. Finally, in terms of advantages, the use of cholic 

acid and more generally of any steroid bile acids – secreted from the liver of vertebrate animals 

for the digestion of lipides – allow a high availability and a low cost of enantiomerically pure 

starting materials. Finally, a large variety of artificial conjugated macrocycles like annulenes or 

bearing benzene, acetylene, thiophene, pyridine or even porphyrin patterns greatly enriched the 

conjugated macrocycles diversity in the last decades thanks to their unique mechanical, optical 

and electronic properties.[84,85,86,87] 

 

Scheme 10: Examples of macrocyclic molecules isolated from bacteria or fungi, that exhibit antibiotic 

properties. 

In addition of being worth of interest for materials science and supramolecular chemistry,[88] 

the study of cyclic macromolecules also shines when their properties are devoted to biological 

processes like the fundamental roles of porphyrin derivatives inter alia for the photosynthesis 

(i.e. chlorophylls) and blood oxygen transport (i.e. hemes)[89] as well as for medicals 

applications as drug delivery carriers or active substances.[90,91,92] In this sense, peptides hold a 

very particular place and, compared to their linear counterparts, cyclic peptides can count on a 

higher conformal preorganization while keeping a certain flexibility, which allow a higher 

selectivity and host-guest binding constant with the biological target in living organisms 

without strongly affecting their solubility in water.[93] Furthermore, their cyclic topology 
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reduces the overall polarity of the macromolecule, allowing a better distribution of the 

medication though cell membrane permittivity in the body, as well as increasing their chemical 

stability in biological organisms and expanding the lifetime of active substance in vivo.[94] Thus, 

several natural occurring cyclic peptides isolated from bacteria or fungi were reported to exhibit 

antibiotic properties (erythromycin,[95] rapamycin,[96] vancomycin,[97] colistin,[98] 

daptomycin[99]) (Scheme 10) but also to act as immunosuppressive (cyclosporin[100]), 

anti-cancer (epothilone,[101] dactinomycin[102]) and antifungal drugs (caspofungin[103]), or on the 

contrary as deadly toxins. For instance, some cyclic cyanotoxins (microcystins,[104] 

nodularins,[105]), (Scheme 11) which are produced by cyanobacteria known for the blue-green 

tides observed time to time in oceans, are known for their high toxicity towards humans and 

more generally for all animals.[106] Additionally, in recent years several synthetic macrocyclic 

drugs were produced by biochemical peptide synthesis to offer synthetic substitutes to 

biological counterparts.[107,108] For instance, some artificial cyclic peptides (octreotide,[109] 

lanreotide,[110] pasireotide[111]) were synthetized and investigated as substitutes for somatostatin 

growth hormone, which further acts in the regulation of most hormones in the human body.[112] 

 

Scheme 11: Microcystin LR and Nodularin R; two highly toxic macrocyclic cytotoxins secreted by 

cyanobacteria known for the blue-green tides. 

Compared to the extraction from living organisms and to the biochemical peptide synthesis, the 

examples of cyclic non-repetitive peptide-like structures with biological active motifs obtained 

by chemical synthesis suffered from low yields, high time- and resource-investment as well as 

from the necessity to perform the cyclization step in high dilution conditions to avoid unwanted 

oligomerization reactions. Despite the high synthetical challenges, several reports of cyclization 

of peptide-like structures were still published.[113,114] By analogy with the peptide structure, 

most common examples involved the formation of amide bonds (peptide coupling) or ester 

bonds (macro-lactonization). However, both reactions cannot be simply achieved in mild 

conditions without former chemical activation and therefore require coupling agents to mimic 

the enzymatic processes taking place in the ribosomes of the living cells. In this sense, several 
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known ester and amide coupling procedures, most of which exhibit accurate toxicity for living 

organisms, were employed for the cyclization of linear peptides. Thus, the Mitsunobu 

reaction[115,116,117] as well as other miscellaneous EDC/HOBt,[118,119] BOP,[120,121,122] 

DPPA[123,124] and PFP[125,126] coupling agents were employed for this purpose. While most 

common approaches mimic the peptide coupling by processing though intramolecular 

amidation or esterification, the use of more exotic chemistry was also abundantly reported. For 

instance, the reductive amination, which is also widely employed in industrial drug synthesis 

processes, was used in this precise purpose.[127,128] Furthermore, reports of intramolecular 

bimolecular (SN2)[129,130,131] and aromatic (SNAr)[132,133,134] nucleophilic substitutions, 

ring-closing metathesis (RCM),[135,136,137] disulfide bond formation,[138] CuAAC click 

chemistry,[139] thiol-ene chemistry,[140] and palladium catalyzed cross-coupling reactions 

(i.e. Stille,[141,142,143] Sonogashira,[144] Heck,[145] Suzuki,[146,147] Buchwald-Hartwig,[148] 

Tsuji-Trost,[149] Trost’s enyne[150]) were also reported. 

However, all of the aforementioned cyclization reactions remain unable to induce structural 

patterns within the macrocycle structures by their own, but rather rely on the synthesis steps 

coming before or after the cyclization step. For this reason, the use of multicomponent reactions 

(MCR) as macrocyclization reactions was also deeply investigated.[151] Multicomponent 

reactions regroup a series of reactions allowing the synthesis of highly diverse and complex 

products by one pot reactions in high yield and from three or more – possibly simple – 

precursors. In particular, these reactions are also known to possess an excellent atom economy 

and more importantly a high substrate selectivity.[152] Among all MCRs, the Ugi 

four-components reaction (Ugi-4CR) occurring between a primary amine, a carbonyl group 

(aldehyde or ketone), a carboxylic acid and an isocyanate and in a lesser extent the Passerini 

three-component reaction (Passerini-3CR) occurring in absence of a primary amine were 

particularly appreciated for the macrocyclization step.[153,154,155] 

2.2.2 Introduction to Cyclic Polymers – Stockmayer’s 

 Equation 

Considering the wide diversity of macrocyclic structures, it is all natural that polymer chemists 

also joined their efforts to produce polymers sharing cyclic architectures. Taking up advantages 

already noticed for non-polymeric macrocycles – namely an increased chemical stability 

towards degradation due to the lack of chain-ends – additional benefits specific to polymers 

were observed. Thus, a reduction of the hydrodynamic volume combined with the limitation of 
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structural conformations were reported to impact the ability of polymers to crystalize or to make 

chain entanglements. However, cyclic polymers suffer even more from low macrocyclization 

kinetics than their non-polymeric counterparts as the polymer size increases. While non-

thermodynamically favored macrocycle syntheses already suffered from a loss of efficiency 

and the need for more dilute conditions, the increased spacing of the intramolecular reactive 

sites within polymers exacerbate that initial issue.  

In this regard, according to the Stockmayer’s equation published in 1950[156] (Equation 1) some 

observations can be made on the parameters that influence the probability of intramolecular 

cyclization (Pc) and of intermolecular oligomerization (PL) for a given linear precursor. In the 

present equation, the ⟨r2⟩ term designate the mean-square distance between the two ends groups 

of the polymer and νs the volume within the end-group are reactive while Mn, c and NA designate 

the molecular weight, the polymer concentration and the Avogadro’s number, respectively. 

𝑃𝑐 =  (
3

2𝜋
)

3
2⁄

∙   
𝜈𝑠

〈𝑟2〉
3

2⁄
       (𝟏)                                    𝑃𝐿 =  

2𝑁𝐴𝑐

𝑀𝑛
 ∙  𝜈𝑠       (𝟐) 

Equation 1: Stockmayer's Equation for (1) the probability of intramolecular cyclization (Pc) and (2) the 

probability of intermolecular oligomerization (PL). 

In the special case a polymer with defined end-groups is considered, the Stockmayer’s equation 

can bring some qualitative observation of their effects on the probability of intramolecular 

cyclization (Pc) and the probability of intermolecular cross-linking (PL). (Equation 2) 

𝑃𝑐 =  𝑐𝑜𝑛𝑠𝑡.  ∙   
1

〈𝑟2〉
3

2⁄
       (𝟏)′                                   𝑃𝐿 = 𝑐𝑜𝑛𝑠𝑡.  ∙   

𝑐

𝑀
       (𝟐)′ 

Equation 2: (1)’ and (2)’ as simplified version of the Stockmayer's Equations (1) and (2). 

First, it can be noticed from equation (1)’ that the probability of cyclisation (Pc) is inversely 

proportional to the mean-square distance between the two ends groups of the polymer, inducing 

that the bigger the polymer chain will be, the smaller will be the probability of cyclization. 

Secondly, we can observe from equation (2)’ that the probability of intermolecular cross-linking 

(PL) is proportional to the polymer concentration and inversely proportional to the polymer 

molecular weight. These observations lead to the conclusion that in order to maximize the 

cyclization probability, the polymer chain length will have to stay as short as possible while the 
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concentration of linear polymers will have to remain low to minimize the cross-linking 

probability. 

2.2.3 Cyclic Polymers Synthesis 

Historically, the first examples of synthetic cyclic polymers were achieved in the 1960s by 

ring-chain equilibrium.[157] However, the linear byproducts were highly predominant and cyclic 

polymers had to be isolated by preparative SEC, typically resulting in anecdotical yields. 

Nowadays, cyclic polymers can be obtained by two main strategies, namely the topological 

conversion of telechelic linear polymers and the ring-expansion of a preexisting low-molecular 

weight macrocycle.[158,159,160] (Scheme 12, IV) The topological conversion of telechelic 

polymers can be further subdivided into closing reactions occurring intramolecularly between 

two end-groups in high dilution (Scheme 12, I–III) or intermolecularly via a bimolecular set 

of polymers bearing each their own set of complementary functionalities (A2+B2). (Scheme 

12, I) 

 

Scheme 12: Overview of the four main strategies used to obtain cyclic polymers. 

2.2.3.1 Heterofunctional Intermolecular Cyclization (A2+B2) 

Among the topological conversion methods, the intermolecular heterofunctional approach 

(A2+B2) suffers from most drawbacks, including the challenge to conserve an equimolar 

stochiometric ratio between the two telechelic building blocks as well as the difficulty to 

optimize the reaction kinetics as the intermolecular reactions are needed and need to be avoided 

at the same time during the reaction to obtain the desired cyclic architecture while avoiding 

undesired building block oligomerization. (Scheme 13; Scheme 14, I)  
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Scheme 13: Representation of both cases of non-equimolar stochiometric ratio issued from a pair of 

telechelic species. 

The first intermolecular cyclizations were achieved in 1980 by quenching of α,ω-dianionic 

polystyrene (PS) chains – obtained via naphthalene-sodium initiated styrene anionic 

polymerization – with bifunctional halide linkers via SN2 mechanism.[161,162,163] Examples of 

extremely large cyclic PS polymers bearing molecular weights up to 450 kg mol-1 were later 

reported,[164] however cyclization yields for similar closing strategy remained below 50%.[165] 

Subsequent yield improvements were achieved by preorganization of the chain-ends prior to 

the cyclization step. For instance, in direct relation with the preceding examples, the addition 

of an excess of bifunctional halide linkers followed by a biphasic SN2 reaction with 

diaminoalkanes at the toluene-water interface resulted in topological conversion yields above 

80%.[166] Further examples of thiol-ene chemistry[167], and activated amide formation[168] were 

also reported. At last, examples of cyclic poly(tetrahydrofuran) (PTHF)[169] and PS[170] 

polymers achieved by electrostatic preassembly of acyclic precursors (Electrostatic 

Self-Assembly and Covalent Fixation, ESA-CF[171,172]) were reported by Tezuka. The ESA-CF 

based itself on the intermolecular electrostatic preorganization in high dilution of a mixture of 

macromolecules and low-molecular weight linkers, which create an electrostatic template for 

the future formation of covalently-linked complex topologies. Once the polymer salt dissolved 

in a liquid medium, large electrostatic networks are kinetically favored. However, due to the 

dynamic exchange taking place between the solvated ionic species, the intermolecular 

connections within the network constantly reorganize themselves. Coupled with the diffusion 

resulting from the Brownian motion, the charged species progressively diffuse homogenously 

through the liquid until, below a critical polymer concentration limit, the formation of discreet 

electrostatic complexes becomes thermodynamically favored. Ultimately, once the equilibrium 
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is reached, the covalent fixation of the electrostatic templates can be initiated by thermal 

treatment, yielding the desired topology. 

2.2.3.2 Homofunctional Intramolecular Cyclization (A2) 

On the contrary, hetero- and homofunctional intramolecular approaches are by many aspects 

more efficient to obtain cyclic polymers due to their concentration-independent reaction kinetic, 

allowing the reduction of their polymer concentration to minimize the undesired intermolecular 

reaction without consequence on their intramolecular cyclization kinetic. (Scheme 14, II–III)  

 

Scheme 14: a) Intramolecular cyclization; b) Intermolecular oligomerization; and c) Intermolecular 

oligomerization followed by Intramolecular cyclization products issued from the topological conversion 

of telechelic polymers. 

Both approaches usually require post-polymerization modifications before the topological 

conversion. However, while the intramolecular heterofunctional approaches (AB) cyclization 

step was reported with a wide scope of distinct reactions, examples of intramolecular 

homofunctional cyclization (A2) remained unusual. Nonetheless, ring-closing metathesis 

(RCM) of alkene end-functionalized poly(isobutene),[173] PTHF,[174,175] PS[176] and PMA[177] 

telechelic chains in high dilution condition led to the respective cyclic polymers. Another 

example involving the formation of disulfide bonds was brought up by Monteiro and coworkers. 

Starting from difunctional reversible addition-fragmentation chain transfer (RAFT) agents, 

styrene polymerization and dithiocarbonate cleavage were achieved, resulting in telechelic PS 

chains end-functionalized with thiol, which could then be oxidized by iron (III) chloride in high 
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dilution condition to yield cyclic PS by disulfide bond formation.[178] Additional examples of 

intramolecular homofunctional cyclization involving disulfide bond chemistry[179] and Glaser 

coupling[180] were also reported. 

2.2.3.3 Heterofunctional Intramolecular Cyclization (AB) 

In early 1990s, Schappacher and Deffieux reported the living cationic HI/I2 polymerization of 

vinyl ethers end-functionalized with a styrenic unit, which was cyclized by abstraction of the 

terminal iodide by tin(IV) chloride addition. The resulting carbocation then reacted with the 

styrene end-group to form – after quenching of the carbocation with methanol – stable cyclic 

poly(vinyl ether).[181] A similar cyclization strategy was subsequently applied to the living 

anionic polymerization of styrene. The styrene and the iodide functional end-groups were this 

time introduced to the polymer via polymerization quenching and post-polymerization 

modification, respectively.[182] Subsequent work on cyclic PS polymers by the same authors 

was achieved by acid-catalyzed transacetalization reaction from a α,ω-acetal-diol-PS 

substrate.[183] Furthermore, the cyclization of telechelic PS chains bearing carboxylic acid and 

primary amine end-groups was achieved thought activated amidation by Kubo and 

coworkers.[184,185] Styrene polymerization by NMP from hydroxy-TEMPO and azo radical 

initiator bearing carboxylic acid groups led – after activated esterification – also to a cyclic 

polymer topology.[186] Naturally, the combination of CuAAC click chemistry with 

ATRP,[187,188,189,190] RAFT polymerization,[191,192] and NMP[193] were not left aside. More 

unusual reports of strain promoted azide-alkyne cycloaddition (SPAAC) reactions triggering 

cyclization by UV-light irradiation,[194] atom transfer radical cross-coupling (ATRC),[195] enyne 

metathesis[196] as well as tosyl[197,198,199] and halide[200] SN2 reactions were also additionally 

published. Finally, Diels-Alder cycloadditions were conducted between maleimide and 

furan,[201] anthracene[202] linear dienyl[203] as well as between orthoquinodimethane and 

acrylate[204] or a dithiobenzoate RAFT chain transfer agent.[205] 

2.2.3.4 Ring Expansion Polymerization 

Beside topological conversion methods, the use of ring expansion polymerization (REP) 

methods constitute a valuable alternative for the synthesis of cyclic polymers from low-

molecular weight cyclic initiators. In particular, ring expansion mechanisms, which do not 

require an equilibrium between cyclic dormant and linear propagating species, are ideal to 

synthetize high-molecular weight ring-shaped polymers. Hence, high-dilution conditions can 
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be avoided, allowing more efficient gram-scaled syntheses of high molecular weight cyclic 

polymers. In the past decades, REP methods were widely reported in the scientific literature.[206] 

For instance, the viability of RDRP methods like RAFT[207] or NMP[208] starting from cyclic 

initiator is no longer to be demonstrated. Among to the olefin metathesis field, ring-expansion 

metathesis polymerization (REMP) led to a library of covalently-bound cyclic polymers though 

back-biting elimination of modified ruthenium catalyst.[209,210,211,212] Similarly, cyclic polymers 

were obtained by alkyne metathesis though tungsten catalysts.[213] Moreover, the coordination 

and insertion of lactide or lactone monomers into cyclic tin[214,215,216,217] or aluminum oxide[218] 

initiators by ring opening polymerization (ROP) led to the corresponding cyclic polymers. 

While the metal catalyst usually remains in the polymer structures, making them particularly 

prone to hydrolysis, a series of post-polymerization modifications strongly enhanced the 

chemical stability of the products without compromising their cyclic topology.[219,220,221,222] 

Further example of cationic REP of vinyl ethers from a cyclic initiator were conducted.[223] 

Additionally, examples of nucleophilic and electrophilic zwitterionic ring-opening 

polymerizations (NZROP and EZROP) were also published. Thus, electrostatic NZROP of 

lactone and lactide monomers co-catalyzed by a zinc complex paired with amines or 

phosphines[224] as well as catalyzed by N-heterocyclic carbenes,[225,226,227,228] isothioureas,[229] 

pyridine[230] and imidazole[231] were achieved. On the contrary, although being less common, 

the EZROP of epoxide monomers though borane complex as Lewis acid catalyst[232] was also 

successfully conducted. Finally, more confidential reports of ethylene sulfide REP initiated by 

cyclic thiocarbamate,[233,234] methylene C1 polymerization from cyclic borane precursor by 

Shea[235] and lipase-mediated REP of lactone[236] were published. 

2.2.4 Miscellaneous Cyclic Polymer Topologies 

Besides simple ring-shaped polymers, a wide diversity of mono- and polycyclic polymer 

architectures have been reported over the last few decades. Whether by topological conversion 

or ring-expansion polymerization methods, these topologies were achieved though the same 

chemistries already employed to produce ring-shaped polymers. Thus, examples of grafted 

polymer rings connected with linear polymer chains (Scheme 15, I) were produced by 

CuAAC,[237,238,239,240] ESA-CF,[241] esterification,[242,243] SN2 reaction,[244] REMP[245,246,247,248] 

and NZROP[249] while spiro polycyclic polymer (Scheme 15, II) were produced by REP,[250,251] 

RCM,[252,253] CuAAC,[254,255,256,257] Glaser coupling,[258] amidation[259] and ESA-CF.[169,260,261] 

Further examples of bridged polycyclic polymer topologies with linear chains (Scheme 15, III) 



Theoretical Background – From Macrocycles to Cyclic Polymers 

24 

were achieved via ESA-CF[169,261,262] by simple variation of the nature and number of the ionic 

functionalities present in each precursor. At last, syntheses of fused polycyclic polymers 

including strictly two (Scheme 15, IVa) or more (Scheme 15, IVb) junction points within their 

architecture were published. While miscellaneous fused polycyclic structures IVb remain 

restricted to a few syntheses via a combination of CuAAC, RCM and ESA-CF reactions,[263,264] 

the synthesis of the IVa structures – commonly referred as polymer cages – turned out to be 

much more diversified. Consequently, the various strategies applied for their synthesis will be 

discussed in detail in the upcoming chapter. 

 

Scheme 15: Examples of (poly)cyclic polymer topologies (I) grafted with linear polymer chains, (II) 

grafted with additional cyclic polymers, (III) bridged with cyclic polymers through linear chains, and 

(IV) fused with additional polymer chains. 
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2.3 Synthesis of Cage-shaped Polymers* 

As shown in the previous chapter, the synthesis of cyclic polymers can be realized either by 

topological conversion of an acyclic polymer substrate via post-polymerization modification or 

by ring-extension polymerization of a preexisting low-molecular cyclic initiator. By analogy, 

the synthesis of covalently-bound polymer cages were expected to follow the same scheme. 

However, while several examples of polymer cage formations by topological conversion were 

reported since the beginning of the 20th century, only one example of a polymer cage obtained 

through the arm-expansion of low-molecular polycyclic precursors was reported so far. In fact, 

the generation of polymer cages was found, in comparison to the monocyclic polymer synthesis, 

to be much more challenging, to enforce more synthetical restrictions and to suffer from an 

additional high predisposition to cross-link into networks. As a result, the diversity of synthesis 

approaches is so far still very much limited. In this regard, it is crucial to critically look back at 

what has been accomplished so far before stepping forward. To do so, previous approaches will 

be categorized in five subchapters, as summarized in Scheme 16. 

 

 
*Parts of this subchapter – including the text, figures, tables and schemes – might/will be subsequently 

published within a perspective review discussing the various approaches reported over the last 20 years 

to produce cage-shaped polymers as well as the related developments that might arise in a near future. 
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Scheme 16: Classification of all cage-shaped polymer synthesis methods in five subcategories. 

A+

A+

A+

B -

B -

- B
A3+B3

+A

A+

+A

A+

+A

A+

B -

B -

- B

B -

B -

- B

3A2+2B3

A

A

A A

B
B B

B
A4+B4

A

A

A

B

B

B
A3+B3

A

A

A A
B

B B

B

A4+B4

A

A

A

B
B B

A3(B3)

A

A

A A
BBB

B

A4(B4)

A

A

B

B

A2(B2)

A

A

A A

A

A

A

A

G3

A8

A

A

A A

A

A

A6

G3

A

A

A A

G3

A4

A

A

A

G3

A3

A

A

AA

(A2)2

AA

A

A

B

B

B

B
(AB)4

A
A

A2

1

2

3

4

5

Topological 
Conversion

Intermolecular Intramolecular

With 
Preorganization

1
Unsymmetrical 

Precursor

3
Symmetrical 

Precursor

4

Arm-Expansion

5

Without 
Preorganization

2



Theoretical Background – Synthesis of Cage-shaped Polymers 

28 

2.3.1 Intermolecular Topological Conversion with 

 Preorganization 

Historically, the first examples of isolated three-arm cage-shaped polymers were reported by 

Tezuka and Oike in the early 2000s. Thus, three-arm polymer cages were assembled by 

ESA-CF from three-arm star-shaped polytetrahydrofuran bearing cyclic quaternary amine 

end-groups and trifunctional carboxylate linkers. Once the thermodynamic equilibrium reached 

in high dilution, the A3+B3 pairs were covalently bound and the isolated yields were comprised 

between 40 and 52%.[169,265] (Table 1, Entry 1b–2; Scheme 17, I) A second approach for the 

generation of three-arm polymer cages based on the same chemistry was reported shortly after 

from the same authors.[169] (Table 1, Entry 1a; Scheme 17, II) The thermodynamic equilibrium 

took place between three telechelic linear polymer-chains and two trifunctional linkers in a 

3A2+2B3 intermolecular system. However, the reaction resulted in 67% yield of a topological 

mixture constituted of 78% intramolecularly favored barbell-shaped polymer and only of 22% 

three-arm polymer cages, yielding an extrapolated low 15% yield for cage polymers. 

Nevertheless, although being restricted to the milligram-scale and necessitating some 

synthetical efforts to produce the ionic species in high purity, the ESA-CF methodology shines 

by its unique ability to produce – beyond polymer cages – a large library of complex cyclic 

topologies.[171,172] 

Table 1: Intermolecular topological conversions with preorganization 

Entry 
Closing 

system 

Polymer type 

Closing reaction 
N° arm 

Isolated 

yield / % 

Isolated 

mass / mg 

Mn,
1
H-NMR 

/ kg mol-1 
ĐSEC 

1a 3A2+2B3 PTHF / ESA-CF 3 15 * n/a 13 1.11 * 

1b A3+B3 PTHF / ESA-CF 3 52 n/a 14 1.06 

2 A3+B3 PTHF / ESA-CF 3 49 11.0 7.3 1.10 

 A3+B3 PTHF / ESA-CF 3 40 9.0 9.6 1.16 

 A3+B3 PTHF / ESA-CF 3 42 9.4 11.9 1.07 

* Value extrapolated from an isolated mixture of both cage- and barbell-shaped topologies. 
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Scheme 17: Schematic overview of all intermolecular topological conversions with preorganization. 

2.3.2 Intermolecular Topological Conversion without 

 Preorganization 

Unlike previously discussed examples, the syntheses of polymer cages that involve an 

intermolecular step without any kind of preorganization strongly suffer from undesired 

competitive cross-linking, which ultimately leads to network formation. Thus, the topological 

conversion of two distinct four-arm star-shaped poly(ethylene oxide) (PEO) polymers, 

end-functionalized respectively with NHS activated esters and primary amines, into an 

expected large four-arms cage was reported recently by Matsushita and colleagues.[266] (Table 

2, Entry 3; Scheme 18, III) While the purification procedure taking advantage of the 

interaction of -cyclodextrin and chain-end PEOs was worth of interest, the A4+B4 

intermolecular topological conversion resulted in an extremely low 0.5% yield, i.e. circa 10 mg 

product for 1.8 gram of starting material. This particular example illustrates well the limitation 

of intermolecular systems, which do not include any preorganization to reduce network 

formation as intermolecular reactions are needed and have to avoid at the same time to yield 

the desired product. A few years earlier, intermolecular coupling between azide 

end-functionalized three-[267] (Table 2, Entry 4; Scheme 18, I) and four-arm[268,269,270] (Table 

2, Entry 5–7; Scheme 18, II) PS stars and trifunctional alkyne linkers were reported by Paik 

and coworkers. However, out of the 17% yield reported for a three-arm polymer,[267] no 

information on the isolated yields were given. Instead, the yields were extrapolated from 

size-exclusion chromatography (SEC) analysis. Considering the natural propensity of this kind 

of topological conversion to yield networks, it has to be feared that only the weakly crosslinked 

and discreet topologies might be able to eluate through the SEC column. In this regard, these 
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kinds of values should not be considered sufficient to determine the efficiency of the topological 

conversion. In addition, the topological purity not only impacts the reaction yield but also the 

quality of the obtained material, and therefore only the characterizations obtained from a 

previously isolated topology should be taken into account. Finally, all given molecular weights 

were only estimated either by SEC or light-scattering, and the values of dispersity for the 

cage-shaped polymers were almost never mentioned, making any comparison with other 

polymer cage synthesis difficult. 

Table 2: Intermolecular topological conversion without preorganization. 

Entry 
Closing 

system 

Polymer type 

Closing reaction 
N° arm 

Isolated 

yield / % 

Isolated 

mass / mg 

Mn  

/ kg mol-1 
ĐSEC 

3 A4+B4 PEO / NHS ester 4 0.5 * 10 20.6 ** 1.08 

4 A3+B3 PS / CuAAC 3 17 * 166 6.3 ** n/a 

 A3+B3 PS / CuAAC 3 30 ** n/a 4.2 ** n/a 

5 A4+B4 PS / CuAAC 4 81 ** n/a 6.7 ** 1.01 

6 A4+B4 PS / CuAAC 4 65 ** n/a 6.8 ** n/a 

 A4+B4 PS / CuAAC 4 51 ** n/a 7.2 ** n/a 

7 A4+B4 PS / CuAAC 4 63 ** n/a 6.0 *** n/a 

* Isolated yield, ** Estimated by SEC, *** Estimated by LS 

 

 

Scheme 18: Schematic overview of all intermolecular topological conversion without preorganization. 
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2.3.3 Intramolecular Topological Conversion from an

 Asymmetrical Precursor 

To overcome the intermolecular drawbacks, strictly intramolecular topological conversions, 

which occur within a unique precursor, were investigated. Taking advantage of their 

concentration-independent kinetics, unimolecular topological conversions were employed in 

high dilution condition to suppress the undesired intermolecular side-reactions without 

impacting their intramolecular reaction rate. While their synthesis suffered from being usually 

more complex and challenging than their intermolecular analogues, the intramolecular closing 

systems were further subdivided regarding to their complexity in two distinct groups. Thus, if 

the use of low or non-symmetrical precursors tends to be easier to conceptualize, their synthesis 

turns out to be usually particularly challenging. On the contrary, the synthesis of precursors 

with a high degree of symmetry in their structure are less resource- and time-demanding, but 

require more care in their conception to ensure an efficient topological conversion. The 

unsymmetrical intramolecular precursors are discussed in more detail below while the 

symmetrical ones will be subsequently addressed. The pioneering example of unsymmetrical 

precursors that reacted intramolecularly to deliver polymer cages was reported in 2009 by Pan 

and Shi.[271] (Table 3, Entry 8; Scheme 19, I) This specific example was based on the synthesis 

of a series of four different three-arms A2B miktoarm star-shaped polymers decorated with one 

poly(-caprolactone) (-PCL) and two PS arms respectively obtained by ATRP and ROP. The 

intramolecular topological conversion occurred by CuAAC in a A2(B2) manner via the slow 

addition of the polymer into the reaction medium. It is particularly interesting to note that the 

term of theta-shaped polymer was preferred to the one of cage-shaped by the authors, due to 

the independent length of the PS and -PCL arms, respectively. However, the authors failed to 

report yields for the higher molecular weight theta-shaped polymers, and the absence of any 

network removal measures before the given isolated 70% yield along the monomodal SEC trace 

raises doubts about the reaction workup. Alternatively, an intramolecular approach involving 

unsymmetrical precursors was later proposed by Satoh in 2016.[272] (Table 3, Entry 9; Scheme 

19, II–III) Tri- and tetra-functional ROP initiators bearing respectively three and four azide 

groups separated by a benzyl linker were achieved. Subsequently, ROP and the introduction of 

terminal alkynes at each arm chain ends by post-polymerization modification were performed. 

The intramolecular topological conversions of the respective three and four-arm star polymers 

into trefoils- and quatrefoils-shaped polymers were achieved by CuAAC. This first topological 

conversion was directly followed by the cleavage of the initiators center by palladium-catalyzed 
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hydrogenation of the benzyl linker to finally form three- and four-arm polymer cages, 

respectively. This initial work was expanded in 2021 with the analysis of three polymer cages 

made of block, diblock and triblock copolymer chain-arms, respectively.[273] (Table 3, Entry 

10; Scheme 19, II) Nevertheless, although both approaches are elegant in their conception, the 

particularly high number of preliminary steps prior to their cage-shaped synthesis makes further 

development in this direction particularly arduous. 

Table 3: Intramolecular topological conversions from asymmetrical precursor. 

Entry 
Closing 

system 

Polymer type  

Closing reaction 

N° 

arm 

Isolated 

yield / % 

Isolated 

mass / mg 

Mn 

/ kg mol-1 
ĐSEC 

8 A2(B2) PS-co-PCL / CuAAC 3 70 70 9.4 * 1.12 

 A2(B2) PS-co-PCL / CuAAC 3 n/a n/a 16.5 * 1.10 

 A2(B2) PS-co-PCL / CuAAC 3 n/a n/a 19.2 * 1.09 

 A2(B2) PS-co-PCL / CuAAC 3 n/a n/a 27.0 * 1.09 

9 A3B3 PBO / CuAAC 3 48 78 3.3 ** 1.04 

 A3B3 *** / CuAAC 3 72 511 22.9 ** 1.03 

 A4B4 PBO / CuAAC 4 78 359 3.8 ** 1.02 

 A4B4 *** / CuAAC 4 61 336 23.4 ** 1.02 

10 A3B3 *** / CuAAC 3 66 592 22.6 ** 1.02 

 A3B3 *** / CuAAC 3 31 337 22.6 ** 1.02 

 A3B3 *** / CuAAC 3 69 719 22.6 ** 1.03 

* Estimated by SEC, ** Estimated by 1H-NMR, *** Poly(n-decyl glycidyl ether)–block–poly[2-(2-(2-

methoxyethoxy)ethoxy)ethyl glycidyl ether] 

 

Scheme 19: Schematic overview of all intramolecular topological conversions from asymmetrical 

precursors. 
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2.3.4 Intramolecular Topological Conversion from 

 Symmetrical Precursors 

As previously mentioned, not all precursors require high synthetical investment due to the 

introduction of a higher degree of symmetry within their structure. In this regard, the first two 

examples of polymer cages obtained by intramolecular conversion of symmetrical precursors 

were published both by Tezuka and colleagues in 2005.[262,274] (Table 4, Entry 11–12; Scheme 

20, I) The synthesis of the H- and eight-shaped PTHF precursors bearing four and two terminal 

alkene groups respectively were achieved by ESA-CF, before being intermolecularly converted 

into three- and four-arm polymer cages by ring-closing metathesis (RCM) in high dilution 

conditions. While the eight-shaped polymer topological conversion resulted in a good 67% 

yield, the H-shaped precursor approach suffered from the competitive formation of barbell-

shaped polymers as the major product, negatively impacting the reaction yield to 20% and the 

product isolation by preparative SEC. However, none of these two examples reached the 

simplicity and efficiency expected for symmetrical precursors.  

Table 4: Intramolecular topological conversion from symmetrical precursor. 

Entry 
Closing 

system 

Polymer type 

Closing reaction 
N° arm 

Isolated 

yield / % 

Isolated 

mass / mg 

Mn,
1
H-NMR 

/ kg mol-1 
ĐSEC 

11 A2 PTHF / RCM 4 67 20.2 10.6 1.18 

12 A4 PTHF / RCM 3 20 14 14.7 n/a 

13 A3 -PCL / ROMO 3 92 27.6 6.1 1.09 

 A3 -PCL / ROMO 3 80 24.0 8.0 1.09 

 A3 -PCL / ROMO 3 84 25.2 10.7 1.09 

 A4 -PCL / ROMO 4 97 29.1 6.1 1.08 

 A4 -PCL / ROMO 4 94 28.2 8.9 1.08 

 A4 -PCL / ROMO 4 91 27.3 10.4 1.08 

 A6 -PCL / ROMO 6 91 27.3 6.1 1.08 

 A6 -PCL / ROMO 6 99 29.7 9.5 1.09 

 A6 -PCL / ROMO 6 91 27.3 11.9 1.07 

 A8 -PCL / ROMO 8 98 29.4 7.4 1.06 

 A8 -PCL / ROMO 8 98 29.4 9.6 1.08 

 A8 -PCL / ROMO 8 85 25.5 13.2 1.06 

14 A3 -PCL / ROMO 3 68 74.5 10.6 1.08 
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In fact, it was only recently that the intramolecular topological conversion from simple and 

symmetrical precursor truly matured when Satoh and coworkers proposed the intramolecular 

closing step by ring-opening metathesis oligomerization (ROMO) of norbornene 

end-functionalized -PCL stars in 2019 and 2021.[275,276] (Table 4, Entry 13-14; Scheme 20, 

II–V) While the addition of the 3rd generation Grubbs catalyst on the first arm is strictly 

speaking an intermolecular process, the kinetic of the following oligomerization was found to 

be fast enough to make a second catalyst addition unlikely. Thus, once the stoichiometric ratio 

between polymer and catalyst was optimized to [1:6], the reaction proceeded with an 

intramolecular-like kinetic in a strict oxygen-free atmosphere. Not only three-, four-, but also 

six-, and eight-arm -PCL cages with various molecular weights were obtained in very high 

isolated yields comprised between 80% and 99%. This major breakthrough work is not only the 

first and only example of cages possessing more than four arms until now, but constitute also 

an efficient way to synthetize polymer cages with virtually any number of arms. 

 

Scheme 20: Schematic overview of all intramolecular topological conversions from symmetrical 

precursor. 
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Therefore, only the prerequisite to obtain defect-free polymer stars as well as 

end-functionalization fidelity might limit this number. Furthermore, as long as the 

end-functionalization with norbornene remains effective, the functional tolerance of the 

3rd generation Grubbs catalyst ensures a large scope of polymer composition and 

functionalization. Thenceforth, a critical question has been raised to the synthesis of polymer 

cage within the milligram-scale could have reached an optimal efficiency through the ROMO 

approach. On the contrary, once aiming for larger scales, the necessity to quench the living 

oligomers to prevent further cage oligomerization prior to any further precursor addition 

suppress the possibility to run the reaction in semi-batch mode, making any gram-scale material 

synthesis and subsequent tangible application unlikely. 

2.3.5 Cage-shaped Polymer Synthesis by Arm 

 Expansion 

Beside topological conversion methods, the use of arm expansion methods might constitute a 

valuable alternative to efficient gram-scaled synthesis of high-molecular weight polymer cages 

by analogy with what has been done for the synthesis of polymer rings, as discussed previously. 

However, most of these mechanisms could not simply be transferred to polymer cage synthesis 

due to their inability to elongate three or more polymer chains simultaneously from a single 

reactive center. In this context, the only report of polymer three-arm cage synthesis achieved 

though arm-expansion was published, at best of our knowledge, by Shea and coworkers in 

2003.[277] (Table 5, Entry 15; Scheme 21) Taking advantage of C1 methylene insertion-

polymerization from a borane-adamantane precursor, high-molecular weight three-arm 

poly(ethylene) cages over 35 kg mol-1 were obtained.  

Table 5: Cage-shaped polymers obtained through arm-expansion. 

Entry 
Closing 

system 

Polymer type 

Polymerization method 
N° arm 

Mn 

/ kg mol-1 
ĐSEC 

15 Arm-Exp. PE / C1 methylene insertion 3 2.4 * 1.06 

 Arm-Exp. PE / C1 methylene insertion 3 5.6 * 1.09 

 Arm-Exp. PE / C1 methylene insertion 3 10.5 * 1.08 

 Arm-Exp. PE / C1 methylene insertion 3 19.6 * 1.08 

 Arm-Exp. PE / C1 methylene insertion 3 21.7 ** 1.12 

 Arm-Exp. PE / C1 methylene insertion 3 35.4 ** 1.12 

* Estimated by SEC, ** Estimated by LS, *** Estimated by 1H-NMR 
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The mechanism of the homopolymerization consisted in the migration insertion of a methylene 

group to a trialkyl borane center. While the migration reaction did not require any particular 

dilution to avoid the network formation as the cage integrity was never compromised, the 

unstable nature of the trialkyl borane in presence of dioxygen or water strongly restricted the 

scope of analytical characterization, and hence the application of this specific system. 

Furthermore, besides the well-known low solubility issue of poly(ethylene) in organic solvents, 

two-third of the borane-adamantane precursors were reported to be kinetically trapped at low 

degree of polymerization due to the robability to lead to sterically hindered conformations. 

Nevertheless, the use of similar arm-expansion methods could constitute an interesting 

alternative to the synthesis of covalently stable cage-shaped polymers at the multigram-scale, 

and therefore might open the way to applications for polymer cages. 

 

Scheme 21: Schematic overview of C1 methylene insertion-polymerization from a borane-adamantane 

precursor. 
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3 Motivation 
As discussed in the last part of the theoretical background, several strategies have been 

developed over the past two decades to synthetize polymer cages in a milligram-scale. 

However, the transition from academic curiosities to applied materials science until now 

remains compromised by both its synthetic complexity and its restriction to be scaled up.  

Hence, this thesis intends to propose an efficient and rationalized novel synthesis of 

cage-shaped polymers that could be obtained with minimal synthetical effort at the gram-scale. 

In order to achieve this objective, a new intramolecular topological conversion strategy will be 

investigated within this work. The present approach was conceptualized on the use of AB 

bifunctional end-groups, which under specific conditions, are allowed to react and to 

self-closing themselves into (AB)n thermodynamically and kinetically favored macrocyclic 

structures. (Scheme 22) 

 

Scheme 22: Schematic representation of the (AB)n strategy that will be investigated within this work 

including (I) the (AB)3 trimerization for the synthesis of three-arm polymer cages, and (II) the (AB)4 

tetramerization for the synthesis of four-arm polymer cages. 

Compared with most previous topological conversion strategies, the use of a single kind of 

end-group located at each arm ends of star-shaped polymers ensures the accessibility of the 
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precursor while the intramolecular nature of the topological conversion allows polymer 

concentration-independent reaction kinetics and therefore no specific need of polymer 

concentration optimization. (Scheme 23) Furthermore, as each arm owns the opportunity to 

react without distinction with any other arm, the impact on the reaction kinetics of the meeting 

of two end-groups might be greatly minimized than in the case of asymmetrical end-groups. At 

last, the in-situ formation of chemically inert closing systems might constitute a great 

opportunity to upscale the synthesis of cage-shaped polymers via semi-batch processes. 

 

Scheme 23: Representation of (I) the intramolecular concentration independent kinetic of the (AB)4 

tetramerization reaction leading to cage-shaped polymer versus (II) the concentration independent 

kinetic nature of the intermolecular reactions leading to crosslinked polymer networks. 

That said, such an approach requires a reaction that fulfils a strict list of specifications, such as 

a high orthogonality to preliminary synthesis step conditions as well as a high conversion and 

a high kinetic rate. The reaction initiation also needs to be strictly controlled by a specific trigger 

like the addition of a catalyst or a physical stimulus. Furthermore, only the expected 

macrostructure corresponding to the polymer arm number has to be thermodynamically 

favorited. At last, the synthesis of the polymer precursor, including the end-group synthesis and 

the polymer end-functionalization have syntheses accessible enough to allow the approach to 

be viable. 
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4 Project Part I – Early Attempts of 

Cage-shaped Polymer Synthesis 
4.1 Project Part I – Introduction 

Before being able to investigate the synthesis of polymer cages by topological conversion of 

polymer stars through (AB)n n-oligomerization of bifunctional end-groups, two practical 

choices had to be made. First of all, the choice of the chemistry employed in the formation of a 

(AB)n macrocycle has to be defined. When looking back at the diversity of chemistries used to 

produce macrocyclic structures (See Theoretical Background, Part II) a non-negligible 

number of candidates can be envisioned at first. However, due to the extended list of 

restrictions, the list of reasonable choices shrinks rapidly. Even so, one well established click 

reaction – the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)[278] – was found to own 

the potential to fulfill all prerequisites listed as follows: a) a high orthogonality and a strict 

monitoring of the reaction via Cu(I) catalysis; b) a high conversion and a kinetic rate occurring 

even in high dilution conditions; c) the formation of rigid triazole rings as product, that could 

potentially self-assemble into an larger stable and unreactive macrocyclic structure; and d) an 

accessible synthesis of end-groups including both azide and terminal alkyne functional groups 

by various reaction pathways. Nevertheless, literature describing rigid macrocycles with 

triazole motifs within their structures was lacking at first sight. Therefore, within this first part 

of the results chapter, several syntheses of potential azide-alkyne end-groups featuring different 

lengths and rigidity between both functional groups were examined. 

Secondly, the polymerization technique used to produce well-defined star-shaped polymers had 

to be defined. Considering the high end-group fidelity and narrow dispersity of polymers 

produced by reversible-deactivation radical polymerizations (RDRP) from a broad range of 

vinylic monomers, ATRP, NMP and RAFT polymerization methods were considered. ATRP 

was disqualified because of its incompatibility with any (AB)n end-groups based on CuAAC 

chemistry as the presence of traces Cu(I) issued from the polymerization could have led to the 

crosslinking of the polymer material prior to its high-dilution requested to avoid intermolecular 

reactions. In a lesser extent, the most common and efficient end-functionalization of ATRP 

polymers consisting in the SN2 reaction of the terminal secondary halide with sodium azide 
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would have also altered the reactions orthogonality, as CuAAC would have been used for both 

the end-functionalization and the topological conversion steps. On the contrary, NMP suffers 

from the lack of accessibility of its nitroxide synthesis, particularly in the case of star-shaped 

initiators bearing multiple nitroxides within a single molecular structure and specific 

end-groups on all nitroxides. As a consequence, the core-first synthesis of polymer star from 

regioselective star-shaped RAFT chain-transfer agents was chosen. To suppress the use of 

post-polymerization modifications prior of the topological conversion, the RAFT chain transfer 

agent was also planned to directly include the end-groups within its structure. At last, the 

Z-group approach of star-shaped polymer synthesis by RAFT was privileged to minimize the 

occurrence of star-star coupling by radical recombination or disproportionation. Despite 

limiting the molecular weight upper limit, this choice allowed the propagating radicals to 

remain linear and near the central part of the polymer stars thank to the fast chain-transfer 

equilibrium.[279] (Scheme 24) 

 

Scheme 24: (I) Z-group and (II) R-group approach of core-first synthesis of polymer stars obtained 

from star-shaped RAFT agents. 
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4.2 Project Part I – Results and Discussion 

4.2.1 Linear CTA as a Model for Star-shaped RAFT 

 Agent 

In order to investigate the synthesis of a star-shaped RAFT agent and its compatibility with 

different monomers and polymerization conditions, the synthesis of a linear RAFT agent 

sharing an equivalent molecular structure was initially devised. In terms of structural 

restrictions, both sides of the linear CTA had to be adjustable, as one side would later bear the 

end-group and the other one the center of the regioselective CTA. At last, the linear RAFT 

agent ability to reach high yields was estimated essential to ensure the viability of the synthesis 

of star-shaped RAFT agents bearing multiple CTAs. As a consequence of these considerations, 

the linear RAFT agent R01 was synthetized. (Scheme 25) The first synthesis step consisted in 

the equilibrium reaction of thiolactic acid with carbon disulfide and triethylamine as an organic 

base in order to form the thiocarbonate anions, which were further reacted with benzyl bromide 

via SN2 mechanism. The resulting crude product was then esterified without preliminary 

purification by EDC/DMAP coupling with benzyl alcohol as nucleophile, resulting in R01 

isolated in 82% yield over two steps. While the benzyl bromide was planned to constitute later 

the center of the star-shaped RAFT agent, the benzyl alcohol was expected to be replaced by 

functionalized end-groups to achieve – directly following the polymerization – the topological 

conversion to cage-shaped polymers. 

 

Scheme 25: Two-step synthesis of linear RAFT agent R01 obtained in overall 82% yield. 

Foremost, the ability of RAFT agent R01 to control styrene polymerization was estimated. To 

test this assumption, a styrene polymerization P01 was conducted at 80 °C in bulk with 

10 mol% AIBN relative to the CTA and samples were taken after 1, 2 and 4 hours. (Scheme 

26, I; Table 6, Entry 1–3) The CTA was found to control the polymerization efficiently, though 
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with a relatively slow propagation rate (i.e. a Mn,
1
H-NMR of 4.8 kg mol-1 after 4 hours 

polymerization). 

 

Scheme 26: (I) RAFT polymerization P01 of styrene by RAFT agent R01 followed by its aminolysis 

to obtain thiol end-functionalized P01-SH PS. (II) Non-regioselective RAFT polymerization of MA 

P02 followed by the CTA aminolysis yielding P02-SH; (III) Free radical polymerization of MMA to 

PMMA P03 caused by the inability of the RAFT agent R01 to achieve an efficient chain transfer with 

MMA radicals. 
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Thus, according to the SEC analysis, a Mn,SEC value of 4.9 kg mol-1 with a relatively low 

dispersity of 1.17 was reached after 4 hours. To ensure the regioselectivity of R01 CTA with 

styrene, P01 samples were cleaved at the trithiocarbonate position by aminolysis with 

n-propylamine to obtain the respective thiol terminated P01-SH polymers. (Scheme 26, I; 

Table 6, Entry 4–6) Each of the P01-SH samples were characterized by SECTHF analysis, 

systematically leading to monodisperse SEC traces. The number of repeating units per polymer 

chain (degree of polymerization, DP) was additionally estimated from P01 and P01-SH Mn,SEC 

and P01 Mn,
1
H-NMR data. All methods led to similar DP values at the exception of the sample 

taken after 4 hours, suggesting – at least to some extent – the regioselectivity of R01 CTA 

polymerization with styrene. (Figure 1) 

 

Figure 1: (I) SEC traces of P01 and P01-SH polymer samples; (II) Degree of polymerization reached 

at 1, 2 and 4 hours of polymerization and calculated from P01 and P01-SH Mn,SEC/THF as well as P01 

Mn,
1
H-NMR data. 

Secondly, the control induced by the R01 CTA was investigated for the polymerization of 

methyl acrylate (MA) at 80 °C with 10 mol% AIBN relative to the CTA. After 30 minutes, the 

reaction was interrupted due to its high viscosity, yielding poly(methyl acrylate) (PMA) P02 

exhibiting a Mn,SEC of 14.0 kg mol-1 and a dispersity of 1.11. (Scheme 26, II; Table 6, Entry 7) 

The CTA aminolysis of P02 led to a monodisperse distribution P02-SH with an estimated 

Mn,SEC value of 8.1 kg mol-1 and a dispersity of 1.13. (Scheme 26, II; Table 6, Entry 8) The 

loss of almost 50% of the Mn,SEC value before and after the CTA aminolysis might suggest than 

R01 efficiently controlled the polymerization even though in a non-regioselective way, making 

it subject to quick crosslinking when applied to star-shaped CTA. Finally, the control of R01 
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over methyl methacrylate (MMA) polymerization was investigated by its polymerization with 

10 mol% AIBN relative to the CTA. After 45 minutes at 80 °C, the solution became viscous 

and the reaction was interrupted, yielding PMMA P03 with an estimated Mn,SEC value of 

213 kg mol-1 and a high dispersity of 1.66. (Scheme 26, III; Table 6, Entry 9) The obtained 

polymer Mn,SEC value was found to not be corelated to the CTA equivalent but rather to AIBN. 

Moreover, the yellow RAFT agent was washed away from the polymer by reprecipitation in 

methanol, yielding P03 as a white solid. Considering also the high dispersity of 1.66, it was 

concluded that mostly a free radical polymerization of MMA occurred, indicating that R01 was 

not able to interact properly with the propagating radical and therefore remained inactive during 

the complete polymerization process. 

Table 6: Overview of styrene (Entry 1–6), methyl acrylate (Entry 7–8) and methyl methacrylate 

(Entry 9) polymerizations obtained via linear RAFT agent R01, including their respective thiol-

terminated polymers obtained by aminolysis. 

Entry Polymer 
Polymer 

type 

Polymerization time 

/ min 

Mn,
1
H-NMR 

/ kg mol-1 

Mn,SEC/THF 

/ kg mol-1 
ĐSEC/THF 

1 P01 – 1h PS 60 1.8 1.8 1.27 

2 P01 – 2h PS 120 2.8 3.1 1.20 

3 P01 – 4h PS 240 4.8 4.9 1.17 

4 P01-SH – 1h PS 60 n/a 1.4 1.28 

5 P01-SH – 2h PS 120 n/a 2.3 1.21 

6 P01-SH – 4h PS 240 n/a 3.3 1.16 

7 P02 PMA 30 16.4 14.0 1.11 

8 P02-SH PMA 30 16.2 8.1 1.13 

9 P03 PMMA 45 n/a 213 1.66 
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4.2.2 Unfunctionalized Three-Arm Star-shaped CTA as 

 Model RAFT Agent 

Following the successful synthesis of the linear RAFT agent R01 in good yield and its 

regioselective control of styrene polymerization, the synthesis of an unfunctionalized 

three-arms star-shaped RAFT agent R02 was planned to further investigate its capacity to 

create polymer stars. Its synthesis was directly adapted from R01 by switching the benzyl 

bromide to a trivalent 1,3,5-tris(bromomethyl)benzene core. (Scheme 27) As expected, the 

yield remained relatively high at 55% despite the triple SN2 reaction required per molecule. 

This 55% yield could also be correlated with the yield of 82% obtained for R01, as 0.823 is 

indeed approximately equal to 0.55. 

 

Scheme 27: Two-step synthesis of star-shaped RAFT agent R01 obtained in 55% overall yield. 

Once synthetized, the ability of R02 to regioselectively control the polymerization of styrene 

and to form star-shaped PS was examined. In order to do so, a styrene polymerization P04 was 

conducted at 80 °C with 30 mol% AIBN relative to the star-shaped RAFT agent R02 (10 mol% 

per CTA present on each arm). (Scheme 28; Table 7, Entry 1–5) Samples were taken after 

30, 60, 90, 120 and 180 minutes in order to carefully follow the occurrence of defects in the 

star-shaped polymer structure. All estimated dispersities from SEC traces were comprised 

between 1.2 and 1.4. The Mn value of P04 after 3 hours of polymerization was estimated at 

7.1 kg mol-1 by SEC and at 11.2 kg mol-1 by 1H-NMR analysis. Considering the particular 
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star-shaped topology of P04 and its impact on the hydrodynamic volume compared to linear 

polymers, the underestimation of the size of the polymer in SEC analysis was expected. 

However, the progressive growth of a high-molecular weight shoulder in the SEC traces, that 

typically results of side reaction at the CTA positions leading among other to star-star coupling, 

could also be observed from a DParm of 20 to 25. (Figure 2, I) In consequence, the maximal 

degree of polymerization of star-shaped polymers while keeping a low amount of defect was 

limited by the occurrence of these side-reactions. Cleavage of each polymer arms by aminolysis 

led to P04-SH with monodisperse SEC traces with dispersity values between 1.2 and 1.4. The 

DParm estimated from the Mn,SEC data of P04-SH were found to be in accordance with the values 

calculated from the P04 1H-NMR data. (Figure 2, III) In summary, the regioselectivity of the 

R01 and R02 RAFT agents with styrene was definitively confirmed by all these results. 

However, in order to keep an end-group fidelity as high as possible and to limit the side-reaction 

occurrences, a second polymerization with a lower amount of radical initiator equivalent was 

planned. 

 

Scheme 28: RAFT polymerizations P04 and P05 of styrene by RAFT agent R02 with 30 mol% and 

8 mol% AIBN loading relative to the RAFT agent followed by their aminolysis to obtain thiol 

end-functionalized P04-SH and P05-SH PS polymers, respectively. 

Thus, a second styrene polymerization P05 with RAFT agent R02 and 8 mol% AIBN relative 

to the star-shaped RAFT agent (2.7 mol% per CTA present on each arms) was set up. Due to 

the slower polymerization kinetics caused by the lower amount of propagating radical chains, 

samples were taken after 1, 2, 3, 4 and 6 hours. (Scheme 28; Table 7, Entry 6–10) After 
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6 hours of polymerization at 80 °C, the Mn value was estimated to reach 6.0 and 10.5 kg mol-1 

according to SEC and 1H-NMR analysis, respectively. All dispersities recorded by SEC 

analysis were between 1.2 and 1.4. Similar to what was already observed for P04, a 

high-molecular shoulder occurred as soon as a DParm of 20 reached, although high-molecular 

weight polymers are not mandatory to examinate the subsequent topological conversion to 

cage-shaped polymers. (Figure 2, II) However, it is still not clear if the origin of the defect 

came from the increasing bulkiness at the star center, leading to the impossibility for the 

propagating chains to be efficiently monitored by the CTAs or on the contrary from a minor 

occurrence of non-regioselective chain exchanges. Finally, the DParm values of P05 were 

compared with the DParm values from the former P04 polymerization and in both cases a drop 

in the polymerization kinetic curve could be noticed once a DP of about 20 was reached. 

(Figure 2, III) 

Table 7: Overview of RAFT polymerizations of styrene P04 (Entry 1-5) and P05 (Entry 6-10) of 

styrene by RAFT agent R02 with 30 mol% and 8 mol% AIBN loading relative to the RAFT agent, 

including their respective thiol-terminated polymers P04-SH and P05-SH obtained by aminolysis. 

Entry Polymer 
Mn,

1
H-NMR                 

/ kg mol-1 

Mn,SEC/THF                 

/ kg mol-1 
ĐSEC/THF Polymer 

Mn,SEC/THF                 

/ kg mol-1 
ĐSEC/THF 

1 P04 – 30min 3.3 2.4 1.31 P04-SH – 30min 1.0 1.37 

2 P04 – 60min 5.1 3.4 1.26 P04-SH – 60min 1.5 1.31 

3 P04 – 90min 7.2 4.4 1.25 P04-SH – 90min 2.2 1.21 

4 P04 – 120min 8.6 5.4 1.26 P04-SH – 120min 2.8 1.20 

5 P04 – 180min 11.2 7.1 1.34 P04-SH – 180min 3.6 1.19 

6 P05 – 60min 3.1 2.4 1.32 P05-SH – 60min 1.1 1.38 

7 P05 – 120min 5.0 3.4 1.28 P05-SH – 120min 1.5 1.29 

8 P05 – 180min 7.1 4.2 1.27 P05-SH – 180min 2.1 1.24 

9 P05 – 240min 8.2 4.9 1.29 P05-SH – 240min 2.5 1.21 

10 P05 – 360min 10.5 6.0 1.37 P05-SH – 360min 3.1 1.21 

 

At last, in order to verify the non-regioselectivity behavior of R01 and therefore R02 during 

the polymerization with MA, two distinct polymerization P06 and P07 were conducted in 1 M 

MA with toluene and dioxane as solvent, respectively. In both cases, the solution became turbid 

within 5 min at 80 °C, yielding yellow precipitates. The precipitates were found to be insoluble 

in THF, DMF and DMAC and were probably most likely the result of the formation of highly 

crosslinked polymer aggregates by star-star coupling. No further analysis was therefore 

performed as these results matched the ones obtained for P02 polymerization with R01. 
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Figure 2: (I) SEC traces of P04 and P04-SH polymer samples; (II) SEC traces of P05 and P05-SH 

polymer samples; (III) Comparison of the degree of polymerization per arm (DParm) reached at different 

polymerization time. DParm values calculated from P04/P05 Mn,
1
H-NMR and P04-SH/P05-SH Mn,SEC/THF 

data. 
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4.2.3 Synthesis of First End-functionalized Star-shaped 

 RAFT Agent and its Compatibility Towards 

 RAFT Polymerization 

As a first end-group candidate to form stable macrocycle for the forthcoming topological 

conversion to cage-shaped polymers, compound C03 was obtained in a three-steps synthesis 

from commercially available 3-amino-5-bromobenzoic acid in 37% overall yield. (Scheme 

29, I) A seven-steps synthesis from 3,5-dinitrobenzoic acid had been previously reported, 

although being more time consuming.[280,281,282] Starting from the carboxylic acid reduction by 

lithium aluminum hydride, the benzylic alcohol C01 was obtained in 61% yield. The reduction 

suffered from amide group formation as side reaction, leading to the formation of unstable 

secondary amine in these basic conditions. This first reaction was the followed by a Sonogashira 

cross-coupling and then direct TMS group deprotection yielding C02 in 58% yield. At last, a 

Sandmeyer reaction with azide anions as the nucleophiles was performed, yielding C03 in an 

almost quantitative 95% yield. Following the previous procedure already used in R01 and R02 

syntheses, RAFT agent R03 was obtained after two chromatography purification steps in a low 

16% yield. In order to do so, benzyl alcohol was switched to C03 at the EDC esterification step 

of the star-shaped tricarboxylic acid precursor. (Scheme 29, II) However, compound C03 

showed poor solubility in DCM and therefore DCM was replaced by THF during the 

esterification step. As the star synthesis is quite sensitive to partial conversion, the final yield 

might have been impacted by the formation of a floating gel in the reaction medium due to the 

observed insolubility of the EDC-urea byproducts in pure THF that might have trapped a 

non-negligible part of the reactants. In consequence, the procedure for the forthcoming EDC 

esterifications was adapted by using a mixture of DCM and THF as co-solvents. Nevertheless, 

enough RAFT agent R03 was isolated to investigate its ability to control styrene 

polymerization. Thus, the number of AIBN equivalents was fixed at 5 mol% regarding to the 

star-shaped RAFT agent. After 1 hour at 80 °C, the resulting polymer P08 displayed a 

polymodal SEC trace including a broad dispersity of 1.82 as well as a low DParm value. 

Estimation of the Mn value by SEC and 1H-NMR analysis led to 2.5 kg mol-1 and 2.3 kg mol-1 

values, respectively. Cleaved polymer arms P08-SH were further analyzed by SEC and also 

showed a broad 1.60 dispersity for Mn,SEC/THF value of 1.5 kg mol-1. (Figure 3) These results 

implied that end-group C03 negatively impacted the RAFT polymerization mechanism due to 

the presence of the azide or terminal alkyne groups. In particular, radical-driven side-reactions 
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could have occurred at these positions, leading to topological defects by crosslinking and/or 

CTA decomposition.  

 

Scheme 29: (I) Three-step synthesis of compound C03 obtained in 37% overall yield; (II) Two-step 

synthesis of star-shaped RAFT agent R03 following the previous synthesis conditions at the exception 

of the substitution of benzyl alcohol for compound C03 at each arm extremity. 
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Figure 3: (I) SEC traces of P08 and P08-SH obtained after 1 hour polymerization and displaying a high 

number of topological defects; (II) Comparison of the degree of polymerization per arm (DParm) reached 

between P05 and P08 polymerizations. DParm values calculated from P05/P08 Mn,
1
H-NMR and 

P05-SH/P08-SH Mn,SEC/THF data. 

For instance, aliphatic and aromatic azides were reported to undergo 1,3-dipolar cycloaddition 

(i.e. [2+3] cyclization) with electro-deficient olefin (like electro-deficient acrylate or 

acrylamide monomers) at common polymerization temperatures.[283] The resulting heterocyclic 

product – 1,2,3-triazoline – is however unstable and prompt to follow different decomposition 

pathways, as it does not benefit from the same aromatic stabilization than triazoles. According 

to the same authors, monomers that stabilize the propagating radicals without having to resort 

to strong electron-withdrawing but rather on electron delocalization (i.e. styrenic monomers) 

possess a higher tolerance towards azide groups at a given temperature. In this regard, based on 

the catalyzed degradation of benzoyl peroxide (BPO) by N,N-dimethylaniline (DMA) to 

generate initiating radicals at room temperature, a few examples of azide-containing monomers 

polymerized by RAFT were still reported.[284,285] At last, reports of free‐radical oligomerization 

of phenylacetylene were also published and caused by the mesomeric stabilization provided by 

the phenyl ring.[286] In consequence, avoiding inductive or mesomeric stabilizing group next to 

the terminal alkyne was also essential to ensure the smooth running of the RAFT 

polymerization. In summary, the following changes were taken into account for the next 

experiments: a) a reduction of the radical concentration during the polymerization; b) a 

reduction of the polymerization temperature; and c) the absence of radical-stabilizing group 

next to the terminal alkyne. 
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4.2.4 Investigation regarding Low-temperature RAFT 

 Polymerization 

As previously mentioned, the decomposition of benzoyl peroxide triggered by 

N,N-dimethylaniline – although suffering from a lower probability to induce propagating 

radical chain – is known to produce radicals at room temperature and more particularly to allow 

the RAFT polymerization of azide-bearing monomers. Therefore, starting from linear RAFT 

agent R01 present in equimolar ratio with BPO and DMA co-initiators, a RAFT polymerization 

of styrene P09 was carried out at room temperature. (Figure 4, I; Table 8, Entry 1) However, 

SEC analysis revealed that only a low Mn,SEC value of 1.6 kg mol-1 with a dispersity of 1.4 could 

be reached after 22 hours of polymerization, making this initiator system difficultly viable. 

Consequently, V-70 (i.e. 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile)), a commercially 

available radical initiator operating at a lower temperature range than most common radical 

initiators, was instead chosen. More precisely, V-70 has an equivalent degradation rate at 40 °C 

than AIBN at 80 °C with an estimated half-life slightly below 2 hours in both cases. Styrene 

polymerization P10 was conducted for 24 hours at 40 °C with 5 mol% V-70 and RAFT agent 

R02. (Scheme 30; Table 8, Entry 2–5) 1H-NMR and SEC data of the star-shaped P10 as well 

as SEC data from its cleaved arms P10-SH suggested the controlled nature of the 

polymerization while its DParm values were reduced by a factor of two in comparison to what 

had been observed for P05 after 8 hours. (Figure 4, II–III) The SEC traces also remained 

unimodal during the polymerization time with dispersity values tending to 1.3 after 24 hours. 
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Table 8: Overview of RAFT polymerizations of styrene P09 (Entry 1-3) and P10 (Entry 4-7) carried 

out at room temperature with BPO/DMA co-initiator and at 40 °C with V-70 initiator, respectively, as 

well as thiol-terminated P10-SH polymer samples obtained by aminolysis. 

Entry Polymer 
Mn,

1
H-NMR                 

/ kg mol-1 

Mn,SEC/THF                 

/ kg mol-1 
ĐSEC/THF Polymer 

Mn,SEC/THF                 

/ kg mol-1 
ĐSEC/THF 

1 P09 – 1h n/a 0.8 1.27 n/a n/a n/a 

2 P09 – 3h n/a 1.2 1.32 n/a n/a n/a 

3 P09 – 22h n/a 1.6 1.4 n/a n/a n/a 

4 P10 – 2h 2.5 1.9 1.43 P10-SH – 2h 0.6 1.70 

5 P10– 5h 3.5 2.7 1.35 P10-SH – 5h 1.1 1.45 

6 P10 – 8h 4.5 3.3 1.31 P10-SH – 8h 1.4 1.33 

7 P10 – 24h 5.5 4.3 1.33 P10-SH – 24h 2.1 1.30 

 

 

 

Scheme 30: RAFT polymerizations P10 of styrene by RAFT agent R02 with 5 mol% V-70 loading 

relative to the RAFT agent followed by its aminolysis to obtain thiol end-functionalized PS P10-SH. 
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Figure 4: (I) SEC traces of P09 polymer samples taken after 1, 3 and 22 hours; (II) SEC traces of P10 

and P10-SH polymer samples; (III) Degree of polymerization per arm (DParm) reached at different 

polymerization time. DParm values calculated from P10 and P10-SH Mn,SEC/THF as well as P10 Mn,
1
H-NMR 

data. 
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4.2.5 Synthesis of Second End-functionalized Star-

 shaped RAFT Agent and its Compatibility 

 Towards RAFT Polymerization 

Concerning the synthesis of an alternative second end-group, the main concern was to avoid 

any radical stabilizing group next to the terminal alkyne while keeping a sufficient structural 

strain to avoid any intramolecular cyclization for the end-group as well as for its dimer. 

Therefore, the azide group was conserved on the phenyl ring to ensure a minimal rigidity of the 

molecule while the alkyne group was placed two aliphatic carbons away from the aromatic ring. 

Furthermore, in order to reduce the number of steps, both alcohol and alkyne groups were 

planned to be simultaneously incorporated into the end-group structure. Thus, 

4-nitrobenzaldehyde was reacted with trimethylsulfonium iodide and potassium hydroxide to 

obtain the corresponding epoxide C04 in 52% yield.[287,288] This reaction – known as Johnson-

Corey-Chaykovsky reaction[289,290] – consists in the in situ formation of a sulfur ylide reagent, 

which further reacts with carbonyls or imines to ultimately yield epoxide or aziridine products, 

respectively. Then, the epoxide ring was opened using the lithium acetylide complex in order 

to incorporate both terminal alkyne and alcohol functional groups in one reaction, according to 

former reports on primary halide[291] and epoxide[292] substrates. However, the low 8% yield of 

C05 suffered from the side-reactions occurring between the nitro groups and the acetylide 

anions. Nevertheless, the aromatic nitro group was then reduced by metal iron in acidic 

condition to form C06 in 60% yield. Finally, a Sandmeyer reaction with sodium azide as 

nucleophile was used to obtain end-group C07 in 95% yield. (Scheme 31, I) In summary, the 

low 2.4% yield over four steps coupled to the extended purification required at each step made 

this synthesis particularly impracticable and therefore not likely to be further considered. 

Subsequently, RAFT agent R04 was synthetized from C07 in a low 17% yield after two 

successive purifications by column chromatography (Scheme 31, II) and only one 

polymerization was attempted with the isolated amount of RAFT agent R04. Based on the 

polymerization data obtained from P10 polymerization conducted with RAFT agent R02 and 

5 mol% radical initiator V-70 at 40 °C, the polymerization time for the present P11 was fixed 

at 3 hours to target a DParm close to 5 units. (Scheme 32, I–II) However, only a DParm of 3 was 

achieved after the 3 hours of polymerization according to both SEC and 1H-NMR data. (Figure 

5, II) At last, both SEC traces of P11 and its cleaved arms P11-SH possessed bimodal 

distribution with dispersity of 1.49 and 1.46, implying once again defects in the star-shaped 

polymer topology. (Figure 5, I) 
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Scheme 31: (I) Four-step synthesis of compound C07 obtained in 2.3% overall yield; (II) Two-step 

synthesis of star-shaped RAFT agent R04 obtained in 17% yield. 

At last, P11 was employed for a single CuAAC closing attempt. To do so, copper(I) iodide was 

suspended in toluene at 80 °C. Then, 42 mg of P11 were added over 8 hours via a syringe pump 

before heating the resulting mixture for another 2 hours to obtain P11-C as an opaque yellow 

gel after isolation. (Scheme 32, III; Figure 5, I) The syringe filter prior to SEC analysis was 

found to be quickly obstructed, indicating the presence of a polymer network. Once the 



Project Part I – Early Attempts of Cage-shaped Polymer Synthesis 

60 

aminolysis of P11-C was achieved, the filtration of P11-C-SH (Scheme 32, IV; Figure 5, I) 

before SEC analysis still remained partially obstructed. Also, the intensity of the azide 

characteristic strong stretching band only partially decreased at 2113 cm-1 in the FT-IR 

spectrum of P11-C, indicating a partial conversion despite the apparent high degree of 

cross-linking. (Figure 5, III) At last, considering that topological defects were already present 

after the P11, no clear conclusion could be extrapolated from the experimental data.  

 

Scheme 32: (I) RAFT polymerizations P11 of styrene by RAFT agent R04 and with 5 mol% V-70 

loading relative to the RAFT agent; (II) P11 aminolysis yielding thiol end-functionalized PS P10-SH; 

(III) Topological conversion attempt from star-shaped P11 to cage-shaped P11-C polymer; (IV) P11 

aminolysis yielding P10-C-SH. 
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Figure 5: (I) SEC traces of P11 and its cleaved arm P11-SH obtained after 3 hours polymerization with 

V-70 as initiator at 40 °C and displaying a high number of topological defects as well as P11-C obtained 

by CuAAC reaction from P08 in high dilution and its cleaved arm P08-SH; (II) Comparison of the 

degree of polymerization per arm (DParm) reached between P10 and P11 polymerizations. DParm values 

calculated from P10/P11 Mn,
1
H-NMR and P10-SH/P11-SH Mn,SEC/THF data; (III) Comparison of the FT-IR 

traces from P11 and P11-C obtained after CuAAC reaction in high dilution and in particular the 

retention of the azide band intensity at 2113 cm-1 (blue rectangle). 
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4.2.6 Synthesis of Third End-functionalized Star-shaped 

 RAFT Agent and its Compatibility Towards 

 RAFT Polymerization 

Considering the difficult synthesis of compound C07 and the polymerization issues of RAFT 

agent R04, the synthesis of a series of purely aliphatic end-groups with different spacing length 

between the azide and alkyne functional groups was devised. Foremost, the synthesis of C09 

was achieved in a two steps synthesis from a commercially available 2-methylbut-1-en-3-yne 

substrate. The alcohol and the azide functionalities were incorporated in a two steps synthesis 

by mCPBA epoxidation of the alkene[293] followed by the ring-opening reaction with sodium 

azide to obtain C09 in 30% yield. (Scheme 33, I) Noteworthy, the DCM present from the 

epoxidation step was completely removed to avoid any risk of explosion resulting from the SN2 

reaction of DCM and sodium azide during the second step by addition of diethylether to a 

distillation setup including a Vigreux column. The mCPBA epoxidation was estimated to be 

quantitative by 1H-NMR. However, due to the volatility of intermediate C08, no separate yields 

were recorded for each step as the diethylether– used to remove any trace of DCM prior to the 

azide addition – could not be totally removed itself. At last, the synthesis of the related RAFT 

agent failed due to the low reactivity of the tertiary alcohol with carboxylic acids by EDC 

esterification, probably due to increased steric hindrance. (Scheme 34, I) In order to make the 

alcohol react via EDC esterification, the synthesis of an end-group similar to C09 but without 

its methyl group was planned. Therefore, the synthesis of C12 was envisaged from two distinct 

pathways. The first pathway consisted in a Sonogashira cross-coupling of vinyl bromide with 

TMS acetylene to obtain but-1-en-3-yne substrate as C10, followed by the mCPBA epoxidation 

of the double bond to yield C11 and a subsequent epoxide opening with sodium azide. (Scheme 

33, II) However, due to the missing methyl group, this last step led to a mixture of both 

regioisomers with a very low overall yield for the expected regioisomers C12 as the steric 

hindrance was sufficient to prevent the nucleophilic attack at the secondary carbon position. 

Furthermore, even if the solvent was never fully removed and even if a distillation aperture with 

a Vigreux column was used, a large part of the product was lost by evaporation as the synthesis 

suffered from multiple solvent incompatibilities (i.e. THF/mCPBA and DCM/NaN3) and 

therefore, from the need to use cyclohexane in the distillation process to remove the undesired 

solvents. 
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Scheme 33: (I) Two-step synthesis of compound C09 obtained in 30% overall yield; (II) There-step 

synthesis of compound C12 but without isolation of the final product; (III) Two-step synthesis of 

compound C12 obtained in 17% overall yield from ethyl bromoacetate; (IV) Planned two-step synthesis 

of compound C12 from ethyl chloroacetate but which led to lower yield than the one obtained from 

synthesis pathway (III); (V) Two-step synthesis of compound C16 obtained in 23% overall yield. 

Considering all the drawbacks of the first synthesis pathways, a second two-steps synthesis of 

C12 was investigated. (Scheme 33, III) Starting from a one pot reduction of ethyl bromoacetate 

with DIBAL-H, bromo-acetaldehyde was further reacted in situ with commercially available 

Grignard magnesium acetylene bromide reagent to form C13 in 41% yield.[294] The forthcoming 
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step consisting of the SN2 reaction of bromides by azide anions was achieved in 42% yield after 

15 hours at 60 °C, ultimately resulting in a 17% yield of C12 over two steps. Additionally, the 

synthesis of C12 was also examined from ethyl chloroacetate substrate and using magnesium 

acetylene chloride as Grignard agent to limit the halide exchange and thus the number to 

different products after the first step. (Scheme 33, IV) 

 

Scheme 34: (I) Unsuccessful two-step synthesis of star-shaped RAFT bearing C09 due to the steric 

hindrance of the tertiary alcohol; (II) Two-step synthesis of star-shaped RAFT agent R05 obtained in 

47% yield. 

However, the yield of the first step to C14 was similar to the yield of C13 (i.e. 36% and 41%, 

respectively) and the azide substitution led to even more degradation products than with the 

bromide due to the higher temperature needed to achieve the substitution. At last, a synthesis 

following a similar pathway was achieved from methyl 3-bromopropanotate, resulting in more 

flexible end-group C16 in 23% overall yield. (Scheme 33, V) However, polymerization P12 

had been done by this time and its negative results due to the functional group incompatibilities 

made further synthesis of a RAFT agents obsolete. 
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Scheme 35: RAFT polymerizations P12 of styrene by RAFT agent R05 and with 5 mol% V-70 loading 

relative to the RAFT agent followed by its aminolysis yielding thiol end-functionalized PS P12-SH. 

Star-shaped RAFT agent R05 was successfully synthesized from the end-group C13 in a 

satisfying 47% yield (Scheme 34, II). However, styrene polymerization of RAFT agent R05 

with V-70 as initiator led to polymer P12, (Scheme 35) which displayed irregular SEC traces 

with broad dispersity above 1.5. (Figure 6, I-II; Table 9) On the contrary, the analysis of 

P12-SH surprisingly led to a Mn,SEC of 0.9 kg mol-1 after 2 hours to 1.6 kg mol-1 after 24 hours 

while keeping a good gaussian SEC trace with dispersity kept between 1.3 and 1.4. These results 

seem to indicate that at least some of the arms continued to grow as intended over time despite 

the presence of side-reactions occurring at the CTA or the end-group sites. As a result, it seems 

that end-group C13 has a strong negative effect on the polymerization. Even if the cleaved arms 

P12-SH continue to grow with the expected dispersity of 1.3, the presence of topological 

defects in the star-shaped polymer P12 made it incompatible with the following topological 

conversion step to polymer cages. 
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Figure 6: (I) SEC traces of P12 and P12-SH polymer samples taken at different polymerization time; 

(II) Degree of polymerization per arm (DParm) reached at different polymerization time. DParm values 

calculated from P12 and P12-SH Mn,SEC/THF as well as P12 Mn,
1
H-NMR data. 

 

Table 9: Overview of RAFT polymerization of styrene P12 carried out at 40 °C with R05 and V-70 

initiator as well as of its thiol-terminated polymers P12-SH obtained by P12 samples aminolysis. 

Entry Polymer 
Mn,

1
H-NMR                 

/ kg mol-1 

Mn,SEC/THF                 

/ kg mol-1 
ĐSEC/THF Polymer 

Mn,SEC/THF                 

/ kg mol-1 
ĐSEC/THF 

1 P12 – 2h 2.3 2.3 1.64 P12-SH – 2h 0.9 1.33 

2 P12 – 5h 2.6 2.5 1.64 P12-SH – 5h 1.1 1.34 

3 P12 – 8h 3.2 2.9 1.57 P12-SH – 8h 1.2 1.30 

4 P12 – 24h 3.5 2.9 1.83 P12-SH – 24h 1.6 1.41 
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4.2.7 Synthesis of Star-shaped RAFT Agent bearing 

 Carboxylic Acid as End- groups and its 

 Compatibility Towards RAFT Polymerization 

The initial approach consisting in using an end-functionalized star-shaped RAFT agent was not 

anymore considered viable at this point of the research. Therefore, instead of further being focus 

on the use of end-functionalized star-shaped RAFT agent, the possibility to introduce the 

end-group by post-polymerization modification was thoroughly considered. Therefore, the 

polymerization of star-shaped RAFT agent R06 followed by its post-polymerization 

modification by EDC coupling was envisioned. Thus, R06 was synthetized and used without 

further purification as none was found to be efficient due to its three free carboxylic acid groups. 

(Scheme 36, I) The styrene polymerization P13 was performed from R06 at 80 °C over 6 hours. 

(Scheme 36, II) As R06 RAFT agent was not soluble in pure styrene, an additional 25 vol% 

DMF was used as cosolvent. Furthermore, ACVA was used as radial initiator to conserve as 

much as possible the carboxylic acid groups at each end-group position. According to 1H-NMR 

data, DParm values did not exceed 10 units compared to the 30-40 units obtained from RAFT 

agent R02. Furthermore, the resulting polymer samples showed dispersity values between 1.3 

and 1.4 with a Mn,SEC/THF of 3.5 kg mol-1 and Mn,1H-NMR 4.5 kg mol-1 after 6 hours. (Figure 7; 

Table 10) 

Table 10: Overview of RAFT polymerization of styrene P13 carried out at 40 °C with R06 and ACVA 

initiator as well as of its thiol-terminated polymers P13-SH obtained by P13 polymer samples 

aminolysis. 

Entry Polymer 
Mn,

1
H-NMR 

 / kg mol-1 

Mn,SEC/THF 

/ kg mol-1 
ĐSEC/THF Polymer 

Mn,SEC/THF 

/ kg mol-1 
ĐSEC/THF 

1 P13 – 1h 2.2 1.3 1.61 P13-SH – 1h 1.1 1.57 

2 P13 – 2h 2.8 2.1 1.36 P13-SH – 2h 1.2 1.50 

3 P13 – 3h 3.5 2.5 1.35 P13-SH – 3h 1.4 1.44 

4 P13 – 4h 3.9 3.0 1.30 P13-SH – 4h 1.6 1.40 

5 P13 – 6h 4.5 3.5 1.31 P13-SH – 6h 1.8 1.27 

 

Although, it is likely that the ionic nature of the end-groups led to unreliable SEC results 

because of dynamic H-bond dimer formation on the SEC column, it became clear that more 

radical changes were needed and that the general polymerization approach had to be 
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reconsidered in order to overcome the challenge of producing defect-free star topologies with 

high end-group fidelity. 

 

Scheme 36: (I) One-step synthesis of star-shaped RAFT agent R06 obtained in 93% yield without 

purification; (II) RAFT polymerizations P13 of styrene by RAFT agent R06 and with 5 mol% ACVA 

loading relative to the RAFT agent followed by its aminolysis yielding thiol end-functionalized PS 

P13-SH. 
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Figure 7: (I) SEC traces of P13 taken at different polymerization times; (II) SEC traces of P13-SH 

polymer samples obtained by P13 aminolysis; (III) Degree of polymerization per arm (DParm) reached 

at different polymerization times. DParm values calculated from P13 and P13-SH Mn,SEC/THF as well as 

P13 Mn,
1
H-NMR data. 
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4.3 Project Part I – Conclusion 

In summary, the first part of the project suffered from a series of major drawbacks. The 

syntheses of star-shaped RAFT agents bearing end-groups proved to be more tedious than 

expected. Also, the CTAs were found to be incompatible with both functional groups 

incorporated within the RAFT agent structure. The modification of the end-groups from 

aromatic to aliphatic alkyne and azide did not suppress the side-reactions. In the same manner, 

the lowering of the polymerization temperature did not substantially impact these results. 

Worst, even for the non-functionalized CTA, the side reactions leading to star-star coupling or 

loss of arms could never be sufficiently prevented once a low DP was reached to ensure a 

sufficient quality of the star-shaped polymer prior to its topological conversion. Moreover, the 

presence of functional groups like the trithiocarbonates directly incorporated in the polymer 

structure may have constituted, in retrospect, an issue for the chemical stability of the produced 

polymer topologies towards degradation and nucleophilic attacks. At last, despite no evidence 

of successful topological conversion by (AB)3 trimerization had been provided so far, the 

project implementation flaws were clearly identified and with the help of scientific literature, 

some major corrections were incorporated, as shown in the next two chapters. 
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5 Project Part II – Milligram-scaled 

Synthesis of Cage-shaped Polymers 
5.1 Project Part II – Introduction 

As summarized in the previous section, the application of the initial idea utilizing RAFT 

star-shaped polymers was not optimal and two major changes were therefore necessary to 

ensure the continuity of the project. First, the synthesis of the star-shaped polymer substrate 

was reoriented to ring-opening polymerization (ROP) from multifunctional alcohol cores to 

obtain defect-free star-shaped polymers with more ease. In this regard, poly(-caprolactone) 

was chosen for its straightforward synthesis as well as for its great solubility, non-hydroscopic 

and suitable thermo-mechanical properties. Thus, diphenyl phosphate (DPP)-catalyzed cationic 

ROP of -caprolactone[295] – which does not require any metal or toxic catalysts – was selected 

to produce the four-arm star-shaped polymer substrates that are suited for any further 

topological conversion investigations to cage-shaped -PCL. (Scheme 37) 

 

Scheme 37: (I) Mechanism of diphenyl phosphate-catalyzed cationic ring-opening polymerization 

(CROP) of -caprolactone; (II) Four-arm star-shaped poly(-caprolactone) synthesis conducted from a 

multifunctional initiator. 
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Secondly, despite the extended efforts to find suitable macrocyclic structures that could be 

obtained by (AB)n n-oligomerization, no candidate had been identified in the literature so far. 

In this context, the work of Amar H. Flood on the formation of rigid D2h-[34]triazolophane 

macrocycles allowed the present work to continue on a solid scientific basis. In a few words, 

these D2h-[34]triazolophane macrocycles were used as size-selective chelating ligands for halide 

anion recognition.[296,297,298] More specifically, they were reported to own great chelation values 

with middle-sized halides and in particular a high pairing equilibrium constant of 

4.7 ± 2.1 · 106 mol L−1 for chloride anions in DCM.[299] Weaker equilibrium constants were 

also reported for fluoride and iodine anions, respectively too small and too massive to be 

stabilized inside the macrocycle cavity estimated to be 3.8 Å wide.[300,301] In addition, it is 

important to emphasize that while both D2h-[34]triazolophane and D4h-[34]triazolophane 

regioisomers share a same general structural motif, they fundamentally differ by their point 

group symmetry. Thus, although all reported D2h-[34]triazolophanes were obtained through 

multi-step syntheses consisting in a series of CuAAC, Sonogashira cross-coupling and TMS 

deprotections from two distinct building blocks, (Scheme 38, I) their reports constituted a good 

hint that a more symmetrical D4h-[34]triazolophane regioisomer could be obtained from the 

tetramerization of m-azidoethynylbenzene units. Considering at last that a 

m-azidoethynylbenzene derivative had already been synthetized at the very beginning of the 

project (i.e. C01 to C03), the topological conversion of four-arm star-shaped polymers into 

polymer cages by intramolecular D4h-[34]triazolophane formation was investigated in detail, as 

shown in the following chapter. (Scheme 38, II) 
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Scheme 38: (I) Previously reported multi-step D2h-[34]triazolophane synthesis by Amar. H. Flood 

owning an 180° symmetry in the horizontal plane (D2h point group symmetry); (II) Unreported one pot 

intramolecular D4h-[34]triazolophane synthesis from end-functionalized star-shaped four-arm polymer 

owning an 90° symmetry in the horizonal plane (D4h point group symmetry). 
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5.2 Project Part II – Results and Discussion 

5.2.1 Synthesis of 3-Azido-5-ethynylbenzoic Acid 

 End-group 

The synthesis of the new m-azidoethynylbenzene derivative was adapted from the former 

three-step synthesis of compound C03. To do so, the benzyl alcohol group was substituted by 

a free carboxylic acid, allowing it to end-functionalize poly(-caprolactone)s by simple EDC 

esterification. Although a similar synthesis was also previously reported starting from 

inexpensive 3,5-dinitrobenzoic acid, the former seven-step synthesis did constitute a major 

drawback to the present one.[302] Thus, the synthesis of 3-azido-5-ethynylbenzoic acid C20 was 

achieved in 61% yield over four steps. (Scheme 39) Starting from a commercially available 

3-amino-5-bromobenzoic acid, the carboxylic acid first underwent a Fisher esterification in 

ethanol to obtain ethyl ester C17. Then, TMS-acetylene was placed at the bromide position via 

a Sonogashira cross-coupling, before being deprotected under basic conditions to yield 

compound C19. Finally, the azide functionality was introduced via Sandmeyer reaction, 

yielding the desired end-group molecule C20. All steps were followed by 1H-NMR, 13C-NMR 

and HSQC analyses.  

 

Scheme 39: Four-step synthesis of compound C20 obtained in an overall yield of 61%. 
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5.2.2 Synthesis and End-functionalization of

 Star-shaped Poly(-caprolactone)s 

Polymerization of -caprolactone (-CL) was conducted in bulk with 5 mol% 

diphenylphosphate (DDP) as proton exchange catalyst for cationic ring opening polymerization 

(CROP) from a commercially available triol initiator (2-ethyl-2-(hydroxymethyl) 

propane-1,3-diol). The polymerization was stopped after 2 hours at 80 °C as the medium 

viscosity had increased noticeably. After simple precipitation in cold methanol, the three-arm 

star-shaped polymer P14 was successfully isolated in high purity and characterized. (Scheme 

40, I; Table 11, Entry 1) According to the 1H-NMR analysis, the conversion was estimated at 

94% for a Mn,
1
H-NMR value of 5.5 kg mol-1 and a good end-group fidelity. Furthermore, SEC 

analysis showed a narrow dispersity of 1.11 with no evidence of structural defects. From this 

first bulk polymerization, a second attempt was conducted with toluene as solvent to aim for a 

full monomer conversion. Consequently, the resulting -PCL P15 displayed full conversion 

according to 1H-NMR analysis after 4 hours at 80 °C. (Scheme 40, I; Table 11, Entry 2) 

However, SEC analysis revealed a slightly broader dispersity (i.e. 1.17) than previously 

observed for P14. As defect-free topologies with narrow dispersity were strictly preferred to 

polymers with precisely targeted Mn,
1
H-NMR values, the succeeding polymerizations were 

conducted in bulk. 

Table 11: Overview of star-shaped three-arm polymers achieved in bulk (Entry 1) and in solution 

(Entry 2) from a trifunctional alcohol core as well as four-arm. (Entry 3) -PCL achieved in bulk from 

a pentaerythritol core and its end-functionalized polymer with C20. 

Entry Polymer 
Reaction 

time / h 

Mn,
1
H-NMR                 

/ kg mol-1 

Mn,SEC/THF                 

/ kg mol-1 
ĐSEC/THF 

Yield 

/ % 

Conversion 

/ % 

1 P14 2 5.5 8.0 1.11 59 85 

2 P15 4 6.3 9.9 1.17 85 108 

3 P16 1 4.4 6.9 1.10 53 134 

4 P16-F 72 5.1 7.9 1.13 95 quantitative 

 

At that point, the synthesis of a four-arm star-shaped -PCL was planned and the synthesis of 

four-arm star-(-PCL-OH)4 polymer P16 was achieved from pentaerythritol cores with a good 

1.10 dispersity and Mn,
1
H-NMR estimated at 5.1 kg mol-1. (Scheme 40, II; Table 11, Entry 3) 

However, due to its poor solubility, a part of the pentaerythritol crystals were not able to 

dissolve during the polymerization, resulting in higher conversion (i.e. 134%) than intended 
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and the necessity to remove the remaining pentaerythritol crystals from the polymer by filtration 

after polymerization. To overcome this issue and obtain a better control on the polymerization, 

a more soluble core was later selected for the subsequent four-arm star-shaped -PCL 

syntheses. (See Chapter 5.2.4 – Investigation on the Correlation between Polymer Size and 

Properties) 

 

Scheme 40: (I) Synthesis of star-shaped three-arm -PCL achieved from a trifunctional alcohol core in 

bulk (P14) or in solution (P15); (II) Synthesis of star-shaped four-arm -PCL P16 in bulk achieved 

from a pentaerythritol core; (III) End-functionalization of P16 with C20 by EDC coupling, yielding 

P16-F polymer as precursor to upcoming topological conversion attempts. 

Nevertheless, in a first attempt P16 was used as obtained and end-functionalized with the 

m-azidoethynylbenzene carboxylic acid derivative C20 via EDC coupling to yield P16-F. The 

functionalization was estimated quantitative according to 1H-NMR analysis, as the triplet 

resonance attributed to the CH2 signal next to the terminal alcohol was downfield shifted from 

3.64 to 4.32 ppm. Furthermore, its SEC analysis revealed a small high-molecular weight 

shoulder and a slightly broader dispersity value of 1.13 due to a small number of topological 

defects by undesired crosslinking. (Scheme 40, III; Table 11, Entry 4) At last, FT-IR analysis 



Project Part II – Milligram-scaled Synthesis of Cage-shaped Polymers 

80 

of P16-F showed a strong and characteristic band located at 2114 cm-1 in accordance with the 

presence of aromatic azide within the polymer structure. 
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5.2.3 Cage-shaped Poly(-caprolactone) Synthesis by 

 Topological Conversion 

Starting from the CuAAC conditions reported by Amar H. Flood for the synthesis of 

D2h-[34]triazolophane macrocycles via CuAAC the topological conversion step was conducted 

in toluene with DBU as the ligand for copper(I). For practical and comparative reasons, a 

constant solvent volume was fixed at 500 mL and the reaction temperature at 70 °C. 

Furthermore, copper(I) iodide and DBU loadings were left at 100 mg and 0.5 mL respectively 

to ensure a sufficient catalyst loading despite the high solvent volume employed. At last, the 

amount of polymer was set to 50 mg to minimize its concentration – and therefore the 

intermolecular reaction – as much as possible while obtaining a sufficient amount of product to 

be fully characterized. 

 

Scheme 41: (I) Successful topological conversion of star-shaped P16-F to cage-shaped P16-C1 

polymer by CuAAC; (II) Schematic representation of the topological conversion by (AB)4 

tetramerization of the end-groups. 

Thus, following the aforementioned conditions, end-functionalized polymer P16-F was reacted 

over 47 hours, yielding P16-C1 as a brown gel after isolation. (Scheme 41; Table 12, Entry 3) 

While the extended reaction time at 70 °C led to a non-negligible amount of DBU degradation 

byproducts, the extended washing of the polymer over silica gel with DCM as eluent 

considerably reduced their presence in the final product. 
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Table 12: Overview of the polymers obtained from four-arm star-shaped -PCLs (Entry 1), including 

end-functionalized star-shaped polymer (Entry 2), cage-shaped polymers obtained by varying the 

reaction time (Entry 3–7) as well as by varying the polymer concentration (Entry 8–9) with a fixed 

reaction time of 1 hour. 

Entry Polymer 
Reaction time 

/ h 

Reaction concentration 

/ mg mL-1 

Mn,SEC/DMAC 

/ kg mol-1 
ĐSEC/DMAC 

Yield 

/ % 

1 P16 n/a n/a 7.2 1.06 53 

2 P16-F n/a n/a 7.7 1.14 95 

3 P16-C1 47 0.10 10.0 1.06 96 

4 P16-C2 23 0.10 10.5 1.08 94 

5 P16-C3 8 0.10 10.7 1.14 92 

6 P16-C4 4 0.10 10.3 1.12 68 

7 P16-C5 2 0.10 10.0 1.08 74 

8 P16-C6 1 0.10 10.5 1.11 70 

9 P16-C7 0.5 0.10 10.4 1.14 50 

10 P16-C8 1 0.25 11.6 1.21 64 

11 P16-C9 1 0.50 12.9 1.31 62 

 

Concerning the characterization by the 1H-NMR analysis, the three aromatic and the terminal 

alkyne resonances in the P16-F spectrum disappeared in favor of four broad aromatic signals 

within the 10–8 ppm range. Furthermore, a strong reduction of the azide band intensity located 

at 2113 cm-1 was noticed in the corresponding FT-IR spectrum. At last, SEC analysis of P16-C1 

with THF as eluent revealed a shift to lower Mn,SEC/THF values although with a signal intensity 

close to the detector noise level. Suspecting an interaction between the rigid 

D4h-[34]triazolophane structure and the SECTHF column, P16, P16-F and P16-C1 polymers 

were investigated by SEC analysis using DMAC with 0.03 weight% lithium bromide as eluent. 

In addition to the more polar character of the eluent, the addition of lithium bromide may have 

also greatly reduced the interaction of the macrocycle with the column packing by saturating 

the macrocycle with bromide anions. As a result, P16-C1 chromatogram was greatly shifted to 

higher molecular masses and therefore to larger hydrodynamic volumes. This result was in total 

contradiction to the expected topological shift from a star- to a cage-shaped polymer. 

Additionally, the dispersity recorded in SECDMAC remained at a very low value of 1.06, 

discrediting any simple cross-linking explanation. 
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Figure 8: (I) Comparison of the SECDMAC traces of four-arm star-shaped P16, end-functionalized P16-F 

and seven cage-shaped P16-C polymer batches obtained with reaction times varying from 47 hours to 

30 minutes; (II) Comparison of the SEC traces of four-arm star-shaped P16, end-functionalized P16-F 

and three cage-shaped P16-C obtained a with reaction time fixed at 1 hour and varying polymer 

concentration from 0.10 to 0.50 mg mL-1. 

In order to reproduce these unexpected results as well as investigate the topological conversion 

kinetics by progressively reducing the reaction time, a series of six other reactions with reaction 

time ranging from 23 hours to 30 minutes (i.e. P16-C2 to P16-C7) was conducted. (Table 12, 

Entry 4–9) While the 1H-NMR and FT-IR analyses remained consistent with each other, it is 

the constancy of the SECDMAC traces which was found to be particularly remarkable. (Figure 

8, I) Finally, the impact of the reaction time on the isolated yield was investigated. However, 

no clear trend could be drawn from the lowering of reaction time above 1 hour, considering the 

challenge for each iteration to remain consistent throughout all the purification process and the 

low amount of polymer involved. On the contrary, a significant drop of about 20% yield was 

observed for P16-C7 after a short reaction time of 30 minutes at 70 °C. (Table 12, Entry 9) 

Nevertheless, the amount of DBU degradation byproducts was almost totally prevented by the 

reduction of the reaction time to 1 hour, allowing a more straightforward isolation process and 

therefore this reaction time was fixed for the next iterations of the topological conversion. 

Now that a rough idea of the intramolecular reaction kinetic taking place during the topological 

conversion to cage-shaped polymers was established, the effect of the polymer concentration 

on the intermolecular kinetic (i.e. undesired star-star crosslinking) was investigated in more 

detail. Using the same conditions as for P16-C6, (Table 12, Entry 8) additionally P16-C8 and 

P16-C9 were reacted while varying the polymer concentration to 0.25 mg mL-1 and 
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0.5 mg mL-1, respectively. (Table 12, Entry 10–11) While no clear decline in yield was 

observed between the three samples, a clear increase of high molecular weight shoulders in 

their SECDMAC traces was noticed, indicating an increase of polymer oligomers within the 

samples. (Figure 8, II) 
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5.2.4 Investigation on the Correlation between Polymer 

 Size and Properties† 

After the above-mentioned preliminary investigations, a more ambitious study was initiated in 

order to investigate the influence of the arm lengths on the properties of the respective 

cage-shaped polymers. The synthesis of a series of cage-shaped polymers varying in their 

molecular weight was therefore planned. To do so, four star-shaped -PCLs polymers (Table 

13, Entry 1–4) with Mn,
1
H-NMR values going from 4.6 to 13.9 kg mol-1 were synthetized from 

commercially available di(trimethylolpropane) cores. 

Table 13: Overview of a series of four four-arm star-shaped -PCLs varying in molecular weight 

(Entry 1–4), their end-functionalized polymers with end-group C20 (Entry 5–8), as well as the 

respective cage-shaped polymers. (Entry 9–12) 

Entry Polymer 
Mn,

1
H-NMR   

/ kg mol-1 

Mn,SEC/DMAC                

/ kg mol-1 
ĐSEC/DMAC 

Dh,Volume             

/ nm 

Yield  

/ % 

1 P17 4.6 8.0 1.06 3.11 ± 0.75 65 

2 P18 6.6 11.8 1.06 3.80 ± 0.81 64 

3 P19 9.8 17.0 1.05 4.71 ± 1.32 69 

4 P20 13.9 24.3 1.05 6.20 ± 1.95 56 

5 P17-F 5.3 8.8 1.08 4.78 ± 1.06 95 

6 P18-F 7.3 12.5 1.07 5.27 ± 1.18 97 

7 P19-F 10.5 18.6 1.08 6.43 ± 1.61 85 

8 P20-F 14.6 25.4 1.08 7.93 ± 1.94 88 

9 P17-C 5.3 9.9 1.08 4.16 ± 0.98 78 

10 P18-C 7.3 12.3 1.06 4.47 ± 1.13 72 

11 P19-C 10.5 16.2 1.08 4.81 ± 1.32 64 

12 P20-C 14.6 20.2 1.07 6.60 ± 1.80 36 

 

 

† Parts of this subchapter and the associated parts in the experimental section were previously reported 

within in the following publication: M. Gauthier-Jaques, P. Theato, Synergy of Macrocycles and 

Macromolecular Topologies: An Efficient [34] Triazolophane-Based Synthesis of Cage-Shaped 

Polymers. ACS Macro Lett. 2020, 9, 700–705. 



Project Part II – Milligram-scaled Synthesis of Cage-shaped Polymers 

86 

 

Figure 9: SEC chromatograms of (I) P17, (II) P18, (III) P19 and (IV) P20 polymer series, including 

star-shaped -PCLs varying in molecular weight (black traces), the respective end-functionalized 

(red traces), and cage-shaped polymers (blue traces); (V) Plot of Mn,SEC and Mn,
1
H NMR of all four 

polymer series, featuring a linear deviation of the cage-shaped polymers compared to their two 

star-shaped precursors. 
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Figure 10: 1H-NMR spectra with peak assignment of (I) star-shaped -PCL P18, (II) end-functionalized 

P18-F, and (III) cage-shaped P18-C polymers. 

All star-shaped -PCLs were characterized by SECDMAC and featured narrow dispersities 

(1.06 ≥ Đ ≥ 1.05). The end-functionalization with C20 as the end-group was achieved by EDC 

coupling. (Table 13, Entry 5–8) For all four star-shaped polymers, the full conversion was 

confirmed by 1H-NMR (Figure 10, II) and the low amount of topological defects was ensured 

by their narrow dispersity values (1.08 ≥ Đ ≥ 1.07) and the absence of high molecular weight 

shoulders in their respective SECDMAC traces. (Figure 9, I–IV) At last, the appearance of a 

strong absorption band assigned to the azide groups stretching at 2113 cm-1 was constantly 

observed by FT-IR analysis. (Figure 11, II) 

Following the reaction conditions applied to the synthesis of P16-C6, (i.e. reaction time fixed 

at one hour, polymer concentration kept at 0.1 mg mL-1), the four cage-shaped -PCLs were 

obtained. (Table 13, Entry 9–12) First of all, SECDMAC analysis ensured that all cage-shaped 
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polymers featured unimodal distribution and narrow dispersity (1.08 ≥ Đ ≥ 1.06). (Figure 9, 

I-IV) However, Mn,SEC/DMAC values were not systematically shifted to the lower molecular 

weights and therefore to lower hydrodynamic volume values, as it would be expected for this 

type of topological conversion. Thus, while the Mn,SEC/DMAC value of P17-C – the smallest of 

the polymer cages – increased (+12.3%) compared to its star-shaped precursor, this unexpected 

result was progressively compensated by the increase of the arm lengths and ultimately 

overcome, as shown for P18-C (-1.8%), for P18-C (-12.9%) and for P18-C (-20.3%) polymers. 

(Figure 9, V) This exotic effect is most likely caused by the intrinsically rigid macromolecular 

structure (i.e. D4h-[34]triazolophane) within the cage-shaped polymer structure. 

 

Figure 11: FT-IR spectra of (I) star-shaped -PCL P18, (II) end-functionalized P18-F, and (III) 

cage-shaped P18-C polymers, featuring the appearance and disappearance of the azide stretching band 

located at 2113 cm-1 (blue square). 

As previously observed for the P16-C iterations, the presence of the triazole rings were also 

confirmed by the complete disappearance of the azide stretching band located at 2113 cm-1 in 
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the FT-IR spectrum. (Figure 11, III) Likewise, the resonance signals assigned to the 

CH2-groups located next to the D4h-[34]triazolophane were downfield shifted in the 1H-NMR 

spectra. Additionally, the singlet signal attributed to the alkyne at 3.17 ppm and the three sharp 

aromatic signals of the phenyl rings disappeared in favor of four broad signals located in the 

10–8 ppm region. (Figure 10, III) These four signals were particularly broadened in the case 

of the two smallest cages P17-C and P18-C. The origin of this broadening was attributed to a 

strong D4h-[34]triazolophane – chloride host-guest interaction originated from the use of 1 M 

HCl during the reaction workup. Similar reports about the ability for D2h-[34]triazolophanes to 

coordinate medium-sized halides are reported in the preexisting scientific literature. 

(See Project Part II – Introduction) At last, the -PCL backbone signals in the 1H-NMR 

spectra were found to broaden as the cage size decreased, presumably indicating a faster 

1H spin-spin relaxation time (T2) at the NMR timescale due to a decrease of the polymer arms 

freedom. 

 

Figure 12: ESI-MS spectrum of the smallest cage-shaped -PCL P17-C recorded in the negative mode, 

including: (I) the main distribution corresponding to [M+2Cl]2- pattern, featuring peak intervals of 

57.034 m/z; (II) smaller distributions corresponding to superimposed [M+Cl]- and [2M+2Cl]2- patterns 

as well as a [2M+2Na4Cl]2- pattern, all featuring peak intervals of 114.068 m/z. 
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Figure 13: Estimation of the hydrodynamic diameter Dh,vol% of (I) P17, (II) P18, (III) P19 and (IV) 

P20 polymer series carried out by DLS analysis, including star-shaped -PCLs varying in molecular 

weight (black traces), the end-functionalized (red traces), and cage-shaped polymers (blue traces); 

(V) Plot of all four polymer series Dh,vol% values to their respective Mn,
1
H NMR values. 

Additionally, the smallest polymer cage P17-C was characterized by ESI-MS analysis. 

Although no mass distribution was distinguishable in positive mode with sodium cation buffer, 
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clear distributions with chlorides were recorded in negative mode corresponding to the reported 

high binding constant reported for D2h-[34]triazolophanes for chloride anions 

(See Project Part II – Introduction). Therefore, the most intense distribution was attributed 

to [M+2Cl]2-, (Figure 12, I) followed by decreasing intensity to a mixed pattern of [M+Cl]- and 

[2M+2Cl]2- distributions as well as a minor distribution attributed to a [2M+2Na4Cl]2- cluster. 

(Figure 12, II) The mass intervals of all distributions were corresponding to the -PCL 

repeating unit with 57.034 m/z and 114.068 m/z, respectively. Moreover, an estimation of the 

hydrodynamic diameter Dh,vol% of the polymers in solution was carried out by DLS analysis. 

(Figure 13) According to these data, a clear increase of the hydrodynamic diameter was 

observed between the initial and the end-functionalized star-shaped -PCL, which was most 

likely caused by the interference of the large aromatic end-groups with a proper packing of the 

-PCL units, yielding significantly larger Dh values. Although this effect was partially 

compensated by the topological conversion of the polymers, the hydrodynamic diameter of the 

cage-shaped polymers remained larger than their initial star-shaped polymers, preventing any 

shrinking to occur. 

 

Figure 14: UV-Vis spectra of (I) the smallest end-functionalized star-shaped -PCL P17-F and (II) its 

cage-shaped polymer P17-C, featuring the formation of D4h-[34]triazolophane macrocycles from the 

tetramerization of m-azidoethynylbenzene units by triazole formation. 

Both P17-F and P17-C polymers were further analyzed by UV-Vis spectroscopy. (Figure 14) 

The two polymers were differentiated by their UV-Vis spectra because of the presence of 

D4h-[34]triazolophane macrocycles within the P17-C structure. In this regard, the two 

noticeable absorption maxima at 322 and 313 nm in the P17-F spectrum merged into a single 
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absorption maximum located at 316 nm for P17-C. At last, a shift of the main absorption 

maximum from 241 nm to the 250–260 nm range was observed for higher concentrations in 

both cases and may be the result of π–π stacking occurring between the aromatic rings. 

 

Figure 15: (I) Plot of the melting point temperatures Tm of each polymer series to their respective 

Mn,
1
H-NMR values. (II) Plot of the latent heats of fusion ΔH°fus of each polymer series to their respective 

Mn,
1
H-NMR values. 

Finally, DSC analysis of the different topological structures revealed surprising results in many 

aspects. (Figure 15, Table 14) Thus, no melting temperature could be recorded in the case of 

P17-C, unlike its precursors. Furthermore, P18-C was only able to crystallize during the heating 

ramp with a melting temperature 18 °C below the one recorded for P18-F while the P19-C and 

P20-C melting point values were 11 °C lower than their respective end-functionalized 

precursors. In addition, the latent heat of fusions of the cage-shaped polymers were observed 

to decrease by 20 to 27 J g-1 in comparison to their respective end-functionalized precursors. A 

glass transition temperature was recorded between -53 °C and -43 °C for each cage-shaped 

polymer. Finally, the transition from crystalline to amorphous nature of cage-shaped polymer 

by simple decrease of their molecular mass was highlighted by the progressive reduction and 

disappearance of the latent heat of fusion in their DSC thermograms. In this regard, the 

additional presence of a rigid D4h-[34]triazolophane within the polymer structure might have 

induced a spatial constraint between the polymer arms and created some disorder in the polymer 

chain stacking. Considering all of the aforementioned effects hindered the crystallization 

process, their combined effects ultimately led to complete amorphous polymer below a critical 

polymer size. 
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Table 14: Overview of the thermal properties of the series of four four-arm star-shaped -PCLs varying 

in molecular weight (Entry 1–4), their end-functionalized polymers with end-group C20 (Entry 5–8), 

as well as their respective cage-shaped polymer obtained by topological conversion. (Entry 9–12). All 

thermal values were extrapolated from the second heating ramp (10 K min-1) by DSC analysis. 

Entry 
Polymer 

name 

Tg 

/ °C 

Tm 

/ °C 

DH°fus 

/ J g-1 

Tcris 

/ °C 

DH°cris 

/ J g-1 

1 P17 n/a 36.96 73.81 n/a n/a 

2 P18 n/a 45.83 72.56 n/a n/a 

3 P19 n/a 52.08 72.23 n/a n/a 

4 P20 n/a 54.45 76.09 n/a n/a 

5 P17-F -44.05 30.99 48.57 n/a n/a 

6 P18-F n/a 43.05 49.17 n/a n/a 

7 P19-F n/a 50.23 58.60 n/a n/a 

8 P20-F n/a 53.57 64.77 n/a n/a 

9 P17-C -47.05 n/a n/a n/a n/a 

10 P18-C -53.41 24.23 23.87 -23.90 -15.97 

11 P19-C -42.61 39.08 38.41 n/a n/a 

12 P20-C n/a 42.78 38.24 n/a n/a 
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5.2.5 Attempts for a Three-arm Cage-shaped Polymer 

 Synthesis by Tricarbazolo Triazolophane 

 Macrocycle Formation‡ 

Following his initial work on the synthesis of D2h-[34]triazolophanes, Amar H. Flood reported 

a similar macrocyclic structure known as tricarbazolo triazolophane in 2016.[303] (Scheme 42) 

While his former work on D2h-[34]triazolophanes was based on the combination of two pairs of 

benzene subunits (See Project Part II – Introduction), this new macrocyclic structure was 

obtained by trimerization of three 3-azido-9-decyl-6-ethynylcarbazole subunits.  

 

Scheme 42: Seven-step synthesis of tricarbazolo triazolophane macrocycle reported by Amar H. Flood 

and coworkers. 

Starting from carbazole, the seven-step synthesis was initiated by a SN2 reaction with 

1-bromodecane to ensure a good solubility of the rigid macrocyclic product as well as to avoid 

side-reactions on the following synthesis steps. Then, the N-substituted carbazole successively 

underwent two electrophilic aromatic substitutions at its para positions to yield 9-decyl-3-iodo-

6-nitrocarbazole. (Scheme 42, I) Afterwards, the nitro group was first reduced to the respective 

amine before undergoing a Sandmeyer reaction with sodium azide as the nucleophile. 

Subsequently, a Sonogashira cross-coupling with TMS-acetylene was conducted at the iodide 

 

‡ This subchapter constitutes a summary of the work achieved by M. Sc. Susanne Moser in the context 

of her Master Thesis. 
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position, resulting after TMS deprotection, in 3-azido-9-decyl-6-ethynylcarbazole in a 66% 

yield over six steps. (Scheme 42, II) At last, the tricarbazolo triazolophane macrocycle was 

obtained in gram-scale by a semi-batch reaction in 70% yield. (Scheme 42, III) Inspired by the 

results published on the synthesis of four-arm cage-shaped polymers by (AB)4 tetramerization 

of four 3-azido-5-ethynylbenzyl subunits, a Master Thesis work was accordingly planned to 

investigate how tricarbazolo triazolophane macrocyclic structures could be similarly used to 

obtain three-arm polymer cages. The synthesis of the carbazole subunits was based on the 

Amar H. Flood synthesis from 2016. However, the decyl group was planned to be replaced by 

an ester group that could later be cleaved into free carboxylic acid and serve to end-functionalize 

a three-arm star-shaped -PCL. (Scheme 43) 

 

Scheme 43: (I) Schematic representation of the topological conversion of a star-shaped polymer into 

cage-shaped polymer by (AB)3 trimerization of the three end-groups; (II) Specific example of a (AB)3 

trimerization by tricarbazolo triazolophane macrocycle synthesis. 

Without entering into the details, several synthesis pathways including the use of different esters 

were investigated. However, none of the routes gave the desired product in an acceptable yield. 

Beside the incompatibility issues directly caused by the presence of the ester group in the 

molecular structure, the poor solubility of the carbazole products as well as the extended 

number of steps impeded the finalization of the project. 
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5.3 Project Part II – Conclusion 

In conclusion, the modifications made at the transition from the first to the second part of this 

work allowed the successful and reproductible synthesis of four-arm cage-shaped 

poly(-caprolactone)s in competitive yields relative to former reports of polymer cage syntheses 

at the milligram scale. (See Theoretical Background – Part III) First, the synthesis of 

star-shaped -PCLs by cationic ROP with diphenyl phosphate as proton exchange catalyst was 

carried out. Additionally, the work of Amar H. Flood on D2h-[34]triazolophane macrocycles 

served as an inspiration for the practical development of the (AB)n n-oligomerization as a tool 

for the topological conversion of star-shaped polymers to polymer cages by (AB)4 

tetramerization of m-azidoethynylbenzene units into D4h-[34]triazolophane macrocycles. To do 

so, a m-azidoethynylbenzene carboxylic acid derivative was obtained in 61% yield over four 

steps before being used to quantitively end-functionalize four-arm star-shaped -PCLs by EDC 

coupling. Subsequently, a first successful topological conversion was achieved and the 

influence of the reaction time as well as the polymer concentration were successively 

investigated in order to optimize the reaction conditions. While the reaction time variation 

provided valuable hints on the intramolecular reaction kinetics, varying the polymer 

concentration demonstrated its critical impact on undesired intermolecular reactions and 

therefore on the topological purity of the produced cage-shaped polymers. Inspired by these 

preliminary results, the research was further focused on investigating the impact of the polymer 

size on the cage synthesis yield and properties. Thus, a series of four different well-defined 

polymer cages varying in size was synthetized. The four cage-shaped -PCLs were isolated in 

36% to 78% yields and thoroughly characterized by 1H-NMR, SEC, FT-IR, DSC, DLS, UV-Vis 

and ESI-MS analyses. At last, a Master Thesis project was focused on investigating the 

topological conversion of three-arm star-shaped polymers end-functionalized with carbazole 

derivatives into three-arm cage-shaped polymers by formation of tricarbazolo triazolophane 

macrocycles. However, the synthesis of the 3-azido-9-decyl-6-ethynylcarbazole derivative 

including a carboxylic acid group suffered from several issues and the synthesis could not be 

carried out to the end. As a result, no three-arm cage-shaped polymers could be produced by 

this method. 
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6 Project Part III – Gram-scaled 

Synthesis of Cage-shaped Polymers 
6.1 Project Part III – Introduction 

As described in the previous chapter, the methodology for the synthesis of poly(-caprolactone) 

cages with molecular masses up to 15 kg mol-1 had been optimized and the obtained materials 

featured interesting characteristics compared to previously reported cage polymers. 

(See Project – Part II) However, a last question still remained about its upscalability as the 

production of cage-shaped polymers to this point was only focused on milligram scale 

syntheses. (See Theoretical Background – Part III) 

 

Scheme 44: Schematic representation of a gram-scale synthesis of cage-shaped polymer by a semi-batch 

reaction, ensuring a low steady-state concentration of reactants through the reaction time. 

Indeed, while the (AB)4 tetramerization is worth of interest for the production of polymer cages 

at the milligram scale, its true potential may fully arise from its capacity to produce them at the 

gram-scale. Furthermore, being able to produce a sufficient quantity of material may pave the 

way for further possible applications, such as exploiting the usual reduction of crystallinity 

reported for similar topological conversions. In this regard, the synthesis of polymer cages can 

be adapted to a semi-batch process by taking advantage of the in-situ formation of chemically 

inert D4h-[34]triazolophane structures, guaranteeing a steady-state concentration of the reactive 
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species throughout the reaction duration and thus preventing polymer cages to further crosslink 

intermolecularly once formed. (Scheme 44) To do so, the upscaling was first intended to start 

as a semi-batch synthesis of a known -PCL in order to compare the results with previous 

syntheses. Then, the nature of the polymer was planned to be shifted from -PCL to 

poly(ethylene oxide) (PEO) to provide an insight on the robustness of the procedure as well as 

to expand the range of potential applications offered by the versatility of PEO-based materials. 
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6.2 Project Part III – Results and Discussion 

6.2.1 Upscaled Synthesis of Cage-shaped 

 Poly(-caprolactone)s 

As noted in the introduction, the synthesis of cage-shaped poly(-caprolactone)s was 

envisioned to be extended to the gram-scale by a semi-batch process. To do so, 

end-functionalized polymer P19-F was chosen for four main reasons: a) The to-be formed cage 

polymer was already synthesized at the milligram scale; b) Its topological conversion can be 

easily followed by a clear shift of its SECDMAC trace to lower molecular weight values; c) Its 

64% yield still remains relatively high considering its molecular size; and d) Maximizing the 

polymer size allows the production of a higher amount of end-functionalized polymer for a 

given amount of end-group C20. However, renewed SECDMAC analyzes of stored P19-F 

polymer reveled a high degree of cross-linking within its polymer structure. These topological 

defects occurred despite the storage of the solid samples at 2 °C and in absence of direct contact 

with sunlight. Considering the instability of azide groups over time, these functional groups 

may have slowly decomposed into radical species and resulted in subsequent hydrogen 

abstraction of nearby polymer chains. In consequence, a fresh multi-gram batch of end-

functionalized P19-F (i.e. P19-Fbis) was produced from a remaining part of the star-shaped P19 

-PCL and a freshly made batch of end-group C20. (Table 15, Entry 1–2) 

Table 15: Overview of the characteristics of the starting star-shaped -PCL (Entry 1), its new batch of 

end-functionalized polymer (Entry 2), a milligram-scale synthesis of cage-shaped polymer with a 

reduced reaction temperature (Entry 3), as well as two upscaled semi-batch cage syntheses (Entry 4-5). 

Entry Polymer 
Mn,

1
H-NMR 

/ kg mol-1 

Mn,SEC/DMAC2 

/ kg mol-1 
ĐSEC/DMAC2 

Mn,SEC/THF 

/ kg mol-1 
ĐSEC/THF 

Yield 

/ % 

Yield 

/ g 

1 P19 9.8 13.6 1.18 15.4 1.07 69 6.10 

2 P19-Fbis 10.5 15.3 1.24 17.4 1.14 97 2.344 

3 P19-C1bis 10.5 11.1 1.20 11.4 1.33 46 0.023 

4 P19-C2bis 10.5 11.3 1.24 12.7 1.24 61 0.305 

5 P19-C3bis 10.5 10.9 1.32 13.2 1.29 50 0.874 

 

At this point, a last experiment at the 50 milligram-scale was planned with a reaction 

temperature lowered from 70 °C to 40 °C in order to suppress the DBU degradation occurring 

over the extended period of time at high temperatures and later facilitate the polymer isolation 
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at the condition to not significantly impact the reaction yield. While the DBU degradation was 

indeed mostly prevented, the cage-shaped polymer P19-C1bis was obtained in 46% yield, 

therefore staying substantially below its former milligram-scaled P19-C1 yield of 64%. (Figure 

16; Table 15, Entry 3) As a result, the yield gap was judged to be too significant to be approved 

and the subsequent up-scaled reactions were accordingly kept at 70 °C.  

 

Scheme 45: (I) Scheme of upscaled synthesis of cage-shaped polymer P19-C2bis, yielding 305 mg 

material; (II) Scheme of upscaled synthesis of cage-shaped polymer P19-C3bis, yielding 874 mg 

material. 

Before anything else, it should be noted that a second SECDMAC (i.e. SECDMAC2) system was 

used for the last experiments on -PCLs as the former SECDMAC system went out of order. This 

second DMAC system was used as temporary solution and seemed to suffer from several issues 

related to its column packing. On the contrary, the polymers were also examined by SECTHF 

and unlike what had been observed for the P16 series of cage-shaped -PCLs, the SEC traces 

did not feature the same issues. This contrast of behavior during the SECTHF analyses is most 

likely due to the size gap of a factor above two between both polymer series (i.e. Mn,
1
H-NMR 

4.4 kg mol-1 for P16; Mn,
1
H-NMR 9.8 kg mol-1 for P19). Thus, in the case of star-shaped -PCLs, 

all polymers displayed a low molecular weight shoulder even if none were either visible on the 

previous SECDMAC or on the SECTHF systems. Because of these concerns, the very existence of 

the low molecular shoulders observed in the following -PCL SECDMAC2 traces is questionable. 

Nevertheless, a first simplified method to conceptualize the transition from batch to semi-batch 

procedures consisted in looking at a semi-batch synthesis as a juxtaposed series of distinct batch 

reactions. In this regard, a first semi-batch reaction consisting of 500 mg P19-Fbis added via a 

syringe pump over 10 hours at a polymer addition rate of 50 mg h-1 was conducted. (Scheme 

I

II
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45, I) After purification, P19-C2bis was isolated in 61% yield (i.e. 305 mg) in accordance with 

the former 64% yield obtained for P19-C1 made at the 50 milligram-scale in similar reaction 

conditions. (Figure 16; Table 15, Entry 4) 

 

Figure 16: SEC traces of four-arm star-shaped P19, its end-functionalized polymer P19-Fbis, a 

cage-shaped polymer P19-C1bis obtained at milligram-scale at reduced reaction temperature, as well as 

two upscaled gram-scale syntheses of cage-shaped polymers P19-C1bis and P19-C1bis, characterized by 

(I) SEC with THF as eluent (SECTHF); and (II) the second SEC with DMAC as eluent (SECDMAC2). 

Encouraged by these preliminary results, a second semi-batch reaction starting from 1750 mg 

of P19-Fbis was planned in order to obtain about 1.0 gram of cage-shaped polymer by assuming 

a theoretical yield of about 60% and therefore confirming the ability of this method to reach the 

gram scale. (Scheme 45, II) For this second try the polymer addition rate was increased to 

100 mg h-1 to limit the reaction time and therefore the amount of DBU degradation products 

forming during the reaction. Considering that the constant addition of P19-Fbis contributes to 

the formation of a steady-state concentration of unreacted end-groups remaining far below the 

0.1 mg mL-1 value previously used for batch syntheses, the increase of the polymer addition 

rate to 100 mg h-1 was assumed to not impact the yield in a substantial manner. The resulting 

cage-shaped polymer P19-C3bis was isolated in 50% yield (874 mg). (Figure 16; Table 15, 

Entry 5) Although the 1000 mg threshold was not reached due to a 10% yield loss, which was 

probably due to the increase of the addition rate to 100 mg h-1, these results clearly show the 

potential of this method to obtain cage-shaped polymer above the milligram scale. 
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6.2.2 Gram-scale Synthesis of Cage-shaped 

 Poly(ethylene oxide)s§ 

Although -PCL polymers can be easily obtained with narrow dispersity values below 1.1, their 

scope of potential applications remains relatively limited in comparison to other polymer 

compositions. In this regard, the transition from -PCL to PEO substrates was made to provide 

a broader range of applications to the produced cage-shaped polymers. 

(See Project Part III – Introduction) However, the synthesis of PEO by ring-opening 

polymerization requires a high level of safety precautions because of the high toxicity of its 

gaseous monomer (i.e. ethylene oxide). Therefore, a commercially available four-arm 

star-shaped PEO polymer P21, claiming a number average molar mass of 5.0 kg mol-1 and a 

dispersity below 1.05, was purchased as the starting material and carefully characterized prior 

to its end-functionalization. While SECTHF analysis confirmed the presence of a single gaussian 

distribution with a low dispersity of 1.04, (Figure 17) 1H-NMR (Figure 18, I) and FT-IR 

analyses (Figure 19, I) ensured the chemical purity of the material. In addition, 1H-NMR 

spectroscopy allowed to determine a molecular weight Mn,
1
H-NMR of 5.7 kg mol-1 in accordance 

with the SECTHF results. (Table 16, Entry 1) 

Table 16: Overview of the characteristics of the commercial star-shaped PEO (Entry 1), its end-

functionalized polymer (Entry 2), an upscaled semi-batch topological conversion (Entry 3), as well as 

a second end-functionalization batch (Entry 4) and the first cage-shaped synthesis featuring a yield 

above the gram-scale (i.e. 1.548 g) (Entry 5). 

Entry Polymer 
Mn,

1
H-NMR 

/ kg mol-1 

Mn,SEC/THF 

/ kg mol-1 
ĐSEC/THF 

Yield 

/ % 

Yield 

/ g 

Tg 

/ °C 

Tm 

/ °C 

DH°fus 

/ J g-1 

1 P21 5.7 7.2 1.04 n/a n/a n/a 47.47 121.0 

2 P21-F 6.4 8.0 1.05 98 1.554 n/a n/a n/a 

3 P21-C 6.4 5.9 1.08 43 0.515 n/a n/a n/a 

4 P21-Fbis 6.4 8.0 1.05 94 3.62 n/a 32.30 63.42 

5 P21-Cbis 6.4 4.7 1.14 43 1.548 -45.9 30.34 51.58 

 

§ Parts of this subchapter and the associated parts in the experimental section were previously reported 

within in the following publication: A. J. Butzelaar, M. Gauthier-Jaques, K. L. Liu, G. Brunklaus, M. 

Winter, P. Theato, The Power of Architecture – Cage-shaped PEO and its Application as Polymer 

Electrolyte. Polym. Chem. 2021, 12, 4326–4331. 
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Scheme 46: (I) Two end-functionalization batches of star-shaped PEO with compound C20, yielding 

P21-F and P21-Fbis; (II) Gram-scale topological conversion to cage-shaped polymers by 

D4h-[34]triazolophane formation, yielding P21-C and P21-Cbis. 

P21 esterification with end-group C20 was once again successfully conducted under mild 

conditions by EDC coupling. (Scheme 46, I; Table 16, Entry 2) However, unlike for the 

previous -PCL end-functionalizations, the purification by reprecipitation in cold methanol was 

compromised by the good solubility of PEO polymers in this solvent. While no other solvent 

mixture was found suitable for its isolation by reprecipitation, the use of 1.0 kg mol-1 dialysis 

membranes in methanol was hindered by the partial crosslinking of the polymers through the 

extended dialysis time. In consequence, a purification procedure by silica gel filtration 

consisting of an initial washing of all impurities with a polar eluent (i.e. chloroform or DCM) 

followed by the subsequent addition of methanol – typically 10% – to the eluent mixture to 

recover the PEO material from the silica gel was considered. Although the purification by silica 

gel filtration was first considered challenging due to the strong affinity of PEO polymers for 

polar silica, end-functionalized star-shaped P21-F was ultimately isolated in an excellent 98% 

yield. The quantitative end-functionalization and the polymer purity were ensured by 1H-NMR 

analysis, as shown later for the P21-Fbis sample. (Figure 18, II) In this regard, the three 

aromatic protons, the terminal alkyne proton at 3.18 ppm, as well as the four protons of the 

terminal ethylene oxide repeating units located between 4.51 and 3.79 ppm could be 

successfully assigned. Furthermore, a Mn,SEC shift to higher molar mass (from 7.2 to 

8.0 kg mol-1) as well as a monomodal distribution and a low dispersity of 1.05 were observed 

by SECTHF analysis. (Figure 17, I) Furthermore, the introduction of the end-group 
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functionalities was also proven by FT-IR though the appearance of the azide double bond 

stretching and alkyne proton stretching bands located at 1725 cm-1 and 2882 cm-1, respectively, 

as well as the introduction of aromatic hydrogen stretching signals, as shown later for the 

P21-Fbis sample. (Figure 19, II) 

 

Figure 17: (I) SECTHF traces of four-arm star-shaped PEO P21, its end-functionalized polymer P21-F, 

and P19-C, its cage-shaped polymer synthesis, yielding 0.515 grams of material; (II) A second batch of 

its end-functionalized polymer P21-Fbis, and P19-Cbis, its cage-shaped polymer synthesis featuring 

yield above the gram-scale (i.e. 1.548 g). 

Starting from the reaction conditions developed for the gram-scaled synthesis of cage-shaped 

-PCLs, a first topological conversion consisting in 1.2 g of star-shaped PEO P21-F as starting 

material was achieved by a semi-batch procedure. Although the PEO purification was found to 

be more tedious than for the -PCL cages due to its higher affinity for silica gel, a 43% yield 

(i.e. 515 mg) of cage-shaped PEO P21-C was achieved. (Scheme 46, II; Table 16, Entry 3) 

The topological transformation was first followed by SECTHF analysis with a clear shift to the 

lower molecular weight (i.e. Mn,SEC/THF 8.0 to 5.9 kg mol-1) while keeping a relatively low 1.08 

dispersity. (Figure 17, I) Unlike former cage-shaped -PCLs, no column interaction was 

observed during the SECTHF analysis of the cage-shaped PEOs. Once again, the formation of 

the D4h-[34]triazolophane structure was confirmed by 1H-NMR spectroscopy and the complete 

disappearance of the alkyne proton signal previously located at 3.19 ppm, the appearance of the 

triazole proton signal at 10.31 ppm as well as the downfield shifting and broadening of the three 

aromatic proton signals from 7.29–7.92 ppm to 8.91–8.98 ppm, as shown later for the P21-Cbis 

sample. (Figure 18, III) Concerning the characterization by FT-IR analysis, a strong 

attenuation of the azide stretching band located at 1725 cm-1, the suppression of the 
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alkyne-hydrogen stretching band located at 3236 cm-1 as well as the broadening of the aromatic 

protons stretching bands were clearly observed, as shown later for the P21-Cbis sample. (Figure 

19, III) 

 

Figure 18: 1H-NMR spectra with peak assignment of (I) star-shaped PEO P21; (II) its 

end-functionalized polymer P21-Fbis; and (III) its cage-shaped polymer P21-Cbis. 

From this point, a second gram-scaled topological conversion of star-shaped PEO was planned. 

To do so, a multigram batch of end-functionalized star-shaped PEO P21-Fbis was obtained in 

94% yield by following the former procedures. (Scheme 46, I; Table 16, Entry 4) Starting 

from 3.6 g of starting material, P21-Fbis was added once again at a rate of 100 mg h-1 to the 

reaction mixture and cage-shaped P21-Cbis was isolated in 43% yield (i.e. 1.548 g). (Scheme 

46, II; Table 16, Entry 5) According to the SECTHF analysis, the monodisperse gaussian curve 

was retained with a with a slightly higher dispersity of 1.14 while its Mn,SEC value was shifted 

from 8.0 to 4.7 kg mol-1. (Figure 17, II) The divergences of both Đ and Mn,SEC values observed 
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between P21-C and P21-Cbis polymers are likely to be a consequence of the variable ion content 

present in the materials considering the natural propensity of PEO materials to stabilize 

numerous ionic species. In this regard, increasing the amount of polymer might have allowed a 

higher retention of the chloride anions coming from the acidic extraction step taking place 

during the isolation process. 

 

Figure 19: FT-IR spectra of (I) star-shaped PEO P21; (II) end-functionalized P21-Fbis; and (III) 

cage-shaped P21-Cbis polymers, featuring the appearance and disappearance of the azide stretching band 

located at 2113 cm-1 and of the alkyne-hydrogen stretching band located at 3236 cm-1. 

In addition, P21-Cbis was characterized by ESI-MS analysis. (Figure 20) Similarly to the 

analysis of the -PCL polymer cages, no clean polymer distribution could be recorded in 

positive mode. Instead, several distributions were acquired in negative mode with a mixture of 

chloride anions and sodium cations as ionic buffers. Considering the high affinity of 

[34]triazolophane macrocycles and PEO towards chloride anions, the previously discussed Đ 

and Mn,SEC values divergences observed between P21-C and P21-Cbis, and the mass 

4000 3500 3000 2500 2000 1500 1000 500

0.0

0.2

0.4

0.6

0.8

1.0

attenuation

aromatic compound

C-H bending 

attenuation

azide

N=N=N stretching

+

alkyne monosubstituted

CΞC stretching 

supression

alkyne

C-H stretching

T
ra

n
s
m

it
ta

n
c
e

Wavenumber / cm-1

4000 3500 3000 2500 2000 1500 1000 500

0.0

0.2

0.4

0.6

0.8

1.0

aromatic compound

C-H bending 

esters

C=O stretching

alkyne

C-H stretching

azide

N=N=N stretching

+

alkyne monosubstituted

CΞC stretching 
T

ra
n
s
m

it
ta

n
c
e

Wavenumber / cm-1

4000 3500 3000 2500 2000 1500 1000 500

0.4

0.5

0.6

0.7

0.8

0.9

1.0

aliphatic ether

C-O stretching

primary alcohol

C-O stretching

alcohol

O-H bending

     alkane 

C-H bending

T
ra

n
s
m

it
ta

n
c
e

Wavenumber / cm-1

water + alcohol

O-H stretching

alkane

C-H stretching

I II

III



Project Part III – Gram-scaled Synthesis of Cage-shaped Polymers 

110 

spectroscopy data previously obtained for the cage-shaped -PCL P17-C, the main [M+2Cl]2- 

distribution featuring peak intervals of 22.014 m/z as well as the four minor distributions with 

additional sodium chloride content are plausible. 

 

Figure 20: (I) ESI-MS spectrum of cage-shaped PEO P21-Cbis recorded in the negative mode; (II) The 

spectrum includes a main distribution corresponding to a [M+2Cl]2- pattern as well as four minor 

distributions corresponding to additional NaCl units present in the polymer matrix. All distributions 

feature peak intervals of 22.014 m/z as expected for PEO polymers. 

The thermal properties of P21, P21-Fbis and P21-Cbis were examined by DSC analysis. (Figure 

21, I–III; Table 16, Entry 3–5) Like -PCL polymers, the PEO polymers feature a 

semi-crystalline structure comprised of crystalline and amorphous domains in variable ratios. 

Thus, the predominant crystalline nature of the unfunctionalized star-shaped P21 was 

highlighted by its considerable latent heats of fusion ΔH°fus of 121.0 J g-1 located at 47.47 °C 

and the absence of any noticeable glass transition temperature. As already observed for the 

end-functionalized -PCLs (See Project – Part II), a substantial suppression of the crystalline 

domains was noticed for P21-Fbis with a ΔH°fus value divided by a factor of almost two to 

63.42 J g-1 and a reduced Tm value to 32.30 °C. Those values were further reduced after 

topological conversion to 51.58 J g-1 and 30.34 °C, respectively, and a Tg was noticed 

at -45.9 °C. In addition, the thermal stability of P21-Cbis was further investigated by TGA 

analysis. (Figure 21, IV) The cage-shaped polymer exhibited a typical degradation curve for 

PEO materials, although no chain-end favoring the polymer thermal degradation by unzipping 

mechanism was initially present in its structure. As a result, the TGA analysis revealed a good 

thermal stability up to 300 °C of the polymer, quickly followed by a fast weight% loss above 
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these temperature values. Interestingly, the remaining 13 weight% around 500 °C could be 

correlated to the estimated 11.8 weight% of the D4h-[34]triazolophane content. 

 

Figure 21: DSC thermograms of (I) star-shaped PEO P21; (II) end-functionalized P21-Fbis; and (III) 

cage-shaped P21-Cbis polymers, featuring a progressive reduction of the melting point temperatures Tm 

as well as latent heats of fusion ΔH°fus between each samples; (IV) TGA thermogram of cage-shaped 

PEO P21-Cbis, featuring the degradation of the polymer over 300 °C and the remaining weight content 

corelated to the theoretical content of D4h-[34]triazolophane within the polymer. 
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6.2.3 Cage-shaped PEO as Lithium-Ion Polymer 

 Electrolyte** 

With sufficient material in hands, the scope of the research was shifted to the identification of 

potential applications for cage-shaped PEO polymers. Considering the strong interest of the 

Theato research group within the ‘’FestBatt Project’’ in partnership with the University of 

Münster for the development of the next generations of lithium-ion polymer electrolytes, an 

internal collaboration was initiated with one of my colleagues – Andreas J. Butzelaar – involved 

in the project.[304,305] Taking advantage of both the novelty of the material and his knowledge 

about lithium-ion polymer electrolytes, the impact of the cage-shaped topology on the ionic 

conductivity of PEO-based polymer electrolytes was examined. While pure PEO materials are 

known to be mostly crystalline, the DSC analysis of both cage-shaped -PCL and PEO 

polymers revealed a strong decrease or even total disappearance of the crystalline phases 

indicated by the reduction of the melting temperature Tm as well as the latent heats of fusion 

ΔH°fus values. (See Project Part II – III)  

Table 17: Overview of the thermal characteristics obtained by DSC analysis of the polymer precursors 

(Entry 1–2), as well as the polymer electrolytes made from star-shaped P21 (Entry 2–3) and from 

cage-shaped P21-Cbis (Entry 5–6), featuring among other the total suppression of the crystalline 

domains within the cage-shaped polymer electrolyte samples. 

Entry 
Polymer 

(electrolyte) names 

[Li+]:[EO] 

Ratio 

Tg 

/ °C 

Tm 

/ °C 

DH°fus 

/ J g-1 

1 P21 n/a n/a 47.47 121.0 

2 P21-Li1:20 1:20 -42.5 35.0 38.6 

3 P21-Li1:25 1:25 -44.2 39.0 61.6 

4 P21-Cbis n/a -45.9 30.3 51.6 

5 P21-Cbis-Li1:20 1:20 -40.8 n/a n/a 

6 P21-Cbis-Li1:25 1:25 -41.3 n/a n/a 

 

 

** Parts of this subchapter and the associated parts in the experimental section were previously reported 

within in the following publication: A. J. Butzelaar, M. Gauthier-Jaques, K. L. Liu, G. Brunklaus, 

M. Winter, P. Theato, The Power of Architecture – Cage-shaped PEO and its Application as Polymer 

Electrolyte. Polym. Chem. 2021, 12, 4326–4331. 
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As the ionic conductivity strongly depends of the existence of free volumes located within the 

polymer electrolyte material, the presence of a high content of amorphous phases is essential 

for an efficient ion transport. Moreover, the mobility of the polymer chains also plays an 

important role to promote a maximal ion transport by segmental motion and can also be 

estimated by DSC analysis, as a low glass transition temperature Tg tends to indicate a high 

chain mobility. The largest batch of cage-shaped PEO P21-Cbis (i.e. 1.548 g) was chosen to be 

mixed with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in [Li+]:[EO] 1:20 and 

1:25 ratios (i.e. P21-Cbis-Li1:20 and P21-Cbis-Li1:25). It is known that LiTFSI tends to reduce the 

polymer crystallinity due to its plasticizing character. However, unlike what was observed for 

comparable star-shaped PEO electrolytes prepared accordingly from P21 (i.e. P21-Li1:20 and 

P21-Li1:25) the complete crystallization suppression was already achieved at these low 

lithium-salt loading values for both cage-shaped PEO electrolytes. (Table 17) 

 

Figure 22: Temperature-dependent ionic conductivity of polymer electrolytes varying in polymer 

topology and LiTFSI loading ratios. 

Considering the determination of the ionic conductivity itself, both polymer electrolyte series 

obtained from P21 and P21-Cbis as well as two polymer electrolytes prepared from linear 
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to 0 °C by Electrochemical Impedance Spectroscopy (EIS) at the University of Münster. 

(Figure 22) Unlike what could be observed for the linear and star-shaped PEO samples, no 

abrupt drop of ionic conductivity was recorded around 40 °C for both cage-shaped polymer 

electrolytes because of their inability to crystallize. As a result, the ionic conductivities of both 

cage-shaped polymer electrolytes outperformed the other linear and star-shaped polymer 

electrolytes below their respective melting points but were surpassed above them due to the 

lower chain mobility granted by their specific topology. At last, the ionic conductivity values 

recorded for the polymer electrolytes with the lowest LiTFSI loading ratios always tended to 

outperform the ionic conductivity of the ones with the highest lithium content due to lower 

degree of ionic coordination hindering the polymer chain motion. 
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6.3 Project Part III – Conclusion 

Following the syntheses of cage-shaped poly(e-caprolactone) at the milligram-scale, 

(See Project Part II) the topological conversion was first upscaled for a known -PCL. 

Although the change of SEC system made the comparison with previous data challenging, the 

semi-batch reaction resulted in up to 874 mg yield of cage-shaped polymer. The feasibility of 

the upscaling being now established, the robustness of the procedure was then examined by 

varying the polymer nature, achieving yields beyond the gram-scale, as well as determine 

possible applications specifically suiting the polymer topology. Hence, starting from a 

commercially available star-shaped PEO, a semi-batch reaction yielded 515 mg of cage-shaped 

PEO and was followed by a second synthesis resulting in 1.548 g yield (i.e. 43% yield in both 

cases), far above the symbolic gram-threshold. Following the extended characterization of the 

cage-shaped PEO by 1H-NMR, SECTHF, FT-IR, DSC, TGA and ESI-MS analyses, a 

collaboration with one of my colleagues – Andreas J. Butzelaar – working on the synthesis of 

PEO-based polymer electrolyte for lithium-ion battery was initiated. Interestingly, the 

combination of the plasticizing effects resulting from the topological conversion and the 

lithium-salt addition were sufficient to yield purely amorphous polymer electrolytes at low 

loading ratios (i.e. [Li+]:[EO] 1:20 and 1:25). While the ionic conductivities of the cage-shaped 

polymer electrolytes were outperformed by the linear and star-shaped samples due to a 

hindrance in chain motion, the cage-shaped polymer electrolytes outperformed them below 

their crystallization temperature (i.e. 40 °C). Thus, ionic conductivities of 0.011 mS cm-1 were 

obtained for both cage-shaped polymer electrolytes at 20 °C while all other crystalized samples 

exhibited values already below 10-3 mS cm-1 at the same temperature. Although cage-shaped 

polymer electrolytes might never be considered as a viable alternative for practical applications 

due to their demanding synthesis, the strong causal link between topology and polymer 

properties was once again emphasized. 
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7 Conclusion and Outlook 
In conclusion, a novel procedure for the synthesis of cage-shaped polymers by topological 

conversion was successfully conceptualized and developed. Thus, for the first time since their 

initial report more than 20 years ago, cage-shaped polymers were synthetized in gram-scale, 

yielding a substantial amount of material per reaction batch. Beyond this achievement, the 

present work opens the door to future applications and developments for cage-shaped polymer-

based materials. 

In a more general manner, generations of organic and polymer chemists focused their efforts 

during the last century on the synthesis of macrocyclic structures featuring a unique set of 

properties. (See Theoretical Background, Part II) Regardless of the nature of the final 

product, their concerted works constituted a solid basis allowing inter alia the synthesis of even 

more sophisticated cyclic polymer architectures. In this context, the first example of a cage-

shaped polymer was reported in the early 2000s. Beyond the simple challenge of their synthesis, 

polymer cages quickly became a subject of interest because of the effect that their multicyclic 

polymer topology associated with their low hydrodynamic radius could have on the 

thermo-mechanical properties of these materials. Hence, several synthesis protocols for 

polymer cages were proposed through several strategies over the past two decades, resulting in 

a series of polymer cages varying in yield, composition, molecular weight and arm number. 

(See Theoretical Background, Part III) However, despite these renewed efforts, the 

synthesis of cage-shaped polymers remained, in the vast majority of cases, below the 

50-miligram-scale and no example of a synthesis approaching the gram-scale was ever 

published due to either the tedious synthesis of the precursors or the limitations induced by their 

synthesis procedure. 

In order to address this challenge, the pursuit of a more efficient synthesis of cage-shaped 

polymers was launched and its practical development constituted the starting point of this work. 

Thus, a new synthesis procedure for the synthesis of cage-shaped polymers by topological 

conversion of star-shaped polymers was envisioned. For this purpose, n-arm star-shaped 

polymers bearing AB bifunctional groups at each chain-end were planned to react 

intramolecularly into a chemically-inert macrocyclic structure by (AB)n n-oligomerization. 

(See Motivation) By this means, the symmetrical nature of the star-shaped precursor not only 
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limits the complexity of its synthesis, but also ensures a maximal probability for the chain end-

groups to react with each other. Additionally, the use of a purely intramolecular reaction allows 

the topological conversion to be conducted in high-dilution conditions without any impact on 

its kinetic. At last, the formation of a chemically inert macrocyclic structure opens the 

opportunity to upscale the reaction in a semi-batch process without risk of further 

intermolecular reactions between the finalized cage-shaped polymers. Consequently, the 

chemistry involved in the (AB)n n-oligomerization was thoroughly chosen to suit a series of 

criteria such as: high orthogonality, irreversibility, ability to be triggered by a physical stimulus 

or a catalyst, and ability to reach high conversion in a minimal timeframe. Additionally, the 

synthesis of the bifunctional end-group had to be accessible enough to be viable. While other 

chemistries were concurrently considered, the use of CuAAC click chemistry was quickly 

favored and the synthesis of a suitable azido-alkyne bifunctional end-group thoroughly 

investigated. Regarding the synthesis of the end-functionalized star-shaped polymers, RDRP 

methods were quickly considered as promising due to their ability to produce a great diversity 

of well-defined polymers. Among them, the RAFT polymerization was chosen inter alia for 

the opportunity to directly include the bifunctional end-groups in the star-shaped RAFT agent 

structure and therefore to avoid any superfluous post-polymerization modifications prior to the 

final topological conversion step. However, the syntheses of the end-functionalized star-shaped 

RAFT agents and of their polymerizations proved to suffer from multiple side-reactions and 

functional incompatibilities, which durably compromised the initially envisioned synthetic 

route. (See Project Part I – Early Attempts of Cage-shaped Polymer Synthesis) 

Nevertheless, the encountered obstacles were overcome by realigning the synthetic route. First, 

the synthesis of defect-free star-shaped polymers was ensured by employing ring-opening 

polymerization of -caprolactone from multifunctional initiators. Secondly, the topological 

conversion was focused on the synthesis of [34]triazolophane macrocycles. Based on in-depth 

literature research these structural motifs were identified as suitable candidates that could be 

obtained by means of CuAAC (AB)n n-oligomerization. Indeed, while only the 

D2h-[34]triazolophane regioisomer had been synthetized, its report implied the existence of a 

more symmetrical D4h-[34]triazolophane regioisomer, which could be synthetized by (AB)4 

tetramerization of m-azidoethynylbenzene derivatives. Therefore, 3-azido-5-ethynyl benzoic 

acid – a m-azidoethynylbenzene derivative including a carboxylic acid group – was synthetized 

in 61% yield over four steps. Moreover, once the well-defined four-arm cage-shaped 

poly(-caprolactone)s were obtained, the polymers were quantitively end-functionalized under 
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mild conditions via EDC coupling and a first 50-milligram-scale synthesis of cage-shaped 

polymer quickly followed by the (AB)4 tetramerization of the four bifunctional chain 

end-groups into a single D4h-[34]triazolophane macrocycle. Then, the reaction time was 

gradually minimized from two days to 30 minutes in order to obtain an estimation of the 

intramolecular topological conversion kinetic despite the impossibility to follow the reaction 

conversion in situ due to high-dilution conditions (i.e. 0.1 mg mL-1). Therefore, the reaction 

time for the subsequent topological conversions was systematically fixed at 1 hour and the 

impact of the polymer concentration on the occurrence of undesired intermolecular 

cross-linking reaction was examined by progressively increasing the polymer concentration 

from 0.1 mg mL-1 to 0.5 mg mL-1. However, an raising high-molecular weight shoulder was 

observed in the polymer SEC traces as the polymer concentration increased and therefore 

polymer concentrations were kept at 0.1 mg mL-1 for the following batch iterations. Finally, the 

impact of the polymer size on its synthesis yield and thermo-mechanical properties was 

investigated. To do so, a series of four cage-shaped poly(-caprolactone)s with Mn,
1
H-NMR values 

varying from 5.3 to 14.6 kg mol-1 was prepared at the 50-milligram-scale in 36% to 78% yield 

and meticulously characterized. In particular, a strong reduction of the crystallinity degree for 

all polymer cages in comparison to their respective star-shaped polymer precursors was 

observed and even resulted in pure amorphous poly(-caprolactone) material in the case of the 

smallest polymer cage. (See Project Part II – Cage-shaped Polymer Synthesis at the 

Milligram-scale) 

At this point of the project, the 50-milligram-scale syntheses of four-arm cage-shaped 

poly(-caprolactone) polymers were considered robust enough to be adapted to the gram-scale. 

Thus, the topological conversion protocol was switched to a semi-batch procedure employing 

a low steady-state concentration of the star-shaped polymer precursor throughout the reaction 

time. Consequently, a semi-batch synthesis of a known cage-shaped poly(-caprolactone) 

featuring a Mn,
1
H-NMR value of 10.5 kg mol-1 led to up to 874 mg in 50% yield. By taking into 

consideration that its former 50-miligram-scale synthesis resulted in only a slightly higher 

64% yield, these first results motivated the determination of suitable applications for 

cage-shaped polymer materials. In particular, applications benefiting from the reduction of 

crystallinity that was noted after every topological conversion were privileged. Accordingly, as 

part of a collaboration, the gram-scale synthesis of cage-shaped poly(ethylene oxide)s was 

envisioned to be used for the production of an unusual poly(ethylene oxide)-based polymer 

electrolyte for lithium-ion batteries. Therefore, two successive semi-batch syntheses of 
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cage-shaped poly(ethylene oxide) polymers featuring a Mn,
1
H-NMR value of 6.4 kg mol-1 were 

conducted and resulted in 515 mg and 1.548 g of material, respectively. While the cage 

topology was not sufficient to fully suppress every crystalline domain by itself, the crystallinity 

of the poly(ethylene oxide) was greatly reduced. As a result, low loading ratios of lithium salt 

(i.e. [Li+]:[EO] 1:20 and 1:25) were sufficient to yield fully amorphous polymer electrolyte. As 

a result, the absence of crystalline domains within the polymer electrolyte lattice led to 

remarkable electric conductivities in comparison to star-shaped and linear poly(ethylene oxide) 

electrolytes once brought below their melting point temperature (i.e. < 40 °C). Thus, great 

electric conductivities were noted at room temperature for both lithium loading ratios. 

(i.e. 0.011 mS cm-1 at 20°C). (See Project Part II – Cage-shaped Polymer Synthesis at the 

Gram-scale) 

While the synthetical complexity of the cage-shaped polymer electrolytes might constitute a 

non-negligible barrier for any major breakthrough in this domain of application, the 

perspectives of this thesis do not limit themselves to it, nor to the synthesis of polymer cages 

by formation of D4h-[34]triazolophane units. Thus, neither the D4h-[34]triazolophanes, nor the 

CuAAC reaction are likely to remain the only suitable options to fulfil the topological 

conversion by (AB)n n-oligomerization, especially since a first structural motif for the synthesis 

of three-arm cages by (AB)3 trimerization was already identified. (See Project Part II – 

Chapter 5.2.5) Consequently, future work needs to be addressed on the formation of polymer 

cages with three, five or more arms by further varying the nature of the (AB)n n-oligomerization 

chemistry. And whatever the upcoming advances will concern the development of novel 

synthetical methods or simply the optimization of former procedures with enhanced 

accessibility or upscability, the number of potential applications related to cage-shaped 

polymers will accordingly keep expanding in the upcoming years.  
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8 Experimental Section 

8.1 General Methods 

8.1.1 Reagents and Solvents 

All chemicals were purchased from commercial suppliers and were used without further 

purification. All chiral chemicals were purchased as racemic mixture. 3-Amino-

5-bromobenzoic acid (Merck, 97%); ammonium chloride (NH4Cl, Carl Roth, ≥99.5%); 

4,4-azobis(4-cyanovaleric acid) (ACVA, FUJIFILM Wako, 95%); 2,2'-azobis(4-methoxy-

2,4-dimethylvaleronitrile) (V-70, FUJIFILM Wako, 96%); 2,2′-azobis(2-methylpropionitrile) 

(AIBN, Merck, 98%); benzoyl peroxide 75 wt.% (BPO, Merck, 75 wt.%); 

bis(triphenylphosphine) palladium(II) dichloride (Pd(PPh3)2Cl2, Acros Organics, 98%); 

2,2-bis(hydroxymethyl)propane-1,3-diol (Merck, 99%);(bromomethyl)benzene (Alfa Aesar, 

99%); -caprolactone (-CL, Alfa Aesar, 99%); carbon disulfide (CS2, Acros Organics, 99.9%); 

3-chloroperoxybenzoic acid (mCPBA, Merck,70 wt.%); copper(I) iodide (CuI, Acros Organics, 

98%); 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, Merck, ≥99%); diisobutylaluminum hydride 

(DIBAL-H, Merck, 1 M in PhMe); N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC, Carl Roth, ≥99%); 4-dimethylaminopyridine (DMAP, Acros Organics, 

99%); N,N-dimethylaniline (DMA, Merck, 99%); diphenyl phosphate (DPP, Acros Organics, 

99%); di(trimethylolpropane) (TCI, >98%); ethyl 2-bromoacetate (Merck, 98%); ethyl 

2-chloroacetate (Alfa Aesar, 98%); 2-ethyl-2-(hydroxymethyl) propane-1,3-diol (Acros 

Organics, 98%); ethynyl magnesium bromide (Merck, 0.5 M in THF); ethynyl magnesium 

chloride (Acros Organics, 0.5 M in THF/PhMe); ethynyltrimethylsilane (TMS-acetylene, TCI, 

>98%); hydrochloric acid (HCl(aq), Carl Roth, 37 wt.%); iron powder (Fe, Merck, ≥99%); 

lithium acetylide, ethylenediamine complex (Alfa Aesar, 90%); lithium aluminum hydride 

(LiAlH4, Merck, 95%); magnesium sulfate (MgSO4, Carl Roth, ≥99%); 2-mercaptopropanoic 

acid (TCI, >97%); methyl acrylate (MA, TCI, >99%); methyl 3-bromopropanoate (Merck, 

98%); 2-methylbut-1-en-3-yne (Alfa Aesar, 97%); methyl methacrylate (MMA, Alfa Aesar, 

99%); 3-nitrobenzaldehyde (Acros Organics, 99%); phenylmethanol (TCI, >98%); potassium 

hydroxide (KOH, Carl Roth, ≥85%); propyl-1-amine (Alfa Aesar, ≥99%); sodium azide (NaN3, 

Acros Organics, 99%); sodium hydroxide (NaOH, Carl Roth, ≥98%); sodium nitrite (NaNO2, 

Fluka, ≥99%); star-shaped PEG 5000 g mol-1 (JenKem Technology®, ≥95%); styrene (Alfa 
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Aesar, 99%); sulfuric acid (H2SO4, Carl Roth, 96%); tetra-N-butylammonium fluoride (TBAF, 

Merck, 1 M in THF); triethylamine (NEt3, Acros Organics, 99%); trimethylsulfonium iodide 

(Alfa Aesar, ≥98%); triphenylphosphine (PPh3, Alfa Aesar, ≥99%); 

1,3,5-tris(bromomethyl)benzene (Merck, 97%); vinyl bromide (Acros Organics, 1 M in THF). 

All solvents were purchased from VWR Chemicals with AnalaR NORMAPUR purity grade 

and were used without preliminary distillation. Deuterated solvents were obtained from 

Eurisotop, a subsidiary of Cambridge Isotope Laboratories, Inc. Flash column chromatography 

was carried out using silica gel (40-63 µm mesh, Geduran® Si 60 from Merck Millipore). 

8.1.2 Nuclear Magnetic Resonance Spectroscopy 

 (NMR) 

All 1H-NMR, 13C-NMR and two-dimensional 1H-13C-HSQC (Heteronuclear Single Quantum 

Correlation) spectra were recorded at a temperature of 293 K on a Bruker Ascend III 400 MHz 

spectrometer (1H-NMR 400 MHz, 13C-NMR 101 MHz) using chloroform-d or DMSO-d6 as 

deuterated solvents. Chemical shifts were reported in ppm (δ), relative to the solvent residual 

peak as internal standards. chloroform-d (δ 7.26 for 1H-NMR, δ 77.16 for 13C-NMR) and 

DMSO (δ 2.50 for 1H-NMR, δ 39.52 for 13C-NMR). The coupling constants (J) are given in 

Hz. Splitting patterns are designated as s (singlet), d (doublet), dd (double doublet), t (triplet), 

q (quartet) and m (multiplet). 

8.1.3 Size Exclusion Chromatography (SEC) 

Size Exclusion Chromatography (SEC) analysis with tetrahydrofuran (THF) as eluent were 

performed on a PL-SEC 50 Plus Integrated System, comprising an autosampler, a differential 

Refractive Index (RI) detector, a PLgel 5 μm bead-size guard column (50 ×7.5 mm) followed 

by three PLgel 5 μm Mixed C column (300 × 7.5 mm) and a PLgel 3 μm Mixed E column 

(300 × 7.  mm). THF was used at an operating temperature of 35 °C and a flow rate of 

1.0 mL min-1. Size Exclusion Chromatography (SEC) analysis with N,N-dimethylacetamide 

(DMAC) as eluent were performed on two distinct SEC systems as the first one went out of 

service during the research time lapse. The first DMAC SEC system (DMAC) was constituted 

of a PL-SEC 50 Plus Integrated System, comprising an autosampler, a PLgel 5 μm bead-size 

guard column (50 × 7.5 mm) followed by three PLgel 5 μm Mixed C column (300 × 7.5 mm) 

and a differential Refractive Index (RI) detector. Lithium bromide (LiBr) 0.03 wt% enriched 

DMAC was used at an operating temperature of 50 °C and a flow rate of 1.0 mL min-1. The 



Experimental Section – General Methods 

125 

second DMAC SEC system (DMAC2) was constituted of a PSS SECcurity SEC System, 

comprising an autosampler, a PLgel 5 μm bead-size guard column (50 × 7.5 mm) followed by 

two PLgel 5 μm Mixed C column (300 × 7.5 mm) and a differential Refractive Index (RI) 

detector. Lithium bromide (LiBr) 0.03 wt% enriched DMAC was used at an operating 

temperature of 50 °C and a flow rate of 0.5 mL min-1. All samples were prepared with a polymer 

concentration of 2.0 mg ml-1 and 100 μL were typically injected to the columns. All number 

average molar mass Mn, mass average molar mass Mw and dispersity Đ values were extrapolated 

from a range of linear polystyrene standard between 370 and 6 · 106 g mol-1. 

8.1.4 Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR measurements were first performed on a Bruker Vertex 70 FT-IR/NIR spectrometer 

equipped with an ATR unit (FT-IR). All FT-IR spectra were measured though 32 scans from 

4000 to 600 cm-1 at a resolution of 1 cm-1. A second FT-IR analytical device (FT-IR2), 

consisting in a Bruker ALPHA FT-IR spectrometer equipped with an ATR unit was additionally 

employed as the first one was momentarily defective at the end of the research time lapse. All 

FT-IR2 spectra were measured though 32 scans from 4000 to 500 cm-1 at a resolution of 1 cm-1. 

8.1.5 Electrospray Ionization Mass Spectrometry 

 (ESI-MS) 

ESI-MS measurements were achieved on a Thermo Fisher Q-Exactive Orbitrap Mass 

Spectrometer. As sample preparation, a small molecule concentration of 0.03 mg mL-1 or a 

polymer concentration of 0.05 mg mL-1 was prepared in a mixture of THF/MeOH 3:2 or 

DCM/MeOH 3:1 enriched with 100 μmol sodium trifluoroacetate as cation source. 

8.1.6 Ultraviolet–visible Spectroscopy (UV-Vis) 

UV-Vis measurements were carried out by a Varian Cary 300 Spectrometer at 22 °C from 800 

to 200 nm. The measurements were recorded at 22 °C in DCM for concentration values from 

0.0125 to 0.2 mg ml-1. 

8.1.7 Dynamic Light Scattering (DLS) 

DLS measurements were performed on Zetasizer Nano S from Malvern Panalytical with a 

sample concentration of 2.0 mg ml-1 in THF and at a temperature of 25 °C. 
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8.1.8 Differential Scanning Calorimetry (DSC) 

DSC measurements were performed by a from TA Instruments Q200 incorporating a RCS90 

cooling system. All samples weighing between 10.0 and 14.0 mg were heated from -90 °C to 

100 °C twice with a heating ramp of 10.0 K min-1. All reported temperature and enthalpy values 

were given from the second heating ramp curves. 

8.1.9 Thermal Gravimetric Analysis (TGA) 

Thermal Gravimetric Analysis (TGA) was carried out by a TGA 5500 from TA Instruments at 

a heating rate of 10.0 K min−1 and under nitrogen atmosphere up to 600 °C. Typically, about 

10 mg material were weighted on a palladium pan prior to the measurements. 

8.1.10 Syringe Pump  

All experiments involving a syringe pump were conducted with a Landgraf HLL LA-30 syringe 

pump system. 

8.1.11 Polymer Electrolyte (PE) Preparation†† 

Prior to the preparation, each polymer was dried at 80 °C under vacuum overnight. Each 

polymer was dissolved in acetone and mixed with a predefined ratio of LiTFSI to yield a 

homogenous mixture. Then, acetone was slowly removed under reduced pressure at 50 °C, 

before being dried under reduced pressure (10-3 mbar) at 80 °C for 24 hours. 

8.1.12 Coin Cell Preparation†† 

The coin cells (CR2032) were assembled by sandwiching the previously prepared polymer 

electrolytes between two stainless steel electrodes using a Mylar foil spacer ring (thickness 

l = 100 µm, inner diameter = 8 mm). 

8.1.13 Electrochemical Impedance Spectroscopy (EIS)‡‡ 

Each coin cell was preconditioned in a temperature chamber (Binder MK53, controlled with 

the Autolab Software Nova 2.1.3) with a gradual increase of temperature from 20 °C – 70 °C 

 
†† Preparations conducted at the Karlsruhe Institute of Technology (KIT) by Andreas J. Butzelaar 

‡‡ Analyses conducted at the University of Münster by Kun L. Liu. 
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in 10 °C steps while maintaining each temperature for 2 hours. 1 hour after the preconditioning 

was finished, measurements were carried out by gradually increasing the temperature in 10 °C 

steps from 0 °C to 70 °C with each temperature being maintained for 2 h to attain a thermal 

equilibrium. The measurements were performed using a PGSTAT302N potentiostat / 

galvanostat (Autolab) over a frequency range of 1 MHz – 1 Hz with an amplitude of 10 mV. 

The ionic conductivity s was calculated according to the following equation: s = (1/Rb)·(l A
-1); 

Rb being the bulk resistance that can be accessed from the Nyquist plot, l is the film thickness 

(l = 100 µm) and A is the film area (A = 5.03 × 10-5 m2). Three successive coin cells were 

prepared and measured for each SPE. Subsequently, the mean average ionic conductivity was 

derived from these three separated measurements. 
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8.2 Small Molecules Synthesis – Project Part I 

8.2.1 (C01) (3-Amino-5-bromophenyl)methanol 

 

 

 

Lithium aluminum hydride (1.75 g, 46.2 mmol, 2.0 eq) was added carefully to dry THF 

(20 mL) at 0 °C. 3-Amino-5-bromobenzoic acid (5.00 g, 23.1 mmol, 1.0 eq) in dry THF 

(50 mL) was added dropwise over 30 min at 0 °C. The mixture was left stirring overnight at 

room temperature. Afterwards, the mixture was again cooled to 0 °C and cold water (100 mL) 

was carefully added. The solid deposit was filtered off and most THF was removed under 

reduced pressure. The resulting THF-aqueous mixture was extracted with DCM (3 × 30 mL). 

The organic fractions were collected, dried over magnesium sulfate and the solvent was 

removed under reduced pressure. The crude material was purified by flash chromatography 

(silica, MeOH / DCM, 1:10) in order to give C01 as a yellow solid. (2.85 g, 14.1 mmol, 

61% yield) 

 

1H NMR (400 MHz, DMSO) δ 6.60 – 6.55 (m, 2H), 6.51 – 6.46 (m, 1H), 5.33 (s, 2H), 5.12 (t, J = 5.9 Hz, 1H), 

4.32 (d, J = 5.8 Hz, 2H). 

13C NMR (101 MHz, DMSO) δ 150.32 (s), 145.64 (s), 121.79 (s), 115.91 (s), 114.17 (s), 110.61 (s), 62.44 (s). 

ESI-HRMS (m/z) calculated for [M+H]+ 201.9868 found 201.9866. 

ESI-HRMS (m/z) calculated for [M+H]+ 203.9847 found 203.9845. 
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Figure S1: 1H-NMR spectrum of C01, 1H NMR (400 MHz, DMSO) δ 6.60 – 6.55 (m, 2H), 6.51 – 

6.46 (m, 1H), 5.33 (s, 2H), 5.12 (t, J = 5.9 Hz, 1H), 4.32 (d, J = 5.8 Hz, 2H). 

 

Figure S2: 13C-NMR spectrum of C01, 13C NMR (101 MHz, DMSO) δ 150.32 (s), 145.64 (s), 

121.79 (s), 115.91 (s), 114.17 (s), 110.61 (s), 62.44 (s). 
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8.2.2 (C02) (3-Amino-5-ethynylphenyl)methanol 

 

 

 

(3-Amino-5-bromophenyl)methanol C01 (14.1 mmol, 2.85 g, 1.0 eq), bis(triphenylphosphine) 

palladium(II) dichloride (0.28 mmol, 196 mg, 0.02 eq), copper(I) iodide (0.28 mmol, 53 mg, 

0.02 eq), triphenylphosphine (0.56 mmol, 147 mg, 0.04 eq), toluene (60 mL), triethylamine 

(28.2 mmol, 3.9 mL, 2.0 eq) and ethynyltrimethylsilane (21.1 mmol, 2.9 mL, 1.5 eq) were 

added to a round flask with stirring bar and water condenser under argon atmosphere. The 

mixture was then heated at 60 °C for 24 hours. Afterwards, the reaction mixture was allowed 

to cool down to room temperature and water (200 mL) was added. The aqueous phase was 

extracted with DCM (3 × 50 mL). The organic fractions were collected, dried over magnesium 

sulfate and the solvent was removed under reduced pressure. The crude material was purified 

by two consecutive flash chromatography runs (silica, MeOH / DCM, 1:10) and (silica, EtOAc 

/ c-Hex, 1:1). In order to remove the TMS protecting group, the yellow solid was dissolved in 

THF (10 mL) and 1 M TBAF in THF (14 mL, 14 mmol, 1.5 eq) was added. The mixture was 

stirred at room temperature for 30 min. Water (50 mL) was added and the aqueous mixture was 

extracted with DCM (3 × 50 mL). The organic fractions were collected, dried over magnesium 

sulfate and the solvent was removed under reduced pressure. The crude material was purified 

by flash chromatography (silica, EtOAc) order to give C02 as a brown solid. (1.20 g, 

8.15 mmol, 58% yield) 

 

1H NMR (400 MHz, DMSO) δ 6.60 – 6.49 (m, 3H), 5.18 (s, 2H), 5.07 (t, J = 5.8 Hz, 1H), 4.33 (d, J = 5.6 Hz, 

2H), 3.93 (s, 1H). 

13C NMR (101 MHz, DMSO) δ 148.62 (s), 143.72 (s), 121.58 (s), 117.28 (s), 115.01 (s), 112.79 (s), 84.59 (s), 

78.71 (s), 62.65 (s). 

ESI-HRMS (m/z) calculated for [M+H]+ 148.0757 found 148.0757. 
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Figure S3: 1H-NMR spectrum of C02, 1H NMR (400 MHz, DMSO) δ 6.60 – 6.49 (m, 3H), 5.18 (s, 2H), 

5.07 (t, J = 5.8 Hz, 1H), 4.33 (d, J = 5.6 Hz, 2H), 3.93 (s, 1H). 

 

Figure S4: 13C-NMR spectrum of C02, 13C NMR (101 MHz, DMSO) δ 148.62 (s), 143.72 (s), 121.58 

(s), 117.28 (s), 115.01 (s), 112.79 (s), 84.59 (s), 78.71 (s), 62.65 (s). 
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8.2.3 (C03) (3-Azido-5-ethynylphenyl)methanol 

 

 

 

(3-Amino-5-ethynylphenyl)methanol C02 (1.36 mmol, 200 mg, 1.0 eq) was dissolved in 3 M 

HCl (4 mL) at 0 °C. Sodium nitrite (112 mg, 1.63 mmol, 1.2 eq) was dissolved in water (1 mL) 

and was added dropwise over 5 min and the resulting aqueous solution was stirred for 10 min 

at 0 °C. Then, sodium azide (106 mg, 1.63 mmol, 1.2 eq.) was added over 20 min and the 

solution was stirred for another 20 min at 0 °C. Afterwards, the pH was neutralized by sodium 

bicarbonate addition and the mixture was extracted with EtOAc (3 × 20 mL). The crude 

material was purified by flash chromatography (silica, MeOH / DCM, 1:20) in order to give 

C03 as a brown solid. (225 mg, 1.30 mmol, 96% yield) 

 

1H NMR (400 MHz, DMSO) δ 7.24 – 7.21 (m, 1H), 7.14 – 7.08 (m, 1H), 7.06 – 7.01 (m, 1H), 5.36 (t, J = 5.8 Hz, 

1H), 4.49 (d, J = 5.8 Hz, 2H), 4.26 (s, 1H). 

13C NMR (101 MHz, DMSO) δ 145.50 (s), 139.76 (s), 126.13 (s), 122.99 (s), 120.19 (s), 117.39 (s), 82.61 (s), 

81.42 (s), 61.81 (s). 

ESI-HRMS (m/z) calculated for [M]+ 173.0589 found 173.0589. 
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Figure S5: 1H-NMR spectrum of C03, 1H NMR (400 MHz, DMSO) δ 7.24 – 7.21 (m, 1H), 7.14 – 7.08 

(m, 1H), 7.06 – 7.01 (m, 1H), 5.36 (t, J = 5.8 Hz, 1H), 4.49 (d, J = 5.8 Hz, 2H), 4.26 (s, 1H). 

 

Figure S6: 13C-NMR spectrum of C03, 13C NMR (101 MHz, DMSO) δ 145.50 (s), 139.76 (s), 126.13 

(s), 122.99 (s), 120.19 (s), 117.39 (s), 82.61 (s), 81.42 (s), 61.81 (s). 
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8.2.4 (C04) 2-(3-Nitrophenyl)oxirane 

 

 

 

Potassium hydroxide 85 weight% (2.23 g, 39.7 mmol, 1.2 eq) and trimethylsulfonium iodide 

(8.10 g, 39.7 mmol, 1.2 eq) were dissolved in dry acetonitrile (40 mL). The mixture was heated 

for 20 min under argon atmosphere at 50 °C. 3-Nitrobenzaldehyde (5.00 g, 33.1 mmol, 1.0 eq) 

dissolved in acetonitrile (20 mL) was purged with argon and added over 5 min to the first 

mixture. The reaction was quenched with water (10 mL) after 60 minutes. The aqueous phase 

was then extracted with DCM (3 × 50 mL). The organic fractions were collected, dried over 

magnesium sulfate and the solvent was removed under reduced pressure. The crude material 

was purified by flash chromatography (silica, EtOAc / c-Hex, 1:4) in order to give C04 as a 

yellowish solid. (2.87 g, 17.3 mmol, 52% yield) 

 

1H NMR (400 MHz, CDCl3) δ 8.20 – 8.12 (m, 2H), 7.62 (dt, J = 7.7, 1.3 Hz, 1H), 7.57 – 7.50 (m, 1H), 3.97 (dd, 

J = 4.0, 2.5 Hz, 1H), 3.22 (dd, J = 5.4, 4.1 Hz, 1H), 2.81 (dd, J = 5.4, 2.5 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 148.67 (s), 140.24 (s), 131.59 (s), 129.71 (s), 123.24 (s), 120.72 (s), 51.55 (s), 

51.53 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+
 188.0318 found 188.0315. 
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Figure S7: 1H-NMR spectrum of C04, 1H NMR (400 MHz, CDCl3) δ 8.20 – 8.12 (m, 2H), 7.62 (dt, J = 

7.7, 1.3 Hz, 1H), 7.57 – 7.50 (m, 1H), 3.97 (dd, J = 4.0, 2.5 Hz, 1H), 3.22 (dd, J = 5.4, 4.1 Hz, 1H), 2.81 (dd, J = 

5.4, 2.5 Hz, 1H). 

 

Figure S8: 13C-NMR spectrum of C04, 13C NMR (101 MHz, CDCl3) δ 148.67 (s), 140.24 (s), 131.59 (s), 

129.71 (s), 123.24 (s), 120.72 (s), 51.55 (s), 51.53 (s). 

9 8 7 6 5 4 3 2

d / ppm

160 140 120 100 80 60 40

d / ppm



Experimental Section – Small Molecules Synthesis – Project Part I 

137 

8.2.5 (C05) 1-(3-Nitrophenyl)but-3-yn-1-ol 

 

 

 

Lithium acetylide, ethylenediamine complex 90 weight% (2.66 g, 26.0 mmol, 1.5 eq) was 

added portionwise to dry DMSO (20 mL) and the mixture was placed under argon atmosphere. 

C04 (2.87 g, 17.3 mmol, 1.0 eq) was dissolved in dry DMSO (10 mL) and placed under argon 

atmosphere. The second solution was added dropwise to the acetylide solution at room 

temperature and the resulting mixture was stirred for 18 hours. Afterwards, the reaction was 

quenched with water (500 mL). The aqueous phase was then extracted with Et2O (3 × 200 mL) 

and EtOH as co-solvent (3 × 20 mL). The organic fractions were collected, dried over 

magnesium sulfate and the solvent was removed under reduced pressure. The crude material 

was purified by flash chromatography (silica, EtOAc / c-Hex, 1:4) in order to give C05 as a 

yellow solid. (0.268 g, 1.40 mmol, 8% yield) 

 

1H NMR (400 MHz, CDCl3) δ 8.29 (t, J = 1.9 Hz, 1H), 8.16 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H), 7.75 (d, J = 7.7 Hz, 

1H), 7.54 (t, J = 7.9 Hz, 1H), 5.04 – 4.95 (m, 1H), 2.76 – 2.61 (m, 2H), 2.57 (s, 1H), 2.11 (t, J = 2.6 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 148.48 (s), 144.55 (s), 132.07 (s), 129.56 (s), 123.06 (s), 121.11 (s), 79.53 (s), 

72.15 (s), 71.34 (s), 29.68 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+ 214.0470 found 214.0480. 
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Figure S9: 1H-NMR spectrum of C05, 1H NMR (400 MHz, CDCl3) δ 8.29 (t, J = 1.9 Hz, 1H), 8.16 (ddd, 

J = 8.2, 2.2, 1.0 Hz, 1H), 7.75 (d, J = 7.7 Hz, 1H), 7.54 (t, J = 7.9 Hz, 1H), 5.04 – 4.95 (m, 1H), 2.76 – 2.61 (m, 

2H), 2.57 (s, 1H), 2.11 (t, J = 2.6 Hz, 1H). 

 

Figure S10: 13C-NMR spectrum of C05, 13C NMR (101 MHz, CDCl3) δ 148.48 (s), 144.55 (s), 132.07 

(s), 129.56 (s), 123.06 (s), 121.11 (s), 79.53 (s), 72.15 (s), 71.34 (s), 29.68 (s). 
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8.2.6 (C06) 1-(3-Aminophenyl)but-3-yn-1-ol 

 

 

 

Iron powder (0.235 g, 4.20 mmol, 3.0 eq) and C05 (0.268 g, 1.40 mmol, 1.0 eq) were dissolved 

in a mixture of aqueous 1 M HCl (6 mL) and EtOH (4 mL). The mixture was placed under 

argon atmosphere and heated for 60 minutes at 60 °C. Afterwards, the reaction was quenched 

with an aqueous solution of 1 M NaOH until reaching a pH > 10 and the mixture was stirred 

under standard atmosphere until total oxidation of the soluble iron(II) into iron(III) hydroxide 

precipitate. Then the solid was filtered off and washed with MeCN (10 mL). The aqueous phase 

was then extracted with DCM (3 × 30 mL). The organic fractions were collected, dried over 

magnesium sulfate and the solvent was removed under reduced pressure. The crude material 

was purified by flash chromatography (silica, EtOAc) in order to give C06 as a yellow solid. 

(0.135 g, 0.84 mmol, 60% yield) 

 

1H NMR (400 MHz, DMSO) δ 6.94 (t, J = 7.7 Hz, 1H), 6.58 (t, J = 1.9 Hz, 1H), 6.49 (d, J = 7.5 Hz, 1H), 6.43 

(ddd, J = 7.9, 2.3, 1.0 Hz, 1H), 5.31 (d, J = 4.3 Hz, 1H), 4.97 (s, 2H), 4.49 (td, J = 6.4, 4.5 Hz, 1H), 2.70 (t, J = 2.6 

Hz, 1H), 2.48 – 2.36 (m, 2H). 

13C NMR (101 MHz, DMSO) δ 148.26 (s), 145.14 (s), 128.30 (s), 113.67 (s), 112.73 (s), 111.60 (s), 82.23 (s), 

72.15 (s), 71.47 (s), 28.95 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+ 184.0738 found 184.0730. 
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Figure S11: 1H-NMR spectrum of C06, 1H NMR (400 MHz, DMSO) δ 6.94 (t, J = 7.7 Hz, 1H), 6.58 (t, 

J = 1.9 Hz, 1H), 6.49 (d, J = 7.5 Hz, 1H), 6.43 (ddd, J = 7.9, 2.3, 1.0 Hz, 1H), 5.31 (d, J = 4.3 Hz, 1H), 4.97 (s, 

2H), 4.49 (td, J = 6.4, 4.5 Hz, 1H), 2.70 (t, J = 2.6 Hz, 1H), 2.48 – 2.36 (m, 2H). 

 

Figure S12: 13C-NMR spectrum of C06, 13C NMR (101 MHz, DMSO) δ 148.26 (s), 145.14 (s), 128.30 

(s), 113.67 (s), 112.73 (s), 111.60 (s), 82.23 (s), 72.15 (s), 71.47 (s), 28.95 (s). 
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8.2.7 (C07) 1-(3-Azidophenyl)but-3-yn-1-ol 

 

 

 

C06 (126 mg, 0.78 mmol, 1.0 eq) was dissolved in a solution de 2 M HCl (6 mL) at 0 °C. 

Sodium nitrite (65 mg, 0.94 mmol, 1.2 eq) was dissolved in water (1 mL) and added dropwise 

over 5 min and the resulting aqueous solution was stirred for 10 min at 0 °C. Then, sodium 

azide (61 mg, 0.94 mmol, 1.2 eq) was added over 20 min and the solution was stirred for 

another 20 min at 0 °C. Afterwards, the pH was neutralized by sodium bicarbonate addition and 

the mixture was extracted with EtOAc (3 × 20 mL). The organic fractions were collected, dried 

over magnesium sulfate and the solvent was removed under reduced pressure. No further 

purification was needed in order to give C07 as a brown solid. (116 mg, 0.62 mmol, 79% yield) 

 

1H NMR (400 MHz, CDCl3) δ 7.34 (t, J = 7.8 Hz, 1H), 7.15 (d, J = 7.7 Hz, 1H), 7.09 (t, J = 1.9 Hz, 1H), 6.97 

(ddd, J = 8.0, 2.3, 0.9 Hz, 1H), 4.99 – 4.78 (m, 1H), 2.72 – 2.55 (m, 2H), 2.42 (s, 1H), 2.09 (t, J = 2.6 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 144.64 (s), 140.46 (s), 130.01 (s), 122.44 (s), 118.71 (s), 116.53 (s), 80.30 (s), 

71.95 (s), 71.54 (s), 29.65 (s). 

ESI-HRMS (m/z) no molecular peak could be recorded. 
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Figure S13: 1H-NMR spectrum of C07, 1H NMR (400 MHz, CDCl3) δ 7.34 (t, J = 7.8 Hz, 1H), 7.15 (d, 

J = 7.7 Hz, 1H), 7.09 (t, J = 1.9 Hz, 1H), 6.97 (ddd, J = 8.0, 2.3, 0.9 Hz, 1H), 4.99 – 4.78 (m, 1H), 2.72 – 2.55 (m, 

2H), 2.42 (s, 1H), 2.09 (t, J = 2.6 Hz, 1H). 

 

Figure S14: 13C-NMR spectrum of C07, 13C NMR (101 MHz, CDCl3) δ 144.64 (s), 140.46 (s), 130.01 

(s), 122.44 (s), 118.71 (s), 116.53 (s), 80.30 (s), 71.95 (s), 71.54 (s), 29.65 (s). 
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8.2.8 (C08) 2-Ethynyl-2-methyloxirane 

 

 

 

2-Methylbut-1-en-3-yne (3.00 mL, 31.8 mmol, 1.0 eq) was diluted in DCM (30 mL) and the 

mixture was cooled down to 0 °C. 3-Chloroperoxybenzoic acid 70 weight% (11.8 g, 

47.7 mmol, 1.5 eq) was added to the mixture and the reaction was left stirring at room 

temperature for 18 hours. Afterwards, the reaction was quenched with a 1 M NaOH solution 

(30 mL) and sodium thiosulfate was added in large excess. The aqueous phase was then 

extracted with DCM (3 × 20 mL). The organic fractions were collected, dried over magnesium 

sulfate and the solvent was removed by distillation with a Vigreux column (1 atm, 70 °C). 

Diethylether (2 × 100 mL) was then added during the distillation to remove the remaining 

amount of DCM. No more purification was needed to give C08 as a transparent solution in 

diethylether. (No yield reported for this step) 

 

1H NMR (400 MHz, CDCl3) δ 3.01 (dd, J = 5.6, 0.6 Hz, 1H), 2.73 (d, J = 5.6 Hz, 1H), 2.28 (s, 1H), 1.61 – 1.50 

(m, 3H). 

13C NMR (101 MHz, CDCl3) δ 83.23 (s), 70.39 (s), 55.24 (s), 46.97 (s), 22.74 (s). 
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Figure S15: 1H-NMR spectrum of C08, 1H NMR (400 MHz, CDCl3) δ 3.01 (dd, J = 5.6, 0.6 Hz, 1H), 

2.73 (d, J = 5.6 Hz, 1H), 2.28 (s, 1H), 1.61 – 1.50 (m, 3H). 

 

 

Figure S16: 13C-NMR spectrum of C08, 13C NMR (101 MHz, CDCl3) δ 83.23 (s), 70.39 (s), 55.24 (s), 

46.97 (s), 22.74 (s). 
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8.2.9 (C09) 1-Azido-2-methylbut-3-yn-2-ol 

 

 

 

Previously prepared 2-ethynyl-2-methyloxirane C08 (31.8 mmol, 1.0 eq) was diluted in water 

(10 mL) and DMF (10 mL). Ammonium chloride (3.4 g, 64 mmol, 2.0 eq) and sodium azide 

(2.48 g, 38.2 mmol, 1.2 eq) were added and the reaction was stirred at room temperature for 

18 hours. Afterwards, water (200 mL) was added and the aqueous phase was extracted with 

DCM (3 × 50 mL). The organic fractions were collected, dried over magnesium sulfate and the 

solvent was removed under reduced pressure. The crude material was purified by flash 

chromatography (silica, Et2O / PE, 1:3) in order to give C09 as a transparent liquid. (1.18 g, 

9.43 mmol, 30% yield over two steps) 

 

1H NMR (400 MHz, DMSO) δ 5.85 (s, 1H), 3.39 (s, 1H), 3.27 (q, J = 12.3 Hz, 2H), 1.35 (s, 3H). 

13C NMR (101 MHz, DMSO) δ 87.02 (s), 74.39 (s), 66.76 (s), 60.09 (s), 27.21 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+ 148.0481 found 148.0478. 
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Figure S17: 1H-NMR spectrum of C09, 1H NMR (400 MHz, DMSO) δ 5.85 (s, 1H), 3.39 (s, 1H), 3.27 

(q, J = 12.3 Hz, 2H), 1.35 (s, 3H). 

 

 

Figure S18: 13C-NMR spectrum of C09, 13C NMR (101 MHz, DMSO) δ 87.02 (s), 74.39 (s), 66.76 (s), 

60.09 (s), 27.21 (s). 
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8.2.10 (C10) But-3-en-1-yn-1-yltrimethylsilane 

 

 

 

Bis(triphenylphosphine) palladium(II) dichloride (505 mg, 0.72 mmol, 0.02 eq), copper(I) 

iodide (274 mg, 1.44 mmol, 0.04 eq) and triphenylphosphine (378 mg, 1.44 mmol, 0.04 eq) 

were added to a 250 mL round flask. The flask was purged with argon for 5 min and 

triethylamine (10.1 mL, 72.2 mmol, 2.0 eq), ethynyltrimethylsilane (5.00 mL, 36.1 mmol, 

1.0 eq) and finally a 1 M solution of vinyl bromide in THF (47.0 mL, 46.9 mmol, 1.2 eq) were 

added. The reaction mixture was purged with argon for another 20 min and then stirred at room 

temperature for 18 hours. Afterwards, the reaction was quenched with water (200 mL) and a 

1 M HCl solution was added until pH < 2 was reached. The aqueous phase was then extracted 

with DCM (3 × 50 mL). The organic fractions were collected, dried over magnesium sulfate 

and the solvents were removed by distillation with a Vigreux column (DCM, 1 atm, 70 °C), 

(THF, 1 atm, 100 °C). The crude material was purified by flash chromatography (silica, c-Hex) 

and the solvent was removed by distillation with a Vigreux column (c-Hex, 1 atm, 110 °C) in 

order to give C10 as a transparent solution in cyclohexane. (No yield reported for this step) 

 

1H NMR (400 MHz, CDCl3) δ 5.82 (dd, J = 17.6, 11.0 Hz, 1H), 5.69 (dd, J = 17.6, 2.4 Hz, 1H), 5.49 (dd, J = 

11.0, 2.4 Hz, 1H), 0.37 – 0.02 (m, 9H). 

13C NMR (101 MHz, CDCl3) δ 128.19 (s), 117.57 (s), 104.03 (s), 95.37 (s), 0.13 (s). 
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Figure S19: 1H-NMR spectrum of C10, 1H NMR (400 MHz, CDCl3) δ 5.82 (dd, J = 17.6, 11.0 Hz, 1H), 

5.69 (dd, J = 17.6, 2.4 Hz, 1H), 5.49 (dd, J = 11.0, 2.4 Hz, 1H), 0.37 – 0.02 (m, 9H). 

 

Figure S20: 13C-NMR spectrum of C10, 13C NMR (101 MHz, CDCl3) δ 128.19 (s), 117.57 (s), 104.03 

(s), 95.37 (s), 0.13 (s). 
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8.2.11 (C11) Trimethyl(oxiran-2-ylethynyl)silane 

 

 

 

But-3-en-1-yn-1-yltrimethylsilane C10 (36.1 mmol, 1.0 eq) was prepared directly from the 

previous step. The liquid was diluted with DCM (80 mL) and cooled down to 0 °C. 

3-Chloroperoxybenzoic acid 70 weight% (8.1 g, 36.1 mmol, 1.0 eq) was added portionwise to 

the solution and the reaction was left stirring at room temperature for 18 hours. Afterwards, the 

reaction was quenched with a 1 M NaOH solution (50 mL) and sodium thiosulfate was added 

until no more peroxide was detected. The aqueous phase was then extracted with DCM 

(3 × 30 mL). The organic fractions were collected, dried over magnesium sulfate and the 

solvent was removed by distillation with a Vigreux column (1 atm, 70 °C). c-Hex (50 mL) was 

then added during the distillation to remove the remaining amount of DCM (c-Hex, 1 atm, 

110 °C). No more purification was needed to give C11 as a transparent solution in cyclohexane. 

(No yield reported for this step) 

 

1H NMR (400 MHz, CDCl3) δ 3.35 (t, J = 3.4 Hz, 1H), 2.90 (d, J = 3.4 Hz, 2H), 0.18 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 101.96 (s), 89.43 (s), 49.06 (s), 40.03 (s), -0.21 (s). 
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Figure S21: 1H-NMR spectrum of C11, 1H NMR (400 MHz, CDCl3) δ 3.35 (t, J = 3.4 Hz, 1H), 2.90 (d, 

J = 3.4 Hz, 2H), 0.18 (s, 9H). 

 

 

Figure S22: 13C-NMR spectrum of C11, 13C NMR (101 MHz, CDCl3) δ 101.96 (s), 89.43 (s), 49.06 (s), 

40.03 (s), -0.21 (s). 
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8.2.12 (C12) 1-Azidobut-3-yn-2-ol 

 

 

 

1-Bromobut-3-yn-2-ol C13 (340 mg, 2.28 mmol, 1.0 eq) was diluted in DMF (10 mL). Sodium 

azide (602 mg, 9.27 mmol, 1.5 eq) was added and the mixture was heated for 15 hours at 60 °C 

under argon atmosphere. Afterwards, water (500 mL) and brine (50 mL) were added and the 

aqueous phase was extracted with DCM (3 × 50 mL). The organic fractions were collected, 

dried over magnesium sulfate and the solvent was removed under reduced pressure. The crude 

material was purified by flash chromatography (silica, Et2O / PE, 1:3) in order to give C12 as 

a transparent liquid. (286 mg, 2.57 mmol, 42% yield) 

 

1H NMR (400 MHz, CDCl3) δ 4.53 (ddd, J = 6.1, 4.5, 2.2 Hz, 1H), 3.54 – 3.42 (m, 2H), 2.56 (d, J = 2.2 Hz, 1H), 

2.19 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 81.51 (s), 75.01 (s), 61.82 (s), 56.38 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+
 134.0325 found 134.0323. 
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Figure S23: 1H-NMR spectrum of C12, 1H NMR (400 MHz, CDCl3) δ 4.53 (ddd, J = 6.1, 4.5, 2.2 Hz, 

1H), 3.54 – 3.42 (m, 2H), 2.56 (d, J = 2.2 Hz, 1H), 2.19 (s, 1H). 

 

 

Figure S24: 13C-NMR spectrum of C12, 13C NMR (101 MHz, CDCl3) δ 81.51 (s), 75.01 (s), 61.82 (s), 

56.38 (s). 
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8.2.13 (C13) 1-Bromobut-3-yn-2-ol 

 

 

 

Ethyl 2-bromoacetate (1.66 mL, 15.0 mmol, 1.0 eq) was dissolved in dry toluene (15 mL) under 

argon atmosphere and the solution was cooled down to -84 °C (ethyl acetate / liquid nitrogen 

bath). 1 M DIBAL-H solution in toluene (15.0 mL, 15.0 mmol, 1.0 eq) was added over 30 min. 

The resulting mixture was stirred for 1 hour at -84 °C before being heated up to 0 °C. 0.5 M 

ethynyl magnesium bromide solution in THF (32.0 mL, 16.0 mmol, 1.05 eq) was added over 

15 min and the mixture was stirred another 15 min at 0 °C. Afterwards, the reaction was 

quenched at 0 °C by addition of a saturated ammonium chloride solution (20 mL) and the 

aqueous phase was extracted with ethyl acetate (3 × 50 mL). The organic fractions were 

collected, dried over magnesium sulfate and the solvent was removed under reduced pressure. 

The crude material was purified by flash chromatography (silica, Et2O / PE, 1:4) in order to 

give C13 as a slightly yellowish liquid. (920 mg, 6.18 mmol, 41% yield) 

 

1H NMR (400 MHz, DMSO) δ 5.99 (d, J = 4.2 Hz, 1H), 4.45 (m, 1H), 3.54 – 3.46 (m, 2H), 3.42 (d, J = 2.1 Hz, 

1H). 

13C NMR (101 MHz, DMSO) δ 83.66 (s), 75.51 (s), 60.74 (s), 37.54 (s). 
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Figure S25: 1H-NMR spectrum of C13, 1H NMR (400 MHz, DMSO) δ 5.99 (d, J = 4.2 Hz, 1H), 4.45 

(m, 1H), 3.54 – 3.46 (m, 2H), 3.42 (d, J = 2.1 Hz, 1H). 

 

 

Figure S26: 13C-NMR spectrum of C13, 13C NMR (101 MHz, DMSO) δ 83.66 (s), 75.51 (s), 60.74 (s), 

37.54 (s). 
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8.2.14 (C14) 1-Chlorobut-3-yn-2-ol 

 

 

 

Ethyl 2-chloroacetate (1.53 mL, 14.3 mmol, 1.00 eq) was dissolved in dry toluene (10 mL) 

under argon atmosphere and the solution was cooled down to -84 °C (ethyl acetate / liquid 

nitrogen bath). 1.0 M DIBAL-H solution in toluene (15.0 mL, 15.0 mmol, 1.05 eq) was added 

over 30 min. The resulting mixture was stirred for 1 hour at -84 °C before being heated up to 

0 °C. 0.5 M ethynyl magnesium chloride solution in THF/toluene (30.0 mL, 15.0 mmol, 

1.05 eq) was added over 15 min and the mixture was stirred another 15 min at 0 °C. Afterwards, 

the reaction was directly quenched at 0 °C by addition of a saturated ammonium chloride 

solution (20 mL) and the aqueous phase was extracted with DCM (3 × 50 mL). The organic 

fractions were collected, dried over magnesium sulfate and the solvent was removed under 

reduced pressure. The crude material was purified by flash chromatography (silica, Et2O / PE, 

1:4) in order to give C14 as a yellowish liquid. (538 mg, 5.15 mmol, 36% yield) 

 

1H NMR (400 MHz, CDCl3) δ 4.61 (ddd, J = 6.3, 4.2, 2.2 Hz, 1H), 3.70 (ddd, J = 17.4, 11.2, 5.2 Hz, 2H), 2.55 

(d, J = 2.2 Hz, 1H), 2.49 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 81.04 (s), 74.76 (s), 62.43 (s), 48.87 (s). 
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Figure S27: 1H-NMR spectrum of C14, 1H NMR (400 MHz, CDCl3) δ 4.61 (ddd, J = 6.3, 4.2, 2.2 Hz, 

1H), 3.70 (ddd, J = 17.4, 11.2, 5.2 Hz, 2H), 2.55 (d, J = 2.2 Hz, 1H), 2.49 (s, 1H). 

 

Figure S28: 13C-NMR spectrum of C14, 13C NMR (101 MHz, CDCl3) δ 81.04 (s), 74.76 (s), 62.43 (s), 

48.87 (s). 
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8.2.15 (C15) 5-Bromopent-1-yn-3-ol 

 

 

 

Methyl 3-bromopropanoate (1.56 mL, 14.3 mmol, 1.00 eq) was dissolved in dry toluene 

(10 mL) under argon atmosphere and the solution was cooled down to -84 °C (ethyl acetate / 

liquid nitrogen bath). 1.0 M DIBAL-H solution in toluene (15.0 mL, 15.0 mmol, 1.05 eq) was 

added over 30 min. The resulting mixture was stirred for 1 hour at -84 °C before being heated 

up to 0 °C. 0.5 M ethynyl magnesium bromide solution in THF (30.0 mL, 15.0 mmol, 1.05 eq) 

was added over 15 min and the mixture was stirred another 15 min at 0 °C. Afterwards, the 

reaction was directly quenched at 0 °C by addition of a saturated ammonium chloride solution 

(20 mL) and the aqueous phase was extracted with DCM (3 × 50 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvent was removed under reduced 

pressure. The crude material was purified by flash chromatography (silica, Et2O / PE, 1:4) in 

order to give C15 as a transparent liquid. (873 mg, 5.36 mmol, 37% yield) 

 

1H NMR (400 MHz, CDCl3) δ 4.62 (ddd, J = 7.6, 5.7, 2.1 Hz, 1H), 3.56 (tdt, J = 12.6, 10.2, 6.3 Hz, 2H), 2.52 (d, 

J = 2.1 Hz, 1H), 2.35 – 2.16 (m, 2H), 2.11 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 83.67 (s), 74.02 (s), 60.57 (s), 40.09 (s), 28.76 (s). 
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Figure S29: 1H-NMR spectrum of C15, 1H NMR (400 MHz, CDCl3) δ 4.62 (ddd, J = 7.6, 5.7, 2.1 Hz, 

1H), 3.56 (tdt, J = 12.6, 10.2, 6.3 Hz, 2H), 2.52 (d, J = 2.1 Hz, 1H), 2.35 – 2.16 (m, 2H), 2.11 (s, 1H). 

 

Figure S30: 13C-NMR spectrum of C15, 13C NMR (101 MHz, CDCl3) δ 83.67 (s), 74.02 (s), 60.57 (s), 

40.09 (s), 28.76 (s). 
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8.2.16 (C16) 5-Azidopent-1-yn-3-ol 

 

 

 

5-Bromopent-1-yn-3-ol C15 (873 mg, 5.36 mmol, 1.0 eq) was diluted in DMF (10 mL) and 

water (2 mL). Sodium azide (523 mg, 8.04 mmol, 1.5 eq) was added and the mixture was heated 

for 18 hours at 60 °C under argon atmosphere. Afterwards, water (500 mL) and brine (50 mL) 

were added and the aqueous phase was extracted with DCM (3 × 50 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvent was removed under reduced 

pressure. The crude material was purified by flash chromatography (silica, Et2O / PE, 1:3) in 

order to give C16 as a transparent liquid. (414 mg, 3.31 mmol, 62% yield) 

 

1H NMR (400 MHz, CDCl3) δ 4.53 (td, J = 6.3, 2.1 Hz, 1H), 3.63 – 3.42 (m, 2H), 2.51 (d, J = 2.2 Hz, 1H), 2.06 

(s, 1H), 1.96 (dd, J = 13.1, 6.4 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 83.76 (s), 74.00 (s), 59.89 (s), 47.73 (s), 36.36 (s). 
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Figure S31: 1H-NMR spectrum of C16, 1H NMR (400 MHz, CDCl3) δ 4.53 (td, J = 6.3, 2.1 Hz, 1H), 

3.63 – 3.42 (m, 2H), 2.51 (d, J = 2.2 Hz, 1H), 2.06 (s, 1H), 1.96 (dd, J = 13.1, 6.4 Hz, 2H). 

 

Figure S32: 13C-NMR spectrum of C16, 13C NMR (101 MHz, CDCl3) δ 83.76 (s), 74.00 (s), 59.89 (s), 

47.73 (s), 36.36 (s). 
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8.3 RAFT Agents Synthesis – Project Part I 

8.3.1 (R01) Benzyl 2-(((benzylthio)carbonothioyl)thio)

 propanoate 

 

2-Mercaptopropanoic acid (0.83 mL, 9.25 mmol, 1.1 eq) and triethylamine (2.58 mL, 

18.5 mmol, 2.2 eq) were dissolved in dry DCM (2 mL) The mixture was cooled down to 0 °C 

and carbon disulfide (1.67 mL, 27.8 mmol, 3.3 eq) was added. After 5 min, 

(bromomethyl)benzene (1.00 mL, 8.41 mmol, 1.0 eq) was added and the reaction was left 

stirring at room temperature for 60 min. Afterwards, water (10 mL) was added to the reaction 

mixture and 1 M HCl was added until pH < 2 was reached. The aqueous phase was then 

extracted with DCM (3 × 30 mL). The organic fractions were collected, dried over magnesium 

sulfate and the solvent was removed under reduced pressure in order to obtain a yellow oil. The 

freshly obtained yellow oil was dissolved in dry DCM (20 mL) without further purification. 

DMAP (114 mg, 0.93 mmol, 0.1 eq), phenylmethanol (1.91 mL, 18.5 mmol, 2.0 eq) were 

added and the mixture was cooled down to 0 °C. EDC (3.55 g, 18.5 mmol, 2.0 eq) was added 

and the reaction was left stirring at room temperature for 18 hours. Afterwards, water (20 mL) 

was added to the reaction mixture and 1 M HCl was added until pH < 2 was reached. The 

aqueous phase was then extracted with DCM (3 × 30 mL). The organic fractions were collected, 

dried over magnesium sulfate and the solvent was removed under reduced pressure. The crude 

material was purified by flash chromatography (silica, PhMe / c-Hex, 1:1) in order to give R01 

as a yellow oil. (2.75 g, 7.59 mmol, 82% yield) 

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.27 (m, 10H), 5.18 (d, J = 1.2 Hz, 2H), 4.87 (q, J = 7.4 Hz, 1H), 4.59 (s, 

2H), 1.62 (d, J = 7.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 221.16 (s), 171.04 (s), 135.46 (s), 134.79 (s), 129.41 (s), 128.88 (s), 128.72 (s), 

128.52 (s), 128.30 (s), 128.01 (s), 67.67 (s), 48.29 (s), 41.88 (s), 16.95 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+ 385.0361 found 385.0351. 
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Figure S33: 1H-NMR spectrum of R01, 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.27 (m, 10H), 5.18 (d, J 

= 1.2 Hz, 2H), 4.87 (q, J = 7.4 Hz, 1H), 4.59 (s, 2H), 1.62 (d, J = 7.4 Hz, 3H). 

 

Figure S34: 
13C-NMR spectrum of R01, 13C NMR (101 MHz, CDCl3) δ 221.16 (s), 171.04 (s), 135.46 

(s), 134.79 (s), 129.41 (s), 128.88 (s), 128.72 (s), 128.52 (s), 128.30 (s), 128.01 (s), 67.67 (s), 48.29 (s), 41.88 (s), 

16.95 (s). 
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8.3.2 (R02) Tribenzyl2,2',2''-((((benzene-1,3,5-triyltris

 (methylene))tris(sulfanediyl))tris(carbonothioyl))

 tris(sulfanediyl))tripropionate 

 

2-Mercaptopropanoic acid (0.413 mL, 4.62 mmol, 3.3 eq) and triethylamine (1.29 mL, 

9.24 mmol, 6.6 eq) were dissolved in dry DCM (5 mL) The mixture was cooled down to 0 °C 

and carbon disulfide (0.505 mL, 8.40 mmol, 6.0 eq) was added. After 5 min, 

1,3,5-tris(bromomethyl)benzene (0.50 g, 1.40 mmol, 1.0 eq) was added and the reaction was 

stirred at room temperature for 1.5 hours. Afterwards, water (10 mL) was added to the reaction 

mixture and a 1 M HCl solution was added until pH < 2 was reached. The aqueous phase was 

then extracted with DCM (3 × 30 mL). The organic fractions were collected, dried over 

magnesium sulfate and the solvent was removed under reduced pressure in order to obtain a 

yellow oil.  

The freshly obtained yellow oil was dissolved in dry DCM (20 mL) without further purification. 

DMAP (112 mg, 0.92 mmol, 0.2 eq), phenylmethanol (1.90 mL, 18.4 mmol, 4.0 eq) were 

added and the mixture was cooled down to 0 °C. EDC (3.53 g, 18.4 mmol, 4.0 eq) was added 

and the reaction was left under stirring at room temperature for 18 hours. Afterwards, water 

(20 mL) was added to the reaction mixture and a 1 M HCl solution was added until pH < 2 was 

reached. The aqueous phase was then extracted with DCM (3 × 30 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvent was removed under reduced 

pressure. The crude material was purified by flash chromatography (silica, PhMe) in order to 

give R02 as a yellow oil. (0.716 g, 0.77 mmol, 55% yield) 

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.29 (m, 15H), 7.19 (s, 3H), 5.22 – 5.13 (m, 6H), 4.86 (q, J = 7.4 Hz, 3H), 

4.51 (q, J = 13.6 Hz, 6H), 1.62 (d, J = 7.4 Hz, 9H). 

13C NMR (101 MHz, CDCl3) δ 220.63 (s), 170.93 (s), 136.23 (s), 135.44 (s), 129.70 (s), 128.72 (s), 128.54 (s), 

128.29 (s), 67.68 (s), 48.43 (s), 41.10 (s), 16.96 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+ 953,0360 found 953.0353. 
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Figure S35: 1H-NMR spectrum of R02, 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.29 (m, 15H), 7.19 (s, 

3H), 5.22 – 5.13 (m, 6H), 4.86 (q, J = 7.4 Hz, 3H), 4.51 (q, J = 13.6 Hz, 6H), 1.62 (d, J = 7.4 Hz, 9H). 

 

Figure S36: 13C-NMR spectrum of R02, 13C NMR (101 MHz, CDCl3) δ 220.63 (s), 170.93 (s), 136.23 

(s), 135.44 (s), 129.70 (s), 128.72 (s), 128.54 (s), 128.29 (s), 67.68 (s), 48.43 (s), 41.10 (s), 16.96 (s). 
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8.3.3 (R03) Tris(3-azido-5-ethynylbenzyl)2,2',2''-((((

 benzene-1,3,5triyltris(methylene))tris(sulfanediyl

 ))tris(carbonothioyl))tris(sulfanediyl))tripropionate 

 

2-Mercaptopropanoic acid (0.082 mL, 0.92 mmol, 3.3 eq) and triethylamine (0.260 mL, 

1.85 mmol, 6.6 eq) were dissolved in dry DCM (1 mL) The mixture was cooled down to 0 °C 

and carbon disulfide (0.101 mL, 1.68 mmol, 6.0 eq) was added. After 5 min, 

1,3,5-tris(bromomethyl)benzene (0.100 g, 0.28 mmol, 1.0 eq) was added and the reaction was 

stirred at room temperature for 1.5 hours. Afterwards, water (10 mL) was added to the reaction 

mixture and 1 M HCl was added until pH < 2 was reached. The aqueous phase was then 

extracted with DCM (3 × 30 mL) and THF (3 × 5 mL) as extraction cosolvent. The organic 

fractions were collected, dried over magnesium sulfate and the solvent was removed under 

reduced pressure in order to obtain a yellow oil.  

The freshly obtained yellow oil was dissolved in dry THF (6 mL) without further purification. 

DMAP (17 mg, 0.14 mmol, 0.5 eq), (3-azido-5-ethynylphenyl)methanol C03 (194 mg, 

1.12 mmol, 4.0 eq) were added and the mixture was cooled down to 0 °C. EDC (322 mg, 

1.68 mmol, 6.0 eq) was added and the reaction was left under stirring at room temperature for 

18 hours. Afterwards, water (20 mL) was added to the reaction mixture and 1 M HCl was added 

until pH < 2 was reached. The aqueous phase was then extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was purified by flash chromatography 

(silica, DCM) followed by a consecutive (silica, PhMe) flash chromatography in order to give 

R03 as a yellow oil. (49 mg, 0.044 mmol, 16% yield) 

1H NMR (400 MHz, CDCl3) δ 7.25 – 7.18 (m, J = 12.0 Hz, 6H), 7.12 – 7.06 (m, 3H), 6.98 (s, 3H), 5.17 – 5.07 

(m, 6H), 4.86 (q, J = 7.4 Hz, 3H), 4.52 (q, J = 13.6 Hz, 6H), 3.12 (s, 3H), 1.63 (d, J = 7.4 Hz, 9H). 

13C NMR (101 MHz, CDCl3) δ 220.54 (s), 170.80 (s), 140.88 (s), 137.77 (s), 136.17 (s), 129.75 (s), 128.00 (s), 

124.20 (s), 122.36 (s), 119.03 (s), 82.32 (s), 78.81 (s), 66.30 (s), 48.13 (s), 41.20 (s), 16.75 (s).  

ESI-HRMS (m/z) calculated for [M+Na]+
 1148,0402 found 1148.0394. 
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Figure S37: 1H-NMR spectrum of R03, 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.18 (m, J = 12.0 Hz, 6H), 

7.12 – 7.06 (m, 3H), 6.98 (s, 3H), 5.17 – 5.07 (m, 6H), 4.86 (q, J = 7.4 Hz, 3H), 4.52 (q, J = 13.6 Hz, 6H), 3.12 (s, 

3H), 1.63 (d, J = 7.4 Hz, 9H). 

 

Figure S38: 
13C-NMR spectrum of R03, 13C NMR (101 MHz, CDCl3) δ 220.54 (s), 170.80 (s), 140.88 

(s), 137.77 (s), 136.17 (s), 129.75 (s), 128.00 (s), 124.20 (s), 122.36 (s), 119.03 (s), 82.32 (s), 78.81 (s), 66.30 (s), 

48.13 (s), 41.20 (s), 16.75 (s). 
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8.3.4 (R04) Tris(1-(3-azidophenyl)but-3-yn-1-yl)2,2',2''-

 ((((benzene-1,3,5-triyltris(methylene))tris(sulfane

 diyl))tris(carbonothioylsulfanediyl))tripropionate 

 

2-Mercaptopropanoic acid (0.042 mL, 0.465 mmol, 3.1 eq) and triethylamine (0.125 mL, 

0.90 mmol, 6.0 eq) were dissolved in dry DCM (1 mL) The mixture was cooled down to 0 °C 

and carbon disulfide (0.036 mL, 0.60 mmol, 4.0 eq) was added. After 5 min, 

1,3,5-tris(bromomethyl)benzene (0.053 g, 0.15 mmol, 1.0 eq) was added and the reaction was 

stirred at room temperature for 18 hours. Afterwards, water (5 mL) was added to the reaction 

mixture and 1 M HCl was added until pH < 2 was reached. The aqueous phase was then 

extracted with DCM (3 × 20 mL) and THF (3 × 2 mL) as extraction cosolvent. The organic 

fractions were collected, dried over magnesium sulfate and the solvent was removed under 

reduced pressure in order to obtain a yellow oil. The freshly obtained yellow oil was dissolved 

in dry DCM (1 mL) without further purification. DMAP (18 mg, 0.15 mmol, 1.0 eq), 

1-(3-azidophenyl)but-3-yn-1-ol C07 (110 mg, 0.59 mmol, 4.0 eq) were added and the mixture 

was cooled down to 0 °C. EDC (230 mg, 1.20 mmol, 8.0 eq) was added and the reaction was 

left stirring at room temperature for 48 hours. Afterwards, water (20 mL) was added to the 

reaction mixture and 1 M HCl was added until pH < 2 was reached. The aqueous phase was 

then extracted with DCM (3 × 20 mL). The organic fractions were collected, dried over 

magnesium sulfate and the solvent was removed under reduced pressure. The crude material 

was purified by flash chromatography (silica, PhMe) and (silica, DCM) in order to give R04 as 

a yellow oil. (29 mg, 0.025 mmol, 17% yield) 

1H NMR (400 MHz, CDCl3) δ 7.33 (t, J = 7.7 Hz, 3H), 7.19 (dd, J = 7.8, 4.0 Hz, 3H), 7.13 (dd, J = 7.7, 3.9 Hz, 

3H), 7.08 – 6.95 (m, 6H), 5.85 (t, J = 6.6 Hz, 3H), 4.87 (dq, J = 14.9, 7.4 Hz, 3H), 4.62 – 4.39 (m, 6H), 2.85 – 

2.62 (m, 6H), 1.99 (dd, J = 3.9, 2.5 Hz, 3H), 1.63 (dd, J = 13.7, 7.4 Hz, 9H).13C NMR (101 MHz, CDCl3) δ 

220.45 (s), 170.04 (s), 169.94 (s), 140.48 (s), 140.46 (s), 140.45 (s), 140.42 (s), 136.20 (s), 130.07 (s), 129.73 (s), 

123.12 (s), 123.08 (s), 119.26 (s), 117.20 (s), 117.15 (s), 78.89 (s), 78.77 (s), 74.45 (s), 71.51 (s), 71.36 (s), 48.27 

(s), 41.14 (s), 26.57 (s), 26.54 (s), 16.73 (s), 16.67 (s).ESI-HRMS (m/z) calculated for [M+Na]+
 1190.0871 found 

1190.0906. 
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Figure S39: 1H-NMR spectrum of R04, 1H NMR (400 MHz, CDCl3) δ 7.33 (t, J = 7.7 Hz, 3H), 7.19 (dd, 

J = 7.8, 4.0 Hz, 3H), 7.13 (dd, J = 7.7, 3.9 Hz, 3H), 7.08 – 6.95 (m, 6H), 5.85 (t, J = 6.6 Hz, 3H), 4.87 (dq, J = 

14.9, 7.4 Hz, 3H), 4.62 – 4.39 (m, 6H), 2.85 – 2.62 (m, 6H), 1.99 (dd, J = 3.9, 2.5 Hz, 3H), 1.63 (dd, J = 13.7, 7.4 

Hz, 9H). 

 

Figure S40: 
13C-NMR spectrum of R04, 13C NMR (101 MHz, CDCl3) δ 220.45 (s), 170.04 (s), 169.94 

(s), 140.48 (s), 140.46 (s), 140.45 (s), 140.42 (s), 136.20 (s), 130.07 (s), 129.73 (s), 123.12 (s), 123.08 (s), 119.26 

(s), 117.20 (s), 117.15 (s), 78.89 (s), 78.77 (s), 74.45 (s), 71.51 (s), 71.36 (s), 48.27 (s), 41.14 (s), 26.57 (s), 26.54 

(s), 16.73 (s), 16.67 (s). 
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8.3.5 (R05) Tris(1-azidobut-3-yn-2-yl)2,2',2'' 

 ((((benzene-1,3,5triyltris(methylene))

 tris(sulfanediyl))tris(carbonothioyl))

 tris(sulfanediyl))tripropionate 

 

2-Mercaptopropanoic acid (0.141 mL, 1.58 mmol, 3.1 eq) and triethylamine (0.50 mL, 

3.6 mmol, 7.0 eq) were dissolved in dry DCM (3 mL) The mixture was cooled down to 0 °C 

and carbon disulfide (0.120 mL, 2.0 mmol, 4.0 eq) was added. After 5 min, 

1,3,5-tris(bromomethyl)benzene (182 mg, 0.51 mmol, 1.0 eq) was added and the reaction was 

stirred at room temperature for 24 hours. Afterwards, water (20 mL) was added to the reaction 

mixture and 1 M HCl was added until pH < 2 was reached. The aqueous phase was then 

extracted with DCM (3 × 20 mL) and THF (3 × 2 mL) as extraction cosolvent. The organic 

fractions were collected, dried over magnesium sulfate and the solvent was removed under 

reduced pressure in order to obtain a yellow oil. The freshly obtained yellow oil was dissolved 

in dry DCM (5 mL) without further purification. DMAP (32 mg, 0.26 mmol, 0.5 eq), 

1-(3-azidophenyl)but-3-yn-1-ol C12 (278 mg, 2.55 mmol, 5.0 eq) were added and the mixture 

was cooled down to 0 °C. EDC (489 mg, 2.55 mmol, 5.0 eq) was added and the reaction was 

left under stirring at room temperature for 72 hours. Afterwards, water (20 mL) was added to 

the reaction mixture and 1 M HCl was added until pH < 2 was reached. The aqueous phase was 

then extracted with DCM (3 × 20 mL). The organic fractions were collected, dried over 

magnesium sulfate and the solvent was removed under reduced pressure. The crude material 

was purified by flash chromatography columns (silica, PhMe) and (silica, DCM) in order to 

give R05 as a yellow oil. (228 mg, 0.242 mmol, 47% yield) 

1H NMR (400 MHz, CDCl3) δ 7.20 (s, 3H), 5.62 – 5.34 (m, 3H), 4.82 (qd, J = 7.4, 1.2 Hz, 3H), 4.58 – 4.47 (m, 

6H), 3.62 – 3.47 (m, 6H), 2.58 (dd, J = 5.1, 2.2 Hz, 3H), 1.65 (dd, J = 7.4, 0.9 Hz, 9H). 

13C NMR (101 MHz, CDCl3) δ 220.38 (s), 220.36 (s), 169.89 (s), 169.85 (s), 136.20 (s), 136.18 (s), 129.76 (s), 

77.56 (s), 77.36 (s), 76.33 (s), 76.24 (s), 64.26 (s), 53.56 (s), 53.54 (s), 48.16 (s), 48.02 (s), 41.18 (s), 16.55 (s), 

16.46 (s). 

ESI-HRMS (m/z) calculated for [M+Na]+ 961.9932 found 961.9926. 
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Figure S41: 1H-NMR spectrum of R05, 1H NMR (400 MHz, CDCl3) δ 7.20 (s, 3H), 5.62 – 5.34 (m, 3H), 

4.82 (qd, J = 7.4, 1.2 Hz, 3H), 4.58 – 4.47 (m, 6H), 3.62 – 3.47 (m, 6H), 2.58 (dd, J = 5.1, 2.2 Hz, 3H), 1.65 (dd, 

J = 7.4, 0.9 Hz, 9H). 

 

Figure S42: 13C-NMR spectrum of R05, 13C NMR (101 MHz, CDCl3) δ 220.38 (s), 220.36 (s), 169.89 

(s), 169.85 (s), 136.20 (s), 136.18 (s), 129.76 (s), 77.56 (s), 77.36 (s), 76.33 (s), 76.24 (s), 64.26 (s), 53.56 (s), 

53.54 (s), 48.16 (s), 48.02 (s), 41.18 (s), 16.55 (s), 16.46 (s). 
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8.3.6 (R06) 2,2',2''-((((Benzene-1,3,5-triyltris

 (methylene))tris(sulfanediyl))tris(carbonothioyl))

 tris(sulfanediyl))tripropionic acid 

 

 

 

2-Mercaptopropanoic acid (0.413 mL, 4.62 mmol, 3.3 eq) and triethylamine (1.29 mL, 

9.24 mmol, 6.6 eq) were dissolved in dry DCM (5 mL) The mixture was cooled down to 0 °C 

and carbon disulfide (0.505 mL, 8.40 mmol, 6.0 eq) was added. After 5 min, 

1,3,5-tris(bromomethyl)benzene (0.500 g, 1.40 mmol, 1.0 eq) was added and the reaction was 

stirred at room temperature for 1 hour. Afterwards, water (20 mL) was added to the reaction 

mixture and 1 M HCl solution was added until pH < 2 was reached. The aqueous phase was 

then extracted with DCM (3 × 30 mL) and THF (3 × 5 mL) as extraction cosolvent. The organic 

fractions were collected, dried over magnesium sulfate and the solvent was removed under 

reduced pressure in order to obtain R06 as a yellow oil. (0.86 g, 1.30 mmol, 93% yield) 

1H NMR (400 MHz, DMSO) δ 13.20 (s, 3H), 7.34 (s, 3H), 4.72 – 4.58 (m, 9H), 1.52 (d, J = 7.3 Hz, 9H). 

13C NMR (101 MHz, DMSO) δ 221.05 (s), 171.47 (s), 136.11 (s), 129.49 (s), 48.44 (s), 30.43 (s), 16.79 (s). 
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Figure S43: 1H-NMR spectrum of R06, 1H NMR (400 MHz, DMSO) δ 13.20 (s, 3H), 7.34 (s, 3H), 4.72 

– 4.58 (m, 9H), 1.52 (d, J = 7.3 Hz, 9H). 

 

 

Figure S44: 13C-NMR spectrum of R06, 13C NMR (101 MHz, DMSO) δ 221.05 (s), 171.47 (s), 136.11 

(s), 129.49 (s), 48.44 (s), 30.43 (s), 16.79 (s). 
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8.4 Polymer Synthesis and Post-Polymerization 

Modifications – Project Part I 

8.4.1 (P01) Polymerization of Styrene by RAFT agent 

 R01 

 

2,2′-Azobis(2-methylpropionitrile) (1.6 mg, 0.01 mmol, 0.1 eq) and RAFT agent R01 (36 mg, 

0.1 mmol, 1.0 eq) were added to disinhibited styrene (2.30 mL, 20 mmol, 200 eq). The 

homogeneous mixture was sealed under argon atmosphere before being stirred at 80 °C for 

4 hours. Samples (0.5 mL) were taken from the reaction after 1, 2 and 4 hours and reprecipitated 

in cold MeOH in order to follow P01 polymerization by SECTHF and 1H-NMR analyses. 

Table S1: Overview of polymer P01 data. 

 

 

Figure S45: SECTHF traces of polymer P01 (left); 1H-NMR spectrum of polymer P01–4h (right). 
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1
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1 P01 1 1.8 1.8 2.3 1.27 

2 P01 2 2.8 3.1 3.7 1.20 

3 P01 4 4.8 4.9 5.7 1.17 
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8.4.2 (P01-SH) Trithiocarbonate Aminolysis of P01 

 

 

 

Typical procedure for each P01 sample. A polymer sample (4.0 mg) was dissolved in DCM 

(0.5 mL). A large excess of n-propylamine (0.1 mL) was added to the yellow solution. After 

10 minutes, the remaining n-propylamine and solvent were evaporated and the corresponding 

transparent solid P01-SH was characterized by SECTHF analysis. 

Table S2: Overview of polymer P01-SH data. 

 

 

Figure S46: SECTHF traces of polymers P01 and P01-SH (left); Plot of DP vs Time for P01 

polymerization (right). 
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1 P01-SH 1 1.6 1.4 1.7 1.28 

2 P01-SH 2 2.6 2.3 2.7 1.21 

3 P01-SH 4 4.6 3.3 3.9 1.16 
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8.4.3 (P02) Polymerization of Methyl Acrylate by 

 RAFT Agent R01 

 

 

 

2,2′-Azobis(2-methylpropionitrile) (1.6 mg, 0.01 mmol, 0.1 eq) and RAFT agent R01 (36 mg, 

0.1 mmol, 1.0 eq) were added to disinhibited methyl acrylate (1.80 mL, 20 mmol, 200 eq). The 

homogeneous mixture was sealed under argon atmosphere before being stirred at 80 °C. After 

30 min, the reaction mixture started to became too viscous to be properly stirred and was 

therefore cooled down to room temperature. The resulting polymer was reprecipitated in cold 

MeOH in order to obtain P02 as a yellow solid and was subsequently characterized by SECTHF 

and 1H-NMR analyses. 

 

Figure S47: SECTHF trace of polymer P02 (left); 1H-NMR spectrum of polymer P02 (right). 
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8.4.4 (P02-SH) Trithiocarbonate Aminolysis of P02 

 

 

 

P02 (4.0 mg) was dissolved in DCM (0.5 mL). A large excess of n-propylamine (0.1 mL) was 

added to the yellow solution. After 3 hours, the remaining n-propylamine and solvent were 

evaporated and the resulting transparent solid P02-SH was characterized by SECTHF analysis. 

 

Figure S48: SECTHF traces of polymers P02 and P02-SH. 
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8.4.5 (P03) Polymerization of Methyl Methacrylate by 

 RAFT Agent R01 

 

 

 

2,2′-Azobis(2-methylpropionitrile) (1.6 mg, 0.01 mmol, 0.1 eq) and RAFT agent R01 (36 mg, 

0.1 mmol, 1.0 eq) were added to disinhibited methyl methacrylate (2.14 mL, 20 mmol, 200 eq). 

The homogeneous mixture was sealed under argon atmosphere before being stirred at 80 °C. 

After 45 min, the reaction mixture started to become too viscous to be properly stirred and was 

therefore cooled down to room temperature. The resulting yellow polymer was reprecipitated 

in cold MeOH in order to obtain P03 as a white solid and was subsequently characterized by 

SECTHF and 1H-NMR analyses. 

 

Figure S49: SECTHF trace of polymer P03 (left); 1H-NMR spectrum of polymer P03 (right). 
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8.4.6 (P04) Polymerization of Styrene by RAFT Agent 

 R02 

 

2,2′-Azobis(2-methylpropionitrile) (1.5 mg, 0.009 mmol, 0.3 eq) and RAFT agent R02 (28 mg, 

0.03 mmol, 1.0 eq) were added to disinhibited styrene (2.0 mL, 17.4 mmol, 580 eq). The 

homogeneous mixture was sealed under argon atmosphere before being stirred at 80 °C. 

Samples (0.3 mL) were taken from the reaction after 30, 60, 90, 120 and 180 minutes and 

reprecipitated in cold MeOH in order to follow P04 polymerization by SECTHF and 1H-NMR 

analyses. 

Table S3: Overview of polymer P04 data. 

 

Figure S50: SECTHF trace of polymer P04 (left); 1H-NMR spectrum of polymer P04–180min (right). 
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Entry Polymer 
Time 

/ min 

Mn,
1
H-NMR 

/ kg mol-1 

Mn,SEC/THF 

/ kg mol-1 

Mw,SEC/THF 

/ kg mol-1 
ĐTHF 

1 P04 30 3.3 2.4 3.1 1.31 

2 P04 60 5.1 3.4 4.3 1.26 

3 P04 90 7.2 4.4 5.5 1.25 

4 P04 120 8.6 5.4 6.8 1.26 

5 P04 180 11.2 7.1 9.5 1.37 
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8.4.7 (P04-SH) Trithiocarbonate Aminolysis of P04 

 

 

Typical procedure for each P04 sample. A polymer sample (4.0 mg) was dissolved in DCM 

(0.5 mL). A large excess of n-propylamine (0.1 mL) was added to the yellow solution. After 

10 minutes, the remaining n-propylamine and solvent were evaporated and the corresponding 

transparent solid P04-SH was characterized by SECTHF analysis. 

Table S4: Overview of polymer P04-SH data. 

 

Figure S51: SECTHF traces of polymer and P04-SH (left); Plot of DParm vs Time for P04 polymerization 

(right). 
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Entry Polymer 
Time  

/ min 

Mn,
1
H-NMR  

/ kg mol-1 

Mn,SEC/THF  

/ kg mol-1 

Mw,SEC/THF  

/ kg mol-1 
ĐTHF 

1 P04-SH 30 1.0 1.0 1.4 1.37 

2 P04-SH 60 1.6 1.5 2.0 1.31 

3 P04-SH 90 2.3 2.2 2.7 1.21 

4 P04-SH 120 2.7 2.8 3.4 1.20 

5 P04-SH 180 3.6 3.6 4.3 1.19 
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8.4.8 (P05) Polymerization of Styrene by RAFT Agent 

 R02 

 

A stock solution of 2,2′-azobis(2-methylpropionitrile) (2.2 mg, 0.013 mmol) in disinhibited 

styrene (10.0 mL, 87 mmol) was prepared. 2.0 mL of the stock solution including styrene 

(2.0 mL, 17.4 mmol, 530 eq) and 2,2′-azobis(2-methylpropionitrile) (0.43 mg, 0.0026 mmol, 

0.08 eq) were added to RAFT agent R02 (31 mg, 0.033 mmol, 1.0 eq). The homogeneous 

mixture was sealed under argon atmosphere before being stirred at 80 °C. Samples (0.3 mL) 

were taken from the reaction after 1, 2, 3, 4 and 6 hours and reprecipitated in cold MeOH in 

order to follow P05 polymerization by SECTHF and 1H-NMR analyses. 

Table S5: Overview of polymer P05 data. 

 

Figure S52: SECTHF trace of polymer P05 (left); 1H-NMR spectrum of polymer P05–6h (right). 
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kg mol-1 

Mw,SEC/THF / 

kg mol-1 
ĐTHF 

1 P05 1 3.1 2.4 3.2 1.32 

2 P05 2 5.0 3.4 4.3 1.28 

3 P05 3 7.1 4.2 5.3 1.27 

4 P05 4 8.2 4.9 6.3 1.29 

5 P05 6 10.5 6.0 8.3 1.37 
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8.4.9 (P05-SH) Trithiocarbonate Aminolysis of P05 

 
 

Typical procedure for each P05 sample. A polymer sample (4.0 mg) was dissolved in DCM 

(0.5 mL). A large excess of n-propylamine (0.1 mL) was added to the yellow solution. After 

10 minutes, the remaining n-propylamine and solvent were evaporated and the corresponding 

transparent solid P05-SH was characterized by SECTHF and analysis. 

Table S6: Overview of polymer P05-SH data. 

 

 

Figure S53: SECTHF traces of polymer P05-SH (left); Plot of DParm vs Time for P05 polymerization 

(right). 
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NMR/THF  

/ kg mol-1 

Mn,SEC/THF 

/ kg mol-1 

Mw,SEC/THF  

/ kg mol-1 
ĐTHF 

1 P05-SH 1 0.9 0.9 1.3 1.38 

2 P05-SH 2 1.6 1.5 1.9 1.29 

3 P05-SH 3 2.3 2.1 2.6 1.24 

4 P05-SH 4 2.6 2.5 3.0 1.21 

5 P05-SH 6 3.4 3.1 3.7 1.21 
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8.4.10 (P06) Polymerization of Methyl Acrylate by 

RAFT  Agent R02 

 

2,2′-Azobis(2-methylpropionitrile) (1.6 mg, 0.01 mmol, 0.33 eq) and RAFT agent R02 (31 mg, 

0.033 mmol, 1.0 eq) were added to 1 M disinhibited methyl acrylate (0.18 mL, 2.0 mmol, 

60 eq) in toluene (0.82 mL). The homogeneous mixture was sealed under argon atmosphere 

before being stirred at 80 °C. After 5 minutes, the mixture became turbid and a yellow solid 

precipitated. The resulting cross-linked polymer P06 was found to be totally insoluble in 

organic solvents and therefore no SECTHF nor 1H-NMR analysis was performed. 

 

8.4.11 (P07) Polymerization of Methyl Acrylate by 

RAFT Agent R02 

 

2,2′-Azobis(2-methylpropionitrile) (0.5 mg, 0.0033 mmol, 0.1 eq) and RAFT agent R02 

(31 mg, 0.033 mmol, 1.0 eq) were added to 1 M disinhibited methyl acrylate (0.09 mL, 

1.0 mmol, 30 eq) in dioxane (0.82 mL). The homogeneous mixture was sealed under argon 

atmosphere before being stirred at 80 °C. After 5 minutes, the mixture became turbid and a 

yellow solid precipitated. The resulting cross-linked polymer P07 was found to be totally 

insoluble in organic solvents and therefore no SECTHF nor 1H-NMR analysis was performed. 
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8.4.12 (P08) Polymerization of styrene by RAFT Agent 

 R03 

 

 

 

A stock solution of 2,2′-azobis(2-methylpropionitrile) (3.6 mg, 0.022 mmol) in disinhibited 

styrene (10.0 mL, 87 mmol) was prepared. 1.0 mL of the stock solution including styrene 

(1.0 mL, 8.7 mmol, 200 eq) and 2,2′-azobis(2-methylpropionitrile) (0.36 mg, 0.0022 mmol, 

0.05 eq) were added to RAFT agent R03 (49 mg, 0.0435 mmol, 1.0 eq). The homogeneous 

mixture was sealed under argon atmosphere before being stirred at 80 °C for 1 hour. 

Afterwards, the mixture was cooled down to room temperature, the remaining monomers were 

evaporated and the resulting polymer P08 was characterized by SECTHF analysis. 

 

Figure S54: SECTHF trace of polymer P08. 
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8.4.13 (P08-SH) Trithiocarbonate Aminolysis of P08 

 

 

 

P08 (4.0 mg) was dissolved in DCM (0.5 mL). A large excess of n-propylamine (0.1 mL) was 

added to the yellow solution. After 10 minutes, the remaining n-propylamine and solvent were 

evaporated and the resulting transparent solid P08-SH was characterized by SECTHF analysis. 

 

Figure S55: SECTHF trace of polymers P08 and P08-SH (left); Plot of DParm vs Time for P08 

polymerization and its comparison with P05 values (right). 
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8.4.14 (P09) Polymerization of Styrene by RAFT Agent 

 R01 and BPO/DMA as Co-initiators 

 

 

 

Benzoyl peroxide 75 weight% (45 mg, 0.14 mmol, 1.0 eq), N,N-dimethylaniline (17 mg, 

0.14 mmol, 1.0 eq) and RAFT agent R01 (50 mg, 0.14 mmol, 1.0 eq) were added to 

disinhibited styrene (2.0 mL, 17.4 mmol, 120 eq). The homogeneous mixture was sealed under 

argon atmosphere before being stirred at room temperature. Samples (0.3 mL) were taken from 

the reaction after 1, 3 and 22 hours in order to follow P09 polymerization by SECTHF analysis. 

Table S7: Overview of polymer P09 data. 

 

Figure S56: SECTHF traces of polymer P09. 
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1 P09 1 0.8 1.1 1.27 

2 P09 3 1.2 1.5 1.32 

3 P09 22 1.6 2.2 1.39 
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8.4.15 (P10) Polymerization of Styrene by RAFT Agent 

 R02 and V-70 as Initiator 

 

A stock solution of 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (2.5 mg, 0.0081 mmol) in 

disinhibited styrene (9.0 mL, 78 mmol) was prepared. 3.0 mL of the stock solution including 

styrene (3.0 mL, 26 mmol, 480 eq) and 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) 

(0.83 mg, 0.0027 mmol, 0.05 eq) were added to RAFT agent R02 (50 mg, 0.054 mmol, 1.0 eq). 

The homogeneous mixture was sealed under argon atmosphere before being stirred at 40 °C. 

Samples (0.3 mL) were taken from the reaction after 2, 5, 8 and 24 hours and reprecipitated in 

cold MeOH in order to follow P10 polymerization by SECTHF and 1H-NMR analyses. 

Table S8: Overview of polymer P10 data. 

 

 

Figure S57: SECTHF traces of polymer P10 (left); 1H-NMR spectrum of polymer P10–24h (right). 

8 7 6 5 4 3 2 1 0

d / ppm

2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

log M

  P10 – 2h

  P10 – 5h

  P10 – 8h

  P10 – 24h

Entry Polymer 
Time  

/ h 

Mn,
1
H-NMR  

/ kg mol-1 
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/ kg mol-1 

Mw,SEC/THF  

/ kg mol-1 
ĐTHF 

1 P10 2 2.5 1.9 2.6 1.43 

2 P10 5 3.5 2.7 3.6 1.35 

3 P10 8 4.5 3.3 4.3 1.31 

4 P10 24 5.5 4.3 5.7 1.33 
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8.4.16 (P10-SH) Trithiocarbonate Aminolysis of P10 

 

 

 

Typical procedure for each P10 sample. A polymer sample (4.0 mg) was dissolved in DCM 

(0.5 mL). A large excess of n-propylamine (0.1 mL) was added to the yellow solution. After 

10 minutes, the remaining n-propylamine and solvent were evaporated and the corresponding 

transparent solid P10-SH was characterized by SECTHF analysis. 

Table S9: Overview of polymer P10 -SH data. 

 

 

Figure S58: SECTHF traces of polymer P10-SH (left); Plot of DParm vs Time for P10 polymerization 

(right). 
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/ kg mol-1 
ĐTHF 

1 P10-SH 2 0.7 0.6 1.1 1.70 

2 P10-SH 5 1.0 1.1 1.6 1.45 

3 P10-SH 8 1.4 1.4 1.9 1.33 

4 P10-SH 24 1.7 2.1 2.7 1.30 
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8.4.17 (P11) Polymerization of Styrene by RAFT Agent 

 R04 and V-70 as Initiator 

 

 

 

A stock solution of 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (3.4 mg, 0.0081 mmol) in 

disinhibited styrene (12.8 mL, 111 mmol) was prepared. 1.28 mL of the stock solution 

including styrene (1.28 mL, 11.1 mmol, 500 eq) and 2,2'-azobis(4-methoxy-2,4-

dimethylvaleronitrile) (0.34 mg, 0.0011 mmol, 0.05 eq) were added to RAFT agent R04 

(26 mg, 0.022 mmol, 1.0 eq). The homogeneous mixture was sealed under argon atmosphere 

before being stirred at 40 °C for 3 hours. Afterwards, the mixture was cooled down to room 

temperature, the remaining monomers were evaporated and the resulting polymer P11 (47 mg) 

was characterized by SECTHF and FT-IR analyses. 

 

Figure S59: SECTHF trace of polymer P11 (left); FT-IR spectra of polymer P11 (right), IR (ATR, cm-1) 

3296, 2926, 2110, 1735, 1603, 1590, 1492, 1452, 1378, 1292, 1264, 1245, 1154, 1122, 1066, 870, 800, 760, 737, 

697, 665. 
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8.4.18 (P11-SH) Trithiocarbonate Aminolysis of P11 

 

 

 

P11 (4.0 mg) was dissolved in DCM (0.5 mL). A large excess of n-propylamine (0.1 mL) was 

added to the yellow solution. After 10 minutes, the remaining n-propylamine and solvent were 

evaporated and the resulting transparent solid P11-SH was characterized by SECTHF analysis. 

 

Figure S60: SECTHF traces of polymers P11 and P11-SH (left); Plot of DParm vs Time for P11 

polymerization (right). 
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8.4.19 (P11-C) Cage-shaped Polymer Synthesis via 

 CuAAC Reaction from P11 

 

 

 

Copper(I) iodide (2.0 g, 10.0 g L-1, 53 mmol L-1) and redistilled toluene (200 mL) were added 

to a 500 mL round flask. The suspension was sealed under argon atmosphere before being 

preheated at 80 °C. A solution of P11 (42 mg) in redistilled toluene (20 mL) was added to the 

heated mixture over 8 hours (2.5 mL h-1) via a syringe pump. Then, the solution was stirred for 

another 2 hours at 80 °C. Afterwards, the solvent was removed under reduced pressure and the 

crude material was filtered off over neutral aluminum oxide with THF as eluent. The resulting 

yellow polymer P11-C (62 mg) was characterized by SECTHF and FT-IR analyses. 

 

Figure S61: SECTHF trace of polymers P11 and P11-C (left); FT-IR spectra of polymer P11-C (right), 

IR (ATR, cm-1) 3647, 3298, 2955, 2923, 2857, 2110, 1736, 1443, 1431, 1361, 1294, 1231, 1215, 1155, 1120, 

1068, 861, 806, 768, 739, 698, 666. 
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8.4.20 (P11-C-SH) Trithiocarbonate Aminolysis of 

 P11-C 

 

 

 

P11-C (4.0 mg) was dissolved in DCM (0.5 mL). A large excess of n-propylamine (0.1 mL) 

was added to the yellow solution. After 10 minutes, the remaining n-propylamine and solvent 

were evaporated and the resulting transparent solid P11-C-SH was characterized by SECTHF 

analysis. 

 

Figure S62: SECTHF traces of polymers P11, P11-SH, P11-C and P11-C-SH. 
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8.4.21 (P12) Polymerization of Styrene by RAFT Agent 

 R05 and V-70 as Initiator 

 

A stock solution of 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (2.7 mg, 0.0088 mmol) in 

disinhibited styrene (10.0 mL, 87 mmol) was prepared. 1.8 mL of the stock solution including 

styrene (1.8 mL, 15.7 mmol, 490 eq) and 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) 

(0.49 mg, 0.0016 mmol, 0.05 eq) were added to RAFT agent R05 (30 mg, 0.032 mmol, 1.0 eq). 

The homogeneous mixture was sealed under argon atmosphere before being stirred at 40 °C. 

Samples (0.3 mL) were taken from the reaction after 2, 5, 8 and 24 hours and reprecipitated in 

cold MeOH in order to follow P12 polymerization by SECTHF analysis. 

Table S10: Overview of polymer P12 data. 

 

Figure S63: SECTHF traces of polymer P12. 

1.8 2.4 3.0 3.6 4.2 4.8

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

log M

  P12 – 2h

  P12 – 5h

  P12 – 8h

  P12 – 24h

Entry Polymer 
Time 

/ h 

Mn,
1
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Mn,SEC/THF 

/ kg mol-1 

Mw,SEC/THF 

/ kg mol-1 
ĐTHF 

1 P12 2 2.3 2.3 3.8 1.64 

2 P12 5 2.6 2.5 4.1 1.64 

3 P12 8 3.2 2.9 4.5 1.57 

4 P12 24 3.5 2.9 5.4 1.83 
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8.4.22 (P12-SH) Trithiocarbonate Aminolysis of P12 

 

 

 

Typical procedure for each P12 sample. A polymer sample (4.0 mg) was dissolved in DCM 

(0.5 mL). A large excess of n-propylamine (0.1 mL) was added to the yellow solution. After 

10 minutes, the remaining n-propylamine and solvent were evaporated and the corresponding 

transparent solid P12-SH was characterized by SECTHF analysis. 

Table S11: Overview of polymer P12 data. 

 

Figure S64: SECTHF traces of polymer P12-SH (left); Plot of DParm vs Time for P12 polymerization 

(right). 
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Entry Polymer 
Time  

/ h 

Mn,
1
H-NMR  

/ kg mol-1 

Mn,SEC/THF  

/ kg mol-1 

Mw,SEC/THF  

/ kg mol-1 
ĐTHF 

1 P12-SH 2 0.7 0.9 1.2 1.33 

2 P12-SH 5 0.8 1.1 1.4 1.34 

3 P12-SH 8 1.0 1.2 1.6 1.30 

4 P12-SH 24 1.1 1.6 2.2 1.41 
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8.4.23 (P13) Polymerization of Styrene by RAFT Agent 

 R06 and ACVA as Initiator 

 

4,4-Azobis(4-cyanovaleric acid) (1.4 mg, 0.005 mmol, 0.1 eq) and RAFT agent R06 (33 mg, 

0.05 mmol, 1.0 eq) were added to disinhibited styrene (1.5 mL, 13.0 mmol, 260 eq) and DMF 

(0.5 mL). The homogeneous mixture was sealed under argon atmosphere before being stirred 

at 80 °C. Samples (0.3 mL) were taken from the reaction after 1, 2, 3, 4 and 6 hours and 

reprecipitated in cold MeOH in order to follow P13 polymerization by SECTHF and 1H-NMR 

analyses. 

Table S12: Overview of polymer P13 data. 

 

Figure S65: SECTHF traces of polymer P13 (left); 1H-NMR spectrum of polymer P13–6h (right). 
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/ kg mol-1 
ĐTHF 

1 P13 1 2.2 1.3 1.6 1.61 

2 P13 2 2.8 2.1 2.9 1.36 

3 P13 3 3.5 2.5 3.4 1.35 

4 P13 4 3.9 3.0 3.9 1.30 

5 P13 6 4.5 3.5 4.5 1.31 
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8.4.24 (P13-SH) Trithiocarbonate Aminolysis of P13 

 

 

Typical procedure for each P13 sample. A polymer sample (4.0 mg) was dissolved in DCM 

(0.5 mL). A large excess of n-propylamine (0.1 mL) was added to the yellow solution. After 

10 minutes, the remaining n-propylamine and solvent were evaporated and the corresponding 

transparent solid P13-SH was characterized by SECTHF analysis. 

Table S13: Overview of polymer P13-SH data. 

 

Figure S66: SECTHF traces of polymer P13-SH (left); Plot of DParm vs Time for P13 polymerization 

(right). 
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/ kg mol-1 
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/ kg mol-1 

Mw,SEC/THF  

/ kg mol-1 
ĐTHF 

1 P13-SH 1 0.6 1.1 1.7 1.57 

2 P13-SH 2 0.8 1.2 1.8 1.50 

3 P13-SH 3 1.0 1.4 2.0 1.44 

4 P13-SH 4 1.2 1.6 2.2 1.40 

5 P13-SH 6 1.4 1.8 2.3 1.27 
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8.5 Small Molecules Synthesis – Project Part II 

8.5.1 (C17) Ethyl 3-Amino-5-bromobenzoate 

 

 

 

3-Amino-5-bromobenzoic acid (5.00 g, 23.15 mmol, 1.0 eq) was dissolved in EtOH (100 mL) 

and sulfuric acid (2 mL). The mixture was heated at reflux temperature for 3 days. Afterwards, 

the resulting mixture was quenched with 1 M NaOH 50 mL) and brine (20 mL). The aqueous 

phase was then extracted with DCM (3 × 50 mL). The organic fractions were collected, dried 

over MgSO4 and the solvent was removed under reduced pressure in order to give without 

further purification C17 as a yellow solid. (5.09 g, 20.85 mmol, 90% yield) 

 

1H NMR (400 MHz, DMSO) δ 7.16 (dd, J = 2.1, 1.5 Hz, 1H), 7.13 – 7.12 (m, 1H), 6.95 (t, J = 2.0 Hz, 1H), 5.73 

(s, 2H), 4.26 (q, J = 7.1 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, DMSO) δ 164.96 (s), 150.75 (s), 132.31 (s), 122.01 (s), 119.68 (s), 117.90 (s), 113.21 (s), 

60.85 (s), 14.09 (s). 
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Figure S67: 1H-NMR spectrum of C17, 1H NMR (400 MHz, DMSO) δ 7.16 (dd, J = 2.1, 1.5 Hz, 1H), 

7.13 – 7.12 (m, 1H), 6.95 (t, J = 2.0 Hz, 1H), 5.73 (s, 2H), 4.26 (q, J = 7.1 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H). 

 

Figure S68: 13C-NMR spectrum of C17, 13C NMR (101 MHz, DMSO) δ 164.96 (s), 150.75 (s), 132.31 

(s), 122.01 (s), 119.68 (s), 117.90 (s), 113.21 (s), 60.85 (s), 14.09 (s).
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Figure S69: 1H-13C HSQC spectrum of C17, 1H NMR 400 MHz, 13C NMR 101 MHz, DMSO δ 
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8.5.2 (C18) Ethyl 3-Amino-5-((trimethylsilyl)ethynyl)

 benzoate 

 

 

 

Ethyl 3-amino-5-bromobenzoate C17 (5.09 g, 20.85 mmol, 1.0 eq), bis(triphenylphosphine) 

palladium(II) dichloride (295 mg, 0.42 mmol, 0.02 eq), copper(I) iodide (80 mg, 0.42 mmol, 

0.02 eq), triphenylphosphine (220 mg, 0.84 mmol, 0.04 eq) were dissolved in dry toluene 

(20 mL), triethylamine (8.8 mL, 63 mmol, 3.0 eq) and ethynyltrimethylsilane (4.3 mL, 

31.3 mmol, 1.5 eq) under argon atmosphere. Then, the mixture was heated for 18 hours at 

60 °C. Afterwards, the reaction mixture was cooled down to room temperature and quenched 

with water (50 mL). The aqueous phase was extracted with DCM (3 × 50 mL). The organic 

fractions were collected, dried over magnesium sulfate and the solvent was removed under 

reduced pressure. The crude material was purified by flash chromatography (silica, EtOAc / c-

Hex, 1:10) to (silica, MeOH / EtOAc / c-Hex, 1:4:5) in order to obtain C18 as an orange solid. 

(4.80 g, 18.36 mmol, 88% yield) 

 

1H NMR (400 MHz, DMSO) δ 7.19 (dd, J = 2.3, 1.6 Hz, 1H), 7.09 (t, J = 1.5 Hz, 1H), 6.85 (dd, J = 2.3, 1.5 Hz, 

1H), 5.57 (s, 2H), 4.26 (q, J = 7.1 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H), 0.26 – 0.17 (m, 9H). 

13C NMR (101 MHz, DMSO) δ 165.41 (s), 149.23 (s), 130.97 (s), 122.78 (s), 120.18 (s), 119.14 (s), 114.78 (s), 

104.94 (s), 93.44 (s), 60.68 (s), 14.11 (s), -0.15 (s). 
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Figure S70: 1H-NMR spectrum of C18, 1H NMR (400 MHz, DMSO) δ 7.19 (dd, J = 2.3, 1.6 Hz, 1H), 

7.09 (t, J = 1.5 Hz, 1H), 6.85 (dd, J = 2.3, 1.5 Hz, 1H), 5.57 (s, 2H), 4.26 (q, J = 7.1 Hz, 2H), 1.29 (t, J = 7.1 Hz, 

3H), 0.26 – 0.17 (m, 9H). 

 

Figure S71: 13C-NMR spectrum of C18, 13C NMR (101 MHz, DMSO) δ 165.41 (s), 149.23 (s), 130.97 

(s), 122.78 (s), 120.18 (s), 119.14 (s), 114.78 (s), 104.94 (s), 93.44 (s), 60.68 (s), 14.11 (s), -0.15 (s).
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Figure S72: 1H-13C HSQC spectrum of C18, 1H NMR 400 MHz, 13C NMR 101 MHz, DMSO δ 
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8.5.3 (C19) 3-Amino-5-ethynylbenzoic Acid 

 

 

 

Ethyl 3-amino-5-((trimethylsilyl)ethynyl)benzoate C18 (4.80 g, 18.36 mmol, 1.0 eq) was 

dissolved in 3 M NaOH (40 mL) and EtOH (10 mL). The mixture was heated at reflux 

temperature for 3 hours. Afterwards, the resulting mixture was quenched with 1 M HCl until a 

pH < 2 was reached and the aqueous phase was extracted with MeOH / EtOAc (1:1) 

(6 x 50 mL). The organic fractions were collected, dried over MgSO4 and the solvents were 

removed under reduced pressure in order to obtain without further purification C19 as a brown 

solid. (2.42 g, 15.02 mmol, 83% yield) 

 

1H NMR (400 MHz, DMSO) δ 12.80 (s, 1H), 7.19 (dd, J = 2.2, 1.6 Hz, 1H), 7.10 (t, J = 1.5 Hz, 1H), 6.84 (dd, J 

= 2.2, 1.5 Hz, 1H), 5.54 (s, 2H), 4.08 (s, 1H). 

13C NMR (101 MHz, DMSO) δ 167.02 (s), 148.54 (s), 131.97 (s), 122.29 (s), 120.54 (s), 120.14 (s), 115.58 (s), 

83.39 (s), 80.04 (s). 
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Figure S73: 1H-NMR spectrum of C19, 1H NMR (400 MHz, DMSO) δ 12.80 (s, 1H), 7.19 (dd, J = 2.2, 

1.6 Hz, 1H), 7.10 (t, J = 1.5 Hz, 1H), 6.84 (dd, J = 2.2, 1.5 Hz, 1H), 5.54 (s, 2H), 4.08 (s, 1H). 

 

Figure S74: 13C-NMR spectrum of C19, 13C NMR (101 MHz, DMSO) δ 167.02 (s), 148.54 (s), 131.97 

(s), 122.29 (s), 120.54 (s), 120.14 (s), 115.58 (s), 83.39 (s), 80.04 (s).
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Figure S75: 1H-13C HSQC spectrum of C19, 1H NMR 400 MHz, 13C NMR 101 MHz, DMSO δ 
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8.5.4 (C20) 3-Azido-5-ethynylbenzoic Acid 

 

 

 

3-Amino-5-ethynylbenzoic acid C19 (400 mg, 2.48 mmol, 1.0 eq) was dissolved in 2 M HCl 

(6 mL) and THF (2 mL). The mixture was cooled at 0 °C and sodium nitrite (206 mg, 

2.98 mmol, 1.2 eq) was added portionwise over 5 min at 0 °C. After 5 min of subsequent 

stirring at 0 °C, sodium azide (194 mg, 2.98 mmol, 1.2 eq) was added portionwise over 15 min. 

Finally, the resulting mixture was stirred for another 15 min at 0 °C before being extracted with 

DCM (3 × 50 mL). The organic fractions were collected, dried over magnesium sulfate and the 

solvent was removed under reduced pressure. The crude material was purified by flash 

chromatography (silica, EtOAc) in order to obtain C20 as a white solid. (431 mg, 2.30 mmol, 

93% yield) 

 

1H NMR (400 MHz, DMSO) δ 13.48 (s, 1H), 7.73 (t, J = 1.4 Hz, 1H), 7.56 (dd, J = 2.2, 1.4 Hz, 1H), 7.43 (dd, J 

= 2.2, 1.5 Hz, 1H), 4.40 (s, 1H). 

13C NMR (101 MHz, DMSO) δ 165.67 (s), 140.70 (s), 133.03 (s), 128.62 (s), 125.98 (s), 123.66 (s), 120.04 (s), 

82.68 (s), 81.60 (s). 
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Figure S76: 1H-NMR spectrum of C20, 1H NMR (400 MHz, DMSO) δ 13.48 (s, 1H), 7.73 (t, J = 1.4 

Hz, 1H), 7.56 (dd, J = 2.2, 1.4 Hz, 1H), 7.43 (dd, J = 2.2, 1.5 Hz, 1H), 4.40 (s, 1H). 

 

Figure S77: 13C-NMR spectrum of C20, 13C NMR (101 MHz, DMSO) δ 165.67 (s), 140.70 (s), 133.03 

(s), 128.62 (s), 125.98 (s), 123.66 (s), 120.04 (s), 82.68 (s), 81.60 (s). 
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Figure S78: 1H-13C HSQC spectrum of C20, 1H NMR 400 MHz, 13C NMR 101 MHz, DMSO δ 
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8.6 Polymer Synthesis and Post-

Polymerization Modifications – Project 

Part II 

8.6.1 (P14) Cationic Ring Opening Polymerization

 (CROP) of -Caprolactone 
 

 
 

-Caprolactone (5.0 mL, 46.9 mmol, 50 eq), 2-ethyl-2-(hydroxymethyl) propane-1,3-diol 

(126 mg, 0.94 mmol, 1.00 eq) and diphenyl phosphate (12 mg, 0.047 mmol, 0,05 eq) were 

homogenized under argon atmosphere. The mixture was then heated at 80 °C for 2 hours. 

Afterwards, the viscous liquid was cooled down to room temperature and precipitated in cold 

MeOH (80 mL, -20 °C) The white precipitate was then redissolved in DCM (2 mL) and 

reprecipitated in cold MeOH (80 mL, -20 °C) two more times in order to obtain the desired 

polymer P14 as a white solid. (3.22 g, 0.58 mmol, 59% yield) 

 

Figure S79: SECTHF trace of polymer P14. 
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Figure S80: 1H-NMR spectrum of P14, 1H NMR (400 MHz, CDCl3) δ 4.28 – 3.84 (m), 3.63 (t, J = 6.5 

Hz), 2.50 – 2.10 (m), 1.73 – 1.53 (m), 1.46 – 1.30 (m), 0.87 (t, J = 7.6 Hz). 

 

 

Figure S81: FT-IR spectrum of P14, IR (ATR, cm-1) 2945, 2865, 1721, 1471, 1419, 1397, 1365, 1293, 

1238, 1168, 1108, 1065, 1045, 961, 934, 841, 732. 
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8.6.2 (P15) Cationic Ring Opening Polymerization

 (CROP) of -Caprolactone 

 

 

 

-Caprolactone (6.0 mL, 56.3 mmol, 50 eq), 2-ethyl-2-(hydroxymethyl) propane-1,3-diol 

(151 mg, 1.13 mmol, 1.00 eq) and diphenyl phosphate (28 mg, 0.047 mmol, 0.10 eq) were 

homogenized under argon atmosphere. The mixture was then heated at 80 °C for 4 hours. 

Afterwards, the mixture was cooled down to room temperature and precipitated in cold MeOH 

(80 mL, -20 °C) The white precipitate was then redissolved in DCM (2 mL) and reprecipitated 

in cold MeOH (80 mL, -20 °C) two more times in order to obtain the desired polymer P15 as a 

white solid. (5.56 g, 0.88 mmol, 85% yield) 

 

Figure S82: SECTHF trace of polymer P15. 
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Figure S83: 1H-NMR spectrum of P15, 1H NMR (400 MHz, CDCl3) δ 4.29 – 3.79 (m), 3.63 (t, J = 6.5 

Hz), 2.50 – 2.08 (m), 1.75 – 1.52 (m), 1.49 – 1.28 (m), 0.87 (t, J = 7.6 Hz). 

 

 

Figure S84: FT-IR spectrum of P15, IR (ATR, cm-1) 2945, 2865, 1720, 1471, 1419, 1397, 1365, 1293, 

1238, 1170, 1108, 1066, 1045, 961, 934, 840, 732, 710. 
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8.6.3 (P16) Cationic Ring Opening Polymerization

 (CROP) of -Caprolactone 

 

 

 

-Caprolactone (8.0 mL, 75.0 mmol, 28 eq), 2,2-bis(hydroxymethyl) propane-1,3-diol 

(365 mg, 2.68 mmol, 1.00 eq) and diphenyl phosphate (34 mg, 0.134 mmol, 0,05 eq) were 

mixed under argon atmosphere. The mixture was then heated at 80 °C for 1 hour. Afterwards, 

the viscous liquid was cooled down to room temperature, filtered off the remaining insoluble 

2,2-bis(hydroxymethyl) propane-1,3-diol and precipitated in cold MeOH (80 mL, -20 °C). The 

white precipitate was then redissolved in DCM (2 mL) and reprecipitated in cold MeOH 

(80 mL, -20 °C) two more times in order to obtain the desired polymer P16 as a white solid. 

(4.63 g, 1.05 mmol, 53% yield) 

 

 

Figure S85: SECTHF (left) and SECDMAC (right) traces of polymer P16. 

3.4 3.6 3.8 4.0 4.2 4.4

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

log M

  P16 – SECDMAC

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

log M

  P16 – SECTHF



Experimental Section – Polymer Synthesis and Post-Polymerization 

Modifications – Project Part II 

217 

 

Figure S86: 1H-NMR spectrum of P16, 1H NMR (400 MHz, CDCl3) δ 4.10 (s), 4.09 – 4.01 (m), 3.64 (t, 

J = 6.5 Hz), 2.51 – 2.09 (m), 1.76 – 1.50 (m), 1.48 – 1.26 (m). 

 

 

Figure S87: FT-IR spectrum of P16, IR (ATR, cm-1) 2944, 2865, 1721, 1471, 1419, 1397, 1366, 1293, 

1239, 1172, 1108, 1065, 1045, 961, 934, 841, 732, 710. 
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8.6.4 (P16-F) End-functionalization of P16 with End-

 group C20 

 

 

 

Previously synthetized star-(-PCL-OH)4 P16 (1.236 g, 0.280 mmol, 1.0 eq), 

3-azido-5-ethynylbenzoic acid C20 (419 mg, 2.24 mmol, 8.0 eq) and 4-dimethylaminopyridine 

(137 mg, 1.12 mmol, 4.0 eq) were dissolved in dry DCM (8 mL) and dry THF (2 mL). The 

solution was cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (859 mg, 4.48 mmol, 16.0 eq) was added portionwise. The mixture was then 

stirred for 3 days at room temperature. Afterwards, the resulting mixture was quenched with 

1 M HCl and the aqueous phase was extracted with DCM (3 × 20 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvents were removed under reduced 

pressure. The crude polymer was then reprecipitated three times in cold MeOH (80 mL, -20 °C) 

in order to give P16-F as a dark brown solid. (1.35 g, 0.265 mmol, 95% yield) 

 

Figure S88: SECTHF (left) and SECDMAC (right) traces of polymers P16 and P16-F. 
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Figure S89: 1H-NMR spectrum of P16-F, 1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 1.4 Hz), 7.65 (dd, 

J = 2.1, 1.5 Hz), 7.29 (dd, J = 2.2, 1.5 Hz), 4.32 (t, J = 6.6 Hz), 4.32 (t, J = 6.6 Hz), 4.10 (s), 4.09 – 4.01 (m), 3.17 

(s), 2.39 – 2.21 (m), 1.86 – 1.55 (m), 1.54 – 1.28 (m). 

 

 

Figure S90: FT-IR spectrum of P16-F, IR (ATR, cm-1) 2945, 2865, 2114, 1721, 1471, 1419, 1397, 1366, 

1293, 1239, 1163, 1108, 1065, 1045, 961, 934, 841, 769, 732, 708. 
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8.6.5 (P16-C1) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in redistilled 

toluene (500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) 

was added. The mixture was then purged a second time with argon for another 15 min before 

being heated at 70 °C for 47 hours. Afterwards, the solvent was removed under reduced 

pressure, 1 M HCl (50 mL) was added and the crude material was extracted with DCM 

(3 × 30 mL). The organic fractions were collected, dried over magnesium sulfate and the 

solvent was removed under reduced pressure. The crude material was then washed on silica gel 

with DCM, before being recovered by adding 20% MeOH to the eluent in order to obtain P16-

C1 as a brownish gel. (48 mg, 96% yield) 

 

Figure S91: SECTHF (left) and SECDMAC (right) traces of polymers P16, P16-F and P16-C1. 
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Figure S92: 1H-NMR spectrum of P16-C1, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.52 (s), 8.48 (s), 

8.21 (s), 4.58 – 4.35 (m), 4.17 – 3.91 (m), 2.46 – 2.36 (m), 2.36 – 2.17 (m), 1.98 – 1.87 (m), 1.84 – 1.72 (m), 1.73 

– 1.49 (m) 1.45 – 1.28 (m). 

 

 

Figure S93: FT-IR spectrum of P16-C1, IR (ATR, cm-1) 2934, 2862, 1728, 1622, 1461, 1390, 1352, 

1232, 1159, 1101, 1060, 889, 807, 767, 735, 668. 
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8.6.6 (P16-C2) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16 (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in redistilled toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated at 70 °C for 23 hours. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with DCM, before 

being recovered by adding 20% MeOH to the eluent in order to obtain P16-C2 as a brownish 

gel. (47 mg, 94% yield) 

 

 

Figure S94: SECTHF (left) and SECDMAC (right) traces of polymers P16, P16-F, P16-C1 and 

P16-C1. 
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Figure S95: 1H-NMR spectrum of P16-C2, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.53 (s, 8.48 (s), 

8.21 (s), 4.56 – 4.37 (m), 4.19 – 3.87 (m), 2.48 – 2.35 (m), 2.36 – 2.12 (m), 2.03 – 1.84 (m), 1.84 – 1.72 (m), 1.72 

– 1.48 (m), 1.47 – 1.27 (m). 

 

 

Figure S96: FT-IR spectrum of P16-C2, IR (ATR, cm-1) 2933, 2864, 1728, 1622, 1603, 1461, 1390, 

1351, 1232, 1159, 1102, 1060, 1040, 961, 889, 803, 767, 735, 668. 
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8.6.7 (P16-C3) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated at 70 °C for 8 hours. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with DCM, before 

being recovered by adding 20% MeOH to the eluent in order to obtain P16-C3 as a brownish 

gel. (46 mg, 92% yield) 

 

Figure S97: SECDMAC traces of polymers P16, P16-F, P16-C1, P16-C2 and P16-C3. 
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Figure S98: 1H-NMR spectrum of P16-C3, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.55 (s), 8.48 (s), 

8.21 (s), 4.56 – 4.37 (m), 4.18 – 3.88 (m), 2.46 – 2.34 (m), 2.35 – 2.17 (m), 1.98 – 1.87 (m), 1.82 – 1.72 (m), 1.72 

– 1.48 (m), 1.46 – 1.26 (m). 

 

 

Figure S99: FT-IR spectrum of P16-C3, IR (ATR, cm-1) 2939, 2864, 1727, 1602, 1461, 1418, 1390, 

1351, 1232, 1158, 1102, 1060, 1039, 992, 961, 889, 806, 767, 734, 673. 
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8.6.8 (P16-C4) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated at 70 °C for 4 hours. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with DCM, before 

being recovered by adding 20% MeOH to the eluent in order to obtain P16-C4 as a brownish 

gel. (34 mg, 68% yield) 

 

Figure S100: SECDMAC traces of polymers P16, P16-F, P16-C1, P16-C2, P16-C3 and P16-

C4. 
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Figure S101: 1H-NMR spectrum of P16-C4, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.55 (s), 8.50 (s), 

8.22 (s), 4.58 – 4.38 (m), 4.22 – 3.84 (m), 2.52 – 2.37 (m), 2.35 – 2.11 (m), 1.98 – 1.87 (m), 1.85 – 1.74 (m), 1.74 

– 1.47 (m), 1.45 – 1.28 (m). 

 

 

Figure S102: FT-IR spectrum of P16-C4, IR (ATR, cm-1) 2934, 2863, 1728, 1603, 1460, 1419, 1390, 

1351, 1232, 1159, 1102, 1060, 1036, 958, 889, 805, 767, 733, 672. 
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8.6.9 (P16-C5) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16 (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene (500 mL). 

The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was added. The 

mixture was then purged a second time with argon for another 15 min before being heated at 

70 °C for 2 hours. Afterwards, the solvent was removed under reduced pressure, 1 M HCl 

(50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The organic 

fractions were collected, dried over magnesium sulfate and the solvent was removed under 

reduced pressure. The crude material was then washed on silica gel with DCM, before being 

recovered by adding 20% MeOH to the eluent in order to obtain P16-C5 as a brownish gel. 

(37 mg, 74% yield) 

 

Figure S103: SECDMAC traces of polymers P16, P16-F, P16-C1, P16-C2, P16-C3, P16-C4 

and P16-C5. 
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Figure S104: 1H-NMR spectrum of P16-C5, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.54 (s), 8.49 (s), 

8.21 (s), 4.57 – 4.38 (m), 4.19 – 3.87 (m), 2.50 – 2.36 (m), 2.36 – 2.12 (m), 2.00 – 1.85 (m), 1.83 – 1.73 (m), 1.73 

– 1.46 (m), 1.46 – 1.27 (m). 

 

 

Figure S105: FT-IR spectrum of P16-C5, IR (ATR, cm-1) 2934, 2863, 1728, 1603, 1461, 1420, 1390, 

1351, 1232, 1159, 1102, 1059, 1036, 767, 733, 668. 
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8.6.10 (P16-C6) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated at 70 °C for 1 hour. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with DCM, before 

being recovered by adding 20% MeOH to the eluent in order to obtain P16-C6 as a brownish 

gel. (35 mg, 70% yield) 

 

Figure S106: SECDMAC traces of polymers P16, P16-F, P16-C1, P16-C2, P16-C3, P16-C4, 

P16-C5 and P16-C6. 
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Figure S107: 1H-NMR spectrum of P16-C6, 1H NMR (400 MHz, CDCl3) δ 1H NMR (400 MHz, CDCl3) 

δ 9.39 (s), 8.60 – 8.35 (m), 8.17 (s), 4.58 – 4.38 (m), 4.20 – 3.85 (m), 2.53 – 2.37 (m), 2.36 – 2.12 (m), 2.00 – 1.86 

(m), 1.85 – 1.74 (m), 1.75 – 1.46 (m), 1.46 – 1.29 (m). 

 

 

Figure S108: FT-IR spectrum of P16-C6, IR (ATR, cm-1) 2929, 2862, 1728, 1603, 1461, 1390, 1351, 

1232, 1159, 1101, 1059, 767, 733, 668. 
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8.6.11 (P16-C7) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated at 70 °C for 30 minutes. Afterwards, the solvent was removed under reduced pressure, 

1 M HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with DCM, before 

being recovered by adding 20% MeOH to the eluent in order to obtain P16-C7 as a brownish 

gel. (25 mg, 50% yield) 

 

Figure S109: SECDMAC traces of polymers P16, P16-F, P16-C1, P16-C2, P16-C3, P16-C4, 

P16-C5, P16-C6 and P16-C7. 
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Figure S110: 1H-NMR spectrum of P16-C7, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.55 (s), 8.49 (s), 

8.21 (s), 4.56 – 4.37 (m), 4.21 – 3.87 (m), 2.49 – 2.35 (m), 2.36 – 2.13 (m), 1.99 – 1.86 (m), 1.86 – 1.74 (m), 1.74 

– 1.45 (m), 1.45 – 1.26 (m). 

 

 

Figure S111: FT-IR spectrum of P16-C7, IR (ATR, cm-1) 2935, 2863, 1729, 1603, 1461, 1419, 1390, 

1350, 1233, 1160, 1102, 1060, 768, 668. 
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8.6.12 (P16-C8) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16-F (50 mg, 0.25 mg mL-1) and DBU (0.2 mL, 1.0 mL L-1) were dissolved in toluene 

(200 mL). The mixture was purged with argon for 15 min and CuI (40 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated at 70 °C for 1 hour. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with DCM, before 

being recovered by adding 20% MeOH to the eluent in order to obtain P16-C8 as a brownish 

gel. (32 mg, 64% yield) 

 

Figure S112: SECDMAC traces of polymers P16, P16-F, P16-C6 and P16-C8. 
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Figure S113: 1H-NMR spectrum of P16-C8, 1H NMR (400 MHz, CDCl3) δ 9.52 – 9.34 (m), 8.61 – 8.52 

(m), 8.52 – 8.43 (m), 8.29 – 8.12 (m), 4.55 – 4.38 (m), 4.20 – 3.82 (m), 2.52 – 2.35 (m), 2.35 – 2.11 (m), 1.99 – 

1.85 (m), 1.83 – 1.73 (m), 1.72 – 1.46 (m), 1.46 – 1.26 (m). 

 

 

Figure S114: FT-IR spectrum of P16-C8, IR (ATR, cm-1) 2933, 2862, 1729, 1602, 1456, 1390, 1351, 

1233, 1160, 1102, 1060, 768, 734, 668. 
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8.6.13 (P16-C9) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

 

P16-F (50 mg, 0.50 mg mL-1) and DBU (0.1 mL, 1.0 mL L-1) were dissolved in toluene 

(100 mL). The mixture was purged with argon for 15 min and CuI (20 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated at 70 °C for 1 hour. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with DCM, before 

being recovered by adding 20% MeOH to the eluent in order to obtain P16-C9 as a brownish 

gel. (31 mg, 62% yield) 

 

Figure S115: SECDMAC traces of polymers P16, P16-F, P16-C6, P16-C8 and P16-C9. 
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Figure S116: 1H-NMR spectrum of P16-C9, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.93 – 8.38 (m), 

8.21 (s), 4.60 – 4.32 (m), 4.22 – 3.83 (m), 2.54 – 2.10 (m), 1.98 – 1.85 (m), 1.84 – 1.71 (m), 1.73 – 1.45 (m), 1.47 

– 1.26 (m). 

 

 

Figure S117: FT-IR spectrum of P16-C9, IR (ATR, cm-1) 2935, 2863, 1729, 1602, 1460, 1390, 1351, 

1233, 1160, 1102, 1060, 768. 
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8.6.14 (P17) Cationic Ring Opening Polymerization

 (CROP) of -Caprolactone 

 

 

 

-Caprolactone (8.0 mL, 75.0 mmol, 40 eq), di(trimethylolpropane) (471 mg, 1.88 mmol, 

1.00 eq) and diphenyl phosphate (23 mg, 0.09 mmol, 0.05 eq) were mixed and heated at 80 °C 

under stirring for 1.5 hours. Afterwards, the viscous liquid was cooled down to room 

temperature and precipitated in cold MeOH (80 mL, -20 °C). The white precipitate was then 

redissolved in DCM and reprecipitated in cold MeOH (80 mL, -20 °C) two more times in order 

to obtain the desired polymer P17 as a white solid. (6.01 g, 1.31 mmol, 65% yield) 

 

Figure S118: SECDMAC trace of polymer P17. 
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Figure S119: 1H-NMR spectrum of P17, 1H NMR (400 MHz, CDCl3) δ 4.05 (t, J = 6.7 Hz), 3.97 (s), 

3.64 (t, J = 6.5 Hz), 3.25 (s), 2.37 – 2.23 (m), 1.69 – 1.53 (m), 1.46 – 1.31 (m), 0.84 (t, J = 7.6 Hz). 

 

 

Figure S120: FT-IR spectrum of P17, IR (ATR, cm-1) 2944, 2865, 1721, 1471, 1419, 1397 ,1366, 1293, 

1239, 1168, 1108, 1045, 961, 934, 841, 733. 
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Figure S121: DSC thermogram of P17, all thermal values were taken from the second heating ramp. 
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8.6.15 (P17-F) End-functionalization of P17 with 

 End-group C20 

 

 

 

Previously synthetized star-(-PCL-OH)4 P17 (681 mg, 0.148 mmol, 1.0 eq), 

3-azido-5-ethynylbenzoic acid C20 (221 mg, 1.18 mmol, 8.0 eq) and DMAP (72 mg, 

0.59 mmol, 4.0 eq) were dissolved in dry DCM (8 mL) and dry THF (2 mL). The solution was 

cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(452 mg, 2.36 mmol, 16.0 eq) was added portionwise. The mixture was then stirred for 24 hours 

from 0 °C to room temperature. Afterwards, the resulting mixture was quenched with 1 M HCl 

(30 mL) and the aqueous phase was extracted with DCM (3 × 20 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvents were removed under reduced 

pressure. The crude polymer was reprecipitated three times in cold MeOH (80 mL, -20 °C) in 

order to give P17-F as a yellowish solid. (0.751 g, 0.141 mmol, 95% yield) 

 

Figure S122: SECDMAC traces of polymers P17 and P17-F. 
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Figure S123: 1H-NMR spectrum of P17-F, 1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 1.4 Hz), 7.66 (dd, 

J = 2.2, 1.5 Hz), 7.29 (dd, J = 2.2, 1.4 Hz), 4.33 (t, J = 6.6 Hz), 4.06 (t, J = 6.7 Hz), 3.98 (s), 3.26 (s), 3.17 (s), 2.41 

– 2.20 (m), 1.85 – 1.54 (m), 1.52 – 1.30 (m), 0.84 (t, J = 7.5 Hz). 

 

 

Figure S124: FT-IR spectrum of P17-F, IR (ATR, cm-1) 2945, 2866, 2113, 1721, 1471, 1419, 1397, 

1366, 1293, 1239, 1166, 1108, 1066, 1046, 961, 934, 841, 769, 732, 708. 
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Figure S125: DSC thermogram of P17-F, all thermal values were taken from the second heating ramp. 
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8.6.16 (P17-C) Cage-shaped Polymer Synthesis via 

CuAAC Reaction 

 

 

 

P17-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated for 1 hour at 70 °C. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with CHCl3, before 

being recovered by adding 20% MeOH to the eluent in order to obtain after solvent evaporation 

and filtration of the remaining silica gel P17-C as a brownish gel. (39 mg, 78% yield) 

 

Figure S126: SECDMAC traces of polymers P17, P17-F and P17-C. 
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Figure S127: 1H-NMR spectrum of P17-C, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.54 (s), 8.49 (s), 

8.21 (s), 4.46 (s), 4.15 – 3.85 (m), 3.23 (s), 2.40 (s), 2.33 – 2.23 (m), 2.03 (s), 1.93 (s), 1.78 (s), 1.62 (s), 1.37 (s), 

0.91 – 0.71 (m). 

 

 

Figure S128: FT-IR spectrum of P17-C, IR (ATR, cm-1) 2931, 2862, 1728, 1603, 1460, 1390, 1351, 

1283, 1232, 1159, 1102, 1059, 991, 963, 889, 831, 767, 733, 671. 

10 9 8 7 6 5 4 3 2 1

10.0 9.5 9.0 8.5 8.0

d / ppm

d / ppm

4000 3500 3000 2500 2000 1500 1000

0.2

0.4

0.6

0.8

1.0

T
ra

n
s
m

it
ta

n
c
e

Wavenumber / cm-1



Experimental Section – Polymer Synthesis and Post-Polymerization 

Modifications – Project Part II 

246 

 

Figure S129: DSC thermogram of P17-C, all thermal values were taken from the second heating ramp. 

 

 

 

 

Figure S130: ESI-MS spectra of P17-C, featuring all four main distributions obtained in negative mode. 
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Figure S131: ESI-MS spectra of P17-C, experimental (left) and calculated (right) MS patterns obtained 

for all four main distributions present in negative mode. 

 

2608 2609 2610 2611 2612 2613

0.0

0.2

0.4

0.6

0.8

1.0

[M+2Cl]2-, DP = 37

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y

m/z 

2608 2609 2610 2611 2612 2613

0.0

0.2

0.4

0.6

0.8

1.0

[M+2Cl]2-, DP = 37

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

m/z 

4496 4498 4500 4502 4504 4506

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

m/z

 [M+Cl]-, DP = 31

 [2M+2Cl]2-, DP = 31

4496 4498 4500 4502 4504 4506

0.0

0.1

0.2

0.3

0.4

0.5

[M+Cl]- + [2M+2Cl]2-, DP = 31

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

m/z 

4556 4558 4560 4562

0.0

0.2

0.4

0.6

0.8

1.0 [2M+2Na4Cl]2-, DP = 31

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

m/z

4554 4556 4558 4560 4562

0.00

0.04

0.08

0.12

0.16 [2M+2Na4Cl]2-, DP = 31

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y

m/z



Experimental Section – Polymer Synthesis and Post-Polymerization 

Modifications – Project Part II 

248 

8.6.17 (P18) Cationic Ring Opening Polymerization

 (CROP) of -Caprolactone 

 

 

 

-Caprolactone (8.0 mL, 75.0 mmol, 80 eq), di(trimethylolpropane) (235 mg, 0.94 mmol, 

1.00 eq) and diphenyl phosphate (13 mg, 0.05 mmol, 0.05 eq) were mixed and heated at 80 °C 

under stirring for 4 hours. Afterwards, the viscous liquid was cooled down to room temperature 

and precipitated in cold MeOH (80 mL, -20 °C). The white precipitate was then redissolved in 

DCM and reprecipitated in cold MeOH (80 mL, -20 °C) two more times in order to obtain the 

desired polymer P18 as a white solid. (5.69 g, 0.86 mmol, 64% yield) 

 

Figure S132: SECDMAC trace of polymer P18. 
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Figure S133: 1H-NMR spectrum of P18, 1H NMR (400 MHz, CDCl3) δ 4.05 (t, J = 6.7 Hz), 3.97 (s), 

3.64 (t, J = 6.5 Hz), 3.25 (s), 2.37 – 2.23 (m), 1.73 – 1.52 (m), 1.47 – 1.30 (m), 0.83 (t, J = 7.6 Hz). 

 

 

Figure S134: FT-IR spectrum of P18, IR (ATR, cm-1) 2945, 2866. 1721, 1471, 1418, 1397, 1366, 1293, 

1239, 1171, 1108, 1047, 961, 934, 840, 73. 
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Figure S135: DSC thermogram of P18, all thermal values were taken from the second heating ramp. 
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8.6.18 (P18-F) End-functionalization of P18 with 

 End-group C20 

 

 

 

Previously synthetized star-(-PCL-OH)4 P18 (990 mg, 0.150 mmol, 1.0 eq), 

3-azido-5-ethynylbenzoic acid C20 (224 mg, 1.20 mmol, 8.0 eq) and DMAP (73 mg, 

0.60 mmol, 4.0 eq) were dissolved in dry DCM (8 mL) and dry THF (2 mL). The solution was 

cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(460 mg, 2.40 mmol, 16.0 eq) was added portionwise. The mixture was then stirred for 24 hours 

from 0 °C to room temperature. Afterwards, the resulting mixture was quenched with 1 M HCl 

(30 mL) and the aqueous phase was extracted with DCM (3 × 20 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvents were removed under reduced 

pressure. The crude polymer was reprecipitated three times in cold MeOH (80 mL, -20 °C) in 

order to give P18-F as a yellowish solid. (1.069 g, 0.146 mmol, 97% yield) 

 

Figure S136: SECDMAC traces of polymers P18, and P18-F. 
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Figure S137: 1H-NMR spectrum of P18-F, 1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 1.4 Hz), 7.66 (dd, 

J = 2.2, 1.5 Hz), 7.29 (dd, J = 2.2, 1.4 Hz), 4.33 (t, J = 6.6 Hz), 4.06 (t, J = 6.7 Hz), 3.98 (s), 3.26 (s), 3.17 (s), 2.39 

– 2.23 (m), 1.86 – 1.54 (m), 1.53 – 1.30 (m), 0.84 (t, J = 7.5 Hz). 

 

 

Figure S138: FT-IR spectrum of P18-F, IR (ATR, cm-1) 2945, 2865, 2114, 1721, 1471, 1419, 1397, 

1366, 1323, 1294, 1239, 1164, 1108, 1066, 1045, 961, 934, 769, 732, 707. 
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Figure S139: DSC thermogram of P18-F, all thermal values were taken from the second heating ramp. 
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8.6.19 (P18-C) Cage-shaped Polymer Synthesis via 

 CuAAC Reaction 

 

 

 

P18-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated for 1 hour at 70 °C. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with CHCl3, before 

being recovered by adding 20% MeOH to the eluent in order to obtain after solvent evaporation 

and filtration of the remaining silica gel P18-C as a brownish gel. (36 mg, 72% yield) 

 

Figure S140: SECDMAC traces of polymers P18, P18-F and P18-C. 
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Figure S141: 1H-NMR spectrum of P18-C, 1H NMR (400 MHz, CDCl3) δ 9.44 (s), 8.54 (s), 8.49 (s), 

8.20 (s), 4.46 (s), 4.05 (t, J = 5.8 Hz), 3.96 (s), 3.24 (s), 2.39 (s), 2.29 (t, J = 6.9 Hz), 2.03 (s), 1.93 (s), 1.77 (s), 

1.63 (s), 1.49 – 1.28 (m), 0.93 – 0.73 (m). 

 

 

Figure S142: FT-IR spectrum of P18-C, IR (ATR, cm-1) 2931, 2862, 1729, 1603, 1459, 1419, 1390, 

1352, 1233, 1159, 1102, 1061, 1041, 962, 889, 833, 767, 733, 671. 
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Figure S143: DSC thermogram of P18-C, all thermal values were taken from the second heating ramp. 

 

-100 -50 0 50 100

-6

-4

-2

0

2

4

Tcris = -23.90°C 

DH°
cris = -15.97 J g-1

Tg = -53.41°C

Tm = 24.23°C 

DH°
fus = 23.87 J g-1

H
e
a
t 
F

lo
w

 /
 m

W

Temperature / °C

 P18-C 1st heating ramp

 P18-C 1st cooling ramp

 P18-C 2nd heating ramp



Experimental Section – Polymer Synthesis and Post-Polymerization 

Modifications – Project Part II 

257 

8.6.20 (P19) Cationic Ring Opening Polymerization

 (CROP) of -Caprolactone 

 

 

 

-Caprolactone (8.0 mL, 75.0 mmol, 120 eq), di(trimethylolpropane) (158 mg, 0.63 mmol, 

1.00 eq) and diphenyl phosphate (15 mg, 0.06 mmol, 0.10 eq) were mixed and heated at 80 °C 

under stirring for 4 hours. Afterwards, the viscous liquid was cooled down to room temperature 

and precipitated in cold MeOH (80 mL, -20 °C). The white precipitate was then redissolved in 

DCM and reprecipitated in cold MeOH (80 mL, -20 °C) two more times in order to obtain the 

desired polymer P19 as a white solid. (6.10 g, 0.62 mmol, 69% yield) 

 

Figure S144: SECDMAC trace of polymer P19. 
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Figure S145: 1H-NMR spectrum of P19, 1H NMR (400 MHz, CDCl3) δ 4.05 (t, J = 6.7 Hz), 3.98 (s), 

3.64 (t, J = 6.5 Hz), 3.25 (s), 2.37 – 2.23 (m), 1.71 – 1.52 (m), 1.48 – 1.28 (m), 0.84 (t, J = 7.6 Hz). 

 

 

Figure S146: FT-IR spectrum of P19, IR (ATR, cm-1) 2945, 2867, 1722, 1471, 1418, 1397, 1365, 1293, 

1238, 1169, 1108, 1047, 961, 934, 840, 733. 
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Figure S147: DSC thermogram of P19, all thermal values were taken from the second heating ramp. 
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8.6.21 (P19-F) End-functionalization of P19 with 

 End-group C20 
 

 

 

Previously synthetized star-(-PCL-OH)4 P19 (1.11 g, 0.113 mmol, 1.0 eq), 

3-azido-5-ethynylbenzoic acid C20 (169 mg, 0.903 mmol, 8.0 eq) and DMAP (55 mg, 

0.45 mmol, 4.0 eq) were dissolved in dry DCM (5 mL) and dry THF (2 mL). The solution was 

cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(346 mg, 1.81 mmol, 16.0 eq) was added portionwise. The mixture was then stirred for 18 hours 

from 0 °C to room temperature. Afterwards, the resulting mixture was quenched with 1 M HCl 

(30 mL) and the aqueous phase was extracted with DCM (3 × 20 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvents were removed under reduced 

pressure. The crude polymer was reprecipitated three times in cold MeOH (80 mL, -20 °C) in 

order to give P19-F as a light brownish solid. (1.01 g, 0.096 mmol, 85% yield) 

 

Figure S148: SECDMAC traces of polymers P19 and P19-F. 
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Figure S149: 1H-NMR spectrum of P19-F, 1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 1.4 Hz), 7.65 (dd, 

J = 2.2, 1.5 Hz), 7.29 (dd, J = 2.3, 1.4 Hz), 4.32 (t, J = 6.6 Hz), 4.05 (t, J = 6.7 Hz), 3.97 (s), 3.25 (s), 3.17 (s), 2.39 

– 2.20 (m), 1.85 – 1.54 (m), 1.53 – 1.28 (m), 0.83 (t, J = 7.5 Hz). 

 

 

Figure S150: FT-IR spectrum of P19-F, IR (ATR, cm-1) 2945, 2866, 2115, 1721, 1471, 1419, 1397, 

1366, 1323, 1294, 1239, 1166, 1108, 1066, 1046, 961, 934, 769, 732, 708. 
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Figure S151: DSC thermogram of P19-F, all thermal values were taken from the second heating ramp. 
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8.6.22 (P19-C) Cage-shaped Polymer Synthesis via 

 CuAAC Reaction 

 

 

 

P19-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated for 1 hour at 70 °C. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with CHCl3, before 

being recovered by adding 20% MeOH to the eluent in order to obtain after solvent evaporation 

and filtration of the remaining silica gel P19-C as a brownish solid. (32 mg, 64%) 

 

Figure S152: SECDMAC traces of polymers P19, P19-F and P19-C. 
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Figure S153: 1H-NMR spectrum of P19-C, 1H NMR (400 MHz, CDCl3) δ 9.48 (s), 9.19 – 8.03 (m), 

4.45 (s), 4.05 (t, J = 6.6 Hz), 3.97 (s), 3.25 (s), 2.42 – 2.36 (m), 2.30 (t, J = 7.5 Hz), 2.03 (s), 1.92 (s), 1.84 – 1.72 

(m), 1.71 – 1.48 (m), 1.46 – 1.30 (m), 0.83 (t, J = 7.4 Hz). 

 

 

Figure S154: FT-IR spectrum of P19-C, IR (ATR, cm-1) 2925, 2864, 1722, 1605, 1510, 1464, 1420, 

1397, 1366, 1294, 1240, 1187, 1107, 1065, 1046, 962, 933, 840, 769, 732. 
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Figure S155: DSC thermogram of P19-C, all thermal values were taken from the second heating ramp. 

 

-100 -50 0 50 100

-15

-10

-5

0

5

10

15

Tg = -42.61°C

Tm = 39.08°C 

DH°
fus = 38.41 J g-1

H
e
a
t 
F

lo
w

 /
 m

W

Temperature / °C

 P19-C 1st heating ramp

 P19-C 1st cooling ramp

 P19-C 2nd heating ramp



Experimental Section – Polymer Synthesis and Post-Polymerization 

Modifications – Project Part II 

266 

8.6.23 (P20) Cationic Ring Opening Polymerization

 (CROP) of -Caprolactone 

 

 

 

-Caprolactone (8.0 mL, 75.0 mmol, 200 eq), di(trimethylolpropane) (94 mg, 0.375 mmol, 

1.00 eq) and diphenyl phosphate (19 mg, 0.075 mmol, 0.2 eq) were mixed and heated at 80 °C 

under stirring for 4 hours. Afterwards, the viscous liquid was cooled down to room temperature 

and precipitated in cold MeOH (80 mL, -20 °C). The white precipitate was then redissolved in 

DCM and reprecipitated in cold MeOH (80 mL, -20 °C) two more times in order to obtain the 

desired polymer P20 as a white solid. (5.33 g, 0.38 mmol, 56% yield) 

 

Figure S156: SECDMAC trace of polymer P20. 
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Figure S157: 1H-NMR spectrum of P20, 1H NMR (400 MHz, CDCl3) δ 4.06 (t, J = 6.7 Hz), 3.98 (s), 

3.65 (t, J = 6.5 Hz), 3.25 (s), 2.37 – 2.23 (m), 1.71 – 1.52 (m), 1.46 – 1.31 (m), 0.84 (t, J = 7.6 Hz). 

 

 

Figure S158: FT-IR spectrum of P20, IR (ATR, cm-1) 2945, 2866, 1721, 1471, 1419, 1397, 1365, 1293, 

1238, 1169, 1108, 1066, 1046, 961, 934, 840, 732, 710. 
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Figure S159: DSC thermogram of P20, all thermal values were taken from the second heating ramp. 
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8.6.24 (P20-F) End-functionalization of P20 with 

 End-group C20 

 
 

 

 

Previously synthetized star-(-PCL-OH)4 P20 (1.043 g, 0.0748 mmol, 1.0 eq), 

3-azido-5-ethynylbenzoic acid C20 (112 mg, 0.598 mmol, 8.0 eq) and DMAP (37 mg, 

0.300 mmol, 4.0 eq) were dissolved in dry DCM (5 mL) and dry THF (2 mL). The solution was 

cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(229 mg, 1.20 mmol, 16.0 eq) was added portionwise. The mixture was then stirred for 18 hours 

from 0 °C to room temperature. Afterwards, the resulting mixture was quenched with 1 M HCl 

(30 mL) and the aqueous phase was extracted with DCM (3 × 20 mL). The organic fractions 

were collected, dried over magnesium sulfate and the solvents were removed under reduced 

pressure. The crude polymer was reprecipitated three times in cold MeOH (80 mL, -20 °C) in 

order to give P20-F as a light brownish solid. (0.961 g, 0.0657 mmol, 88% yield) 

 

Figure S160: SECDMAC traces of polymers P20, and P20-F. 
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Figure S161: 1H-NMR spectrum of P20-F, 1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 1.4 Hz), 7.65 (dd, 

J = 2.2, 1.5 Hz), 7.29 (dd, J = 2.3, 1.4 Hz), 4.32 (t, J = 6.6 Hz), 4.05 (t, J = 6.7 Hz), 3.97 (s), 3.25 (s), 3.17 (s), 2.38 

– 2.25 (m), 1.85 – 1.53 (m), 1.52 – 1.28 (m), 0.84 (t, J = 7.5 Hz). 

 

 

Figure S162: FT-IR spectrum of P20, IR (ATR, cm-1) 2945, 2866, 1721, 1471, 1419, 1397, 1365, 1323, 

1293, 1238, 1169, 1108, 1066, 1046, 961, 933, 840, 770, 732, 708. 
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Figure S163: DSC thermogram of P20-F, all thermal values were taken from the second heating ramp. 
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8.6.25 (P20-C) Cage-shaped Polymer Synthesis via 

 CuAAC Reaction 

 

 

 

P20-F (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated for 1 hour at 70 °C. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with CHCl3, before 

being recovered by adding 20% MeOH to the eluent in order to obtain after solvent evaporation 

and filtration of the remaining silica gel P20-C as a brownish solid. (18 mg, 36% yield) 

 

Figure S164: SECDMAC traces of polymers P20, P20-F and P20-C. 
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Figure S165: 1H-NMR spectrum of P20-C, 1H NMR (400 MHz, CDCl3) δ 9.22 – 8.40 (m), 4.44 (s), 

4.06 (t, J = 6.7 Hz), 3.98 (s), 3.26 (s), 2.30 (t, J = 7.5 Hz), 2.10 – 1.98 (m), 1.90 (s), 1.82 – 1.52 (m), 1.50 – 1.30 

(m), 0.84 (t, J = 7.4 Hz). 

 

 

Figure S166: FT-IR spectrum of P20-C, IR (ATR, cm-1) 2925, 2862, 1722, 1623, 1510, 1459, 1420, 

1397, 1367, 1294, 1241, 1188, 1108, 1065, 1046, 962, 934, 840, 769, 732. 
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Figure S167: DSC thermogram of P20-C, all thermal values were taken from the second heating ramp. 
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8.7 Polymer Synthesis and Post-

Polymerization Modifications – Project 

Part III 

8.7.1 (P19-Fbis) End-functionalization of P19 with End-

 group C20 

 

Previously synthetized star-(-PCL-OH)4 P19 (2.26 g, 0.230 mmol, 1.0 eq), 

3-azido-5-ethynylbenzoic acid C20 (260 mg, 1.39 mmol, 6.0 eq) and 4-dimethylaminopyridine 

(112 mg, 0.92 mmol, 4.0 eq) were dissolved in dry DCM (6 mL) and dry THF (4 mL). The 

solution was cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (705 mg, 3.68 mmol, 16.0 eq) was added portionwise. The mixture was then 

stirred for 18 hours from 0 °C to room temperature. Afterwards, the resulting mixture was 

quenched with 1 M HCl and the aqueous phase was extracted with DCM (3 × 20 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvents were removed 

under reduced pressure. The crude polymer was reprecipitated three times in cold MeOH 

(80 mL, -20 °C) in order to give P19-Fbis as a light brownish solid. (2.34 g, 0.223 mmol, 97% 

yield) 

 

Figure S168: SECTHF (left) and SECDMAC2 (right) traces of polymers P19 and P19-Fbis. 
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Figure S169: 1H-NMR spectrum of P19-Fbis, 1H NMR (400 MHz, CDCl3) δ 7.89 (t, J = 1.4 Hz), 7.65 

(dd, J = 2.3, 1.5 Hz), 7.29 (dd, J = 2.3, 1.4 Hz), 4.32 (t, J = 6.6 Hz), 4.05 (t, J = 6.7 Hz), 3.97 (s), 3.25 (s), 3.17 (s), 

2.56 – 2.07 (m), 1.89 – 1.53 (m), 1.52 – 1.30 (m), 0.83 (t, J = 7.5 Hz). 

 

 

Figure S170: FT-IR spectrum of P19-Fbis, IR (ATR, cm-1) 2945, 2866, 2114, 1721, 1471, 1419, 1397, 

1366, 1294, 1239, 1168, 1108, 1066, 1046, 961, 934, 841, 770, 732, 708. 

8 7 6 5 4 3 2 1

d / ppm

4000 3500 3000 2500 2000 1500 1000

0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
s
m

it
ta

n
c
e

Wavenumber / cm-1



Experimental Section – Polymer Synthesis and Post-Polymerization 

Modifications – Project Part III 

278 

8.7.2 (P19-C1bis) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

 

P19-Fbis (50 mg, 0.10 mg mL-1) and DBU (0.5 mL, 1.0 mL L-1) were dissolved in toluene 

(500 mL). The mixture was purged with argon for 15 min and CuI (100 mg, 200 mg L-1) was 

added. The mixture was then purged a second time with argon for another 15 min before being 

heated for 1 hour at 40 °C. Afterwards, the solvent was removed under reduced pressure, 1 M 

HCl (50 mL) was added and the crude material was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over magnesium sulfate and the solvent was removed 

under reduced pressure. The crude material was then washed on silica gel with CHCl3, before 

being recovered by adding 20% MeOH to the eluent in order to obtain after solvent evaporation 

and filtration of the remaining silica gel P19-C1bis as a brownish solid. (23 mg, 46% yield) 

 

Figure S171: SECTHF (left) and SECDMAC2 (right) traces of polymers P19, P19-Fbis and P19-

C1bis. 
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Figure S172: 1H-NMR spectrum of P19-C1bis, 1H NMR (400 MHz, CDCl3) δ 9.63 – 8.07 (m), 4.46 (s), 

4.05 (t, J = 6.7 Hz), 3.97 (s, 1H), 3.25 (s), 2.30 (t, J = 7.5 Hz), 1.96 – 1.47 (m), 1.47 – 1.28 (m), 0.88 – 0.82 (m). 

 

 

Figure S173: FT-IR spectrum of P19-C1bis, IR (ATR, cm-1) 2944, 2865, 1722, 1471, 1419, 1397, 1366, 

1294, 1239, 1186, 1108, 1065, 1046, 961, 934, 841, 770, 732, 666. 
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8.7.3 (P19-C2bis) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

DBU (1.0 mL, 2.0 mL L-1) was dissolved in toluene (500 mL). The mixture was purged with 

argon for 15 min and CuI (200 mg, 400 mg L-1) was added. The mixture was then purged a 

second time with argon for another 15 min before being heated at 70 °C. P19-Fbis (500 mg, 

0.048 mmol) was dissolved in toluene (20 mL) and purged with argon for 15 min before being 

placed in a 20 mL syringe. The syringe mixture was injected to the first mixture at a regular 

rate (50 mg h-1 polymer, 2.0 mL h-1) over 10 hours. Then, the resulting mixture was heated for 

5 more hours at 70 °C before being cooled down to room temperature. Afterwards, the solvent 

was removed under reduced pressure, 1 M HCl (50 mL) was added and the crude material was 

extracted with DCM (3 × 30 mL). The organic fractions were collected, dried over magnesium 

sulfate and the solvent was removed under reduced pressure. The crude material was then 

washed on silica gel with CHCl3, before being recovered by adding 20% MeOH to the eluent 

in order to obtain after solvent evaporation and filtration of the remaining silica gel P19-C2bis 

as a brownish solid. (305 mg, 61% yield) 

 

Figure S174: SECTHF (left) and SECDMAC2 (right) traces of polymers P19, P19-Fbis, P19-C1bis 

and P19-C2bis. 
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Figure S175: 1H-NMR spectrum of P19-C2bis, 1H NMR (400 MHz, CDCl3) δ 9.65 – 8.06 (m), 4.45 (s), 

4.06 (t, J = 6.6 Hz), 3.98 (s), 3.25 (s), 2.30 (t, J = 7.5 Hz), 1.96 – 1.50 (m), 1.50 – 1.27 (m), 0.84 (t, J = 7.4 Hz). 

 

 

Figure S176: FT-IR spectrum of P19-C2bis, IR (ATR, cm-1) 2944, 2866, 1722, 1471, 1419, 1396, 1366, 

1294, 1239, 1167, 1108, 1046, 961, 933, 840, 770, 732. 
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8.7.4 (P19-C3bis) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

DBU (1.0 mL, 2.0 mL L-1) was dissolved in toluene (500 mL). The mixture was purged with 

argon for 15 min and CuI (200 mg, 400 mg L-1) was added. The mixture was then purged a 

second time with argon for another 15 min before being heated at 70 °C. P19-Fbis (1750 mg, 

0.167 mmol) was dissolved in toluene (17.5 mL) and purged with argon for 15 min before being 

placed in a 20 mL syringe. The syringe mixture was injected at a regular rate (100 mg h-1 

polymer, 1.0 mL h-1) to the first mixture over 17.5 hours. Then, the resulting mixture was 

heated for one more hour at 70 °C before being cooled down to room temperature. Afterwards, 

the solvent was removed under reduced pressure, 1 M HCl (50 mL) was added and the crude 

material was extracted with DCM (3 × 30 mL). The organic fractions were collected, dried over 

magnesium sulfate and the solvent was removed under reduced pressure. The crude material 

was then washed on silica gel with CHCl3, before being recovered by adding 20% MeOH to 

the eluent in order to obtain after solvent evaporation and filtration of the remaining silica gel 

P19-C3bis as a brownish solid. (874 mg, 50% yield) 

 

Figure S177: SECTHF (left) and SECDMAC2 (right) traces of polymers P19, P19-Fbis, P19-C1bis, 

P19-C2bis and P19-C3bis. 
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Figure S178: 1H-NMR spectrum of P19-C3bis, 1H NMR (400 MHz, CDCl3) δ 9.21 – 7.62 (m), 4.43 (s), 

4.05 (t, J = 6.7 Hz), 3.98 (s), 3.26 (s), 2.30 (t, J = 7.5 Hz), 1.98 – 1.50 (m), 1.52 – 1.23 (m), 0.84 (t, J = 7.5 Hz). 

 

 

Figure S179: FT-IR spectrum of P19-C3bis, IR (ATR, cm-1) 2945, 2866, 1722, 1471, 1418, 1397, 1365, 

1294, 1239, 1164, 1107, 1046, 961, 933, 840, 770, 732. 
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8.7.5 (P21) Analysis of Four-arm Star-shaped PEO

 purchased from JenKem Technology® 

 

 

Figure S180: SECTHF trace of polymer P21. 

 

Figure S181: DSC thermogram of P21, all thermal values were taken from the second heating ramp. 
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Figure S182: 1H-NMR spectrum of P21, 1H NMR (400 MHz, CDCl3) δ 3.84 – 3.43 (m), 3.40 (s). 

 

 

Figure S183: FT-IR spectrum of P21, IR (FT-IR2, ATR, cm-1) 3472, 2883, 1467, 1359, 1341, 1279, 

1241, 1145, 1102, 1060, 946, 841. 
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8.7.6 (P21-F) End-functionalization of P21 with End-

 group C20 

 

Commercial grade star-(PEG-OH)4 P21 (1.422 g, 0.250 mmol, 1.0 eq), 3-azido-5-

ethynylbenzoic acid C20 (281 mg, 1.50 mmol, 6.0 eq) and 4-dimethylaminopyridine (122 mg, 

1.00 mmol, 4.0 eq) were dissolved in dry DCM (6 mL) and dry THF (3 mL). The solution was 

cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(767 mg, 4.00 mmol, 16.0 eq) was added portionwise. The mixture was then stirred for 18 hours 

from 0 °C to room temperature. Afterwards, the resulting mixture was quenched with 1 M HCl 

and the aqueous phase was extracted with DCM (3 × 30 mL). The organic fractions were 

collected, dried over magnesium sulfate and the solvents were removed under reduced pressure. 

The crude material was then washed on silica gel with CHCl3, before being recovered by adding 

10% MeOH to the eluent in order to obtain, after solvent evaporation and filtration of the 

remaining silica gel, P21-F as a yellow solid. (1.554 g, 0.244 mmol, 98% yield) 

 

Figure S184: SECTHF traces of polymers P21 and P21-F. 
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Figure S185: 1H-NMR spectrum of P21-F, 1H NMR (400 MHz, CDCl3) δ 7.91 (t, J = 1.4 Hz), 7.67 (dd, 

J = 2.2, 1.5 Hz), 7.28 (dd, J = 2.2, 1.4 Hz), 4.51 – 4.43 (m), 3.84 – 3.79 (m), 3.72 – 3.49 (m), 3.40 (s), 3.18 (s). 

 

 

Figure S186: FT-IR spectrum of P21-F, IR (ATR, cm-1) 3224, 2882, 2112, 1725, 1587, 1466, 1359, 

1343, 1321, 1308, 1280, 1241, 1193, 1146, 1103, 1061, 962, 842, 768, 704, 674. 
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8.7.7 (P21-C) Cage-shaped Polymer Synthesis via 

 CuAAC Reaction 

 

DBU (1.0 mL, 2.0 mL L-1) was dissolved in toluene (500 mL). The mixture was purged with 

argon for 15 min and CuI (200 mg, 400 mg L-1) was added. The mixture was then purged with 

argon for another 15 min before being heated at 70 °C. P21-F (1.200 g, 0.188 mmol) was 

dissolved in toluene (18 mL) and purged with argon for 15 min before being placed in a 20 mL 

syringe. The syringe mixture was injected at a regular rate (50 mg h-1 polymer, 0.75 mL h-1) to 

the first mixture over 24 hours. Then, the resulting mixture was heated for one more hour at 

70 °C before being cooled down to room temperature. Afterwards, the solvent was removed 

under reduced pressure, 1 M HCl (50 mL) was added and the crude material was extracted with 

DCM (3 × 50 mL). The organic fractions were collected, dried over magnesium sulfate and the 

solvent was removed under reduced pressure. The crude material was then washed on silica gel 

with CHCl3, before being recovered by adding 10% MeOH to the eluent twice before being 

reprecipitated once in cold Et2O with EtOH as solubilizing agent in order to obtain after final 

0.2 µm PFTE filtration P21-C as a brown solid. (515 mg, 43% yield) 

 

Figure S187: SECTHF traces of polymers P21, P21-F and P21-C. 
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Figure S188: 1H-NMR spectrum of P21-C, 1H NMR (400 MHz, CDCl3) δ 10.31 (s), 8.98 (s), 8.93 (s), 

8.91 (s), 4.59 (s), 3.97 – 3.87 (m), 3.83 – 3.43 (m), 3.40 (s). 

 

 

Figure S189: FT-IR spectrum of P21-C, IR (ATR, cm-1) 3566, 2880, 2111, 1724, 1602, 1466, 1359, 

1344, 1280, 1241, 1193, 1145, 1101, 1061, 963, 842, 768. 
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8.7.8 (P21-Fbis) End-functionalization of P21 with End-

 group C20 

 

Commercial grade star-shaped (PEG-OH)4 P21 (3.446 g, 0.606 mmol, 5687 g mol-1, 1.0 eq), 

3-azido-5-ethynylbenzoic acid C20 (680 mg, 3.63 mmol, 6.0 eq) and 4-dimethylaminopyridine 

(296 mg, 2.42 mmol, 4.0 eq) were dissolved in dry DCM (15 mL) and dry THF (10 mL). The 

solution was cooled down to 0 °C and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (1.86 g, 9.69 mmol, 16.0 eq) was added portionwise. The mixture was then 

stirred for 18 hours from 0 °C to room temperature. Afterwards, the resulting mixture was 

quenched with HCl 1 M and the aqueous phase was extracted with DCM (3 × 30 mL). The 

organic fractions were collected, dried over MgSO4 and the solvents were removed under 

reduced pressure. The crude material was then washed on silica gel with CHCl3, before being 

recovered by adding 10% MeOH to the eluent in order to obtain, after solvent evaporation and 

filtration of the remaining silica gel, P21-Fbis as a yellow solid. (3.62 g, 0.569 mmol, 94% 

yield) 

 

Figure S190: SECTHF traces of polymers P21 and P21-Fbis. 
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Figure S191: 1H-NMR spectrum of P21-Fbis, 1H NMR (400 MHz, CDCl3) δ 7.92 (t, J = 1.4 Hz), 7.67 

(dd, J = 2.2, 1.5 Hz), 7.29 (dd, J = 2.2, 1.4 Hz), 4.52 – 4.43 (m), 3.86 – 3.77 (m), 3.75 – 3.43 (m), 3.40 (s), 3.18 

(s). 

 

 

Figure S192: FT-IR spectrum of P21-Fbis, IR (FT-IR2, ATR, cm-1) 3236, 2881, 2112, 1724, 1587, 1466, 

1359, 1343, 1321, 1280, 1241, 1193, 1102, 1060, 961, 842, 768, 704, 673, 532. 
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Figure S193: DSC thermogram of P21-Fbis, all thermal values were taken from the second heating 

ramp. 
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8.7.9 (P21-Cbis) Cage-shaped Polymer Synthesis via

 CuAAC Reaction 

 

DBU (1.0 mL, 2.0 mL L-1) was dissolved in toluene (500 mL). The mixture was purged with 

argon for 15 min and CuI (200 mg, 400 mg L-1) was added. The mixture was then purged with 

argon for another 15 min before being heated at 70 °C. P21-Fbis (3.600 g) was dissolved in 

toluene (18 mL) and purged with argon for 15 min before being placed in a 20 mL syringe. The 

syringe mixture was injected at a regular rate (100 mg h-1 polymer, 0.50 mL h-1) to the first 

mixture over 36 hours. Then, the resulting mixture was heated for two more hours at 70 °C 

before being cooled down to room temperature. Afterwards, the solvent was removed under 

reduced pressure, 1 M HCl (50 mL) was added and the crude material was extracted with DCM 

(3 × 50 mL). The organic fractions were collected, dried over magnesium sulfate and the 

solvent was removed under reduced pressure. The crude material was then washed on silica gel 

with CHCl3, before being recovered by adding 10% MeOH to the eluent twice. Then, it was 

reprecipitated once in cold Et2O with EtOH as solubilizing agent in order to obtain, after final 

0.2 µm PFTE filtration, P21-Fcage as a brown solid. (1.548 g, 43% yield) 

 

Figure S194: SECTHF traces of polymers P21, P21-Fbis and P21-Cbis. 
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Figure S195: 1H-NMR spectrum of P21-Cbis, 1H NMR (400 MHz, CDCl3) δ 10.69 (s), 9.24 (s), 8.92 

(s), 8.89 (s), 4.65 – 4.46 (m), 3.97 – 3.85 (m), 3.83 – 3.33 (m), 3.40 (s). 

 

 

Figure S196: FT-IR spectrum of P21-Cbis, IR (FT-IR2, ATR, cm-1) 2867, 1723, 1602, 1466, 1344, 1281, 

1242, 1097, 948, 842, 768. 

 

11 10 9 8 7 6 5 4 3 2 1 0

11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0

d / ppm

d / ppm

4000 3500 3000 2500 2000 1500 1000 500

0.0

0.2

0.4

0.6

0.8

1.0

attenuation

aromatic compound

C-H bending 

attenuation

azide

N=N=N stretching

+

alkyne monosubstituted

CΞC stretching 

supression

alkyne

C-H stretching

T
ra

n
s
m

it
ta

n
c
e

Wavenumber / cm-1



Experimental Section – Polymer Synthesis and Post-Polymerization 

Modifications – Project Part III 

295 

 

Figure S197: DSC thermogram of P21-Cbis, all thermal values were taken from the second heating ramp. 

 

 

Figure S198: TGA thermogram of P21-Fbis. 
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Figure S199: ESI-MS spectra of P21-Cbis, featuring all four main distributions obtained in negative 

mode. 

 

 

 

Figure S200: ESI-MS spectra of P21-Cbis, experimental (left) and calculated (right) MS patterns obtained 

for the first and second main distributions present in negative mode. 
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Figure S201: ESI-MS spectra of P21-Cbis, experimental (left) and calculated (right) MS patterns obtained 

for the third, third, fourth and fifth main distributions present in negative mode. 
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9 List of Abbreviation 
ACVA    4,4′-azobis(4-cyanovaleric acid) 

atm    atmospheric pressure 

ATR    attenuated total reflection 

ATRC    atom transfer radical cross-coupling 

ATRP    atom transfer radical polymerization 

AIBN    2,2′-azobis(2-methylpropionitrile) 

BOP    benzotriazol-1-yloxytris(dimethylamino)phosphonium 

    hexafluorophosphate 

BPO    benzoyl peroxide 

brine    saturated sodium chloride solution in water 

c-Hex    cyclohexane 

°C    degree Celsius 

-CL    -caprolactone 

CTA    chain transfer agent 

CM    cross-metathesis 

CuAAC   copper-catalyzed azide-alkyne cycloaddition 

13C-NMR   carbon 13 nuclear magnetic resonance 

d    day(s) 

Đ    dispersity (= Mn / Mw) 

d    chemical shift 

DBU    1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM    dichloromethane 

DIBAL-H   diisobutylaluminum hydride 

DLS    dynamic light scattering 

DMA    dimethylaniline 

DMAC   N,N-dimethylacetamide 

DMAP    N,N-dimethylpyridin-4-amine 

DMF    N,N-dimethylformamide 

DMSO    dimethyl sulfoxide 

DNA    deoxyribonucleic acid 
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DP    degree of polymerization 

DParm    degree of polymerization per star arm 

DPP    diphenyl phosphate 

DPPA    diphenylphosphoryl azide 

DSC    differential scanning calorimetry 

EDC    N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide   

    hydrochloride 

eq    equivalent(s) 

ESA-CF    electrostatic self-assembly and covalent fixation process 

ESI-MS   electrospray ionization mass spectrometry 

ESI-HRMS   high resolution electrospray ionization mass spectrometry 

Et2O    diethyl ether 

EtOAc    ethyl acetate 

EtOH    ethanol 

EZROP   electrophilic zwitterionic ring-opening polymerizations 

FT-IR    Fourier-transform infrared 

FRP    free radical polymerization 

g    gram(s) 

h    hour(s) 

1H-NMR   hydrogen nuclear magnetic resonance 

HOBt    hydroxybenzotriazole 

HSQC    heteronuclear single quantum correlation 

IUPAC   international union of pure and applied chemistry 

K    kelvin(s) 

L    liter(s) 

LS    light scattering 

M    molecular weight distribution 

M (unit)   mol L-1 

MA    methyl acrylate 

mCPBA   3-chloroperoxybenzoic acid 

MCR    multicomponent reaction 

MeOH    methanol 

min    minute(s) 

Mn    number average molecular weight 
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MMA    methyl methacrylate 

MOF    metal organic framework 

mol    mole(s) 

mol%    mole percent 

MS    mass spectrometry 

Mw    weight average molecular weight 

m/z    molecular mass by charge ratio 

n/a    (data) not available 

NA    Avogadro’s number 

NaTFA   sodium trifluoroacetate 

NHS    N-hydroxysuccinimide 

NMR    nuclear magnetic resonance 

NMP    nitroxide-mediated radical polymerization 

NZROP   nucleophilic zwitterionic ring-opening polymerizations 

Pc    probability of intramolecular cyclization 

-PCL    poly(−caprolactone) 

PE    poly(ethylene) 

PEO    poly(ethylene oxide) 

PFP    pentafluorophenol 

pH    hydrogen potential 

PhMe    toluene 

PL    probability of intermolecular oligomerization 

PMA    poly(methyl acrylate) 

PMMA   poly(methyl methacrylate) 

ppm    part per million 

PS    poly(styrene) 

PTHF    poly(tetrahydrofuran) 

RAFT    reversible addition-fragmentation chain transfer 

RDRP    reversible-deactivation radical polymerization 

REMP    ring-expansion metathesis polymerization 

REP    ring expansion polymerization 

ROMO   ring opening metathesis oligomerization 

ROP    ring opening polymerization 

rt    room temperature 
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S    siemens (unit) 

s    ionic conductivity 

SEC    size exclusion chromatography 

SN2    bimolecular nucleophilic substitution 

SNAr    aromatic nucleophilic substitution 

SPAAC   strain-promoted azide-alkyne cycloaddition 
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